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Editorial on the Research Topic 


Innovations in fishing technology aimed at achieving sustainable fishing





Introduction

In the context of fisheries, “innovation” refers to the development and adoption of new ideas, technologies, practices, and approaches that lead to improvements in the sustainability, efficiency, and overall performance of the fishing industry. According to International Council for the Exploration of the Sea (ICES), innovation in fisheries is an improvement of the status quo, regardless of the improvement being incremental, transformative, or disruptive (WKING; ICES, 2020). Innovations in fisheries date back thousands of years, and used to be mostly driven by maximizing catch efficiency, led by an increasing understanding of habits and behaviours of the marketed species. In the modern era, the industrialization of fisheries in the 19th and 20th centuries brought technological innovations such as steam-engine vessels, onboard refrigeration, and freezing of catches, synthetic netting materials and information technologies to help communications, navigation, location of fish, and monitoring of gear performance while fishing (Squires and Vestergaard, 2013). These innovations led to the rise of substantially larger vessels and fishing gears, allowing exploitation of fish stocks in previously inaccessible ocean locations and depths and at substantially higher levels of productivity. Such unregulated technical progress contributed to the growth and development of fisheries, but also contributed to their overexploitation and concomitant environmental impacts. Therefore, driven by management requirements, and changing consumer preferences for “sustainable” seafood, recent innovation in fisheries turned toward promoting sustainable practices, reducing bycatch and minimizing environmental impacts (Squires and Vestergaard, 2013; Lewison et al., 2014; Kennelly and Broadhurst, 2021; Hilborn et al., 2023).

Intense research activity has been sparked in the last 50 years by a growing concern over the environmental effects of fishing impacts (fishing mortality, catch of juveniles, habitat damage, etc.) and more recently on the ecosystem effects of fishing (Jennings and Kaiser, 1998; Kaiser, 1998; Lindeboom and de Groot, 1998; Collie et al., 2000). Overfishing, declining fish stocks, and environmental concerns have created a demand for more selective fishing gears. The imperative to reduce bycatch, minimize the impact on non-target species, and adapt fishing practices to changing ocean conditions due to climate change has prompted the development and adoption of advanced fishing technologies (Cheung et al., 2013). Moreover, economic factors, such as rising fuel costs and the need for increased operational efficiency, serve as powerful drivers for the continuous improvement of fishing vessel design and navigation systems (Kasperski and Holland, 2013). The desire to enhance transparency and traceability in seafood supply chains, driven by consumer demand for sustainable seafood, has led to innovations in data collection and management technologies. Trawl fisheries have been under particular scrutiny due to their impact on benthic habitats and ecosystems, especially where complex biogenic structures are prevalent (Watling and Norse, 1998; Hall, 1999), and public opinion is pushing towards a shift to less impactful, albeit often less effective, fishing gears. Nonetheless, recent studies show that through technological innovation and careful management, all gear types can be fished sustainably (Hilborn et al., 2023).

This Research Topic called for fisheries technologists worldwide to present their latest innovation efforts. Twenty-two contributions were published, with topics ranging from modifications of gear designs to improve the species and size selectivity of trawls, traps, gillnets, and longlines, to the development of methodologies for a quantitative study of fish behaviour to inform gear development, to new frontiers of technological innovation such as the application of Artificial Intelligence (Figure 1). Here, we present and summarize the main results of the contributions to this Research Topic into 5 main drivers of innovation in fisheries technologies: i) improving the species and size selectivity, ii) preventing interactions between fisheries and protected species, iii) improving fishing performance, iv) adapting to environmental and socio-economic changes, and v) studying fish behaviour.




Figure 1 | Word cloud generated from the abstracts of the 22 papers that contributed to the Research Topic [Generated through WordArt.com - Word Cloud Art Creator].







Driver 1: improving species and size selectivity




Active gears

Simple codend modifications such as changes in mesh size and/or orientation have been among the most popular and effective gear modifications to improve size-selectivity of target and bycatch species (Wienbeck et al., 2011; Madsen et al., 2012; Sala et al., 2016; Lucchetti et al., 2021). Yet, scientific knowledge is lacking for many fisheries, and conflicting results have been reported in the literature regarding the effectiveness of these simple innovations in gear design.

Petetta et al. investigated changes to the codend extension piece in the Mediterranean bottom trawl fishery, reducing the number of meshes in the circumference and rotating the meshes by 90 degrees (T90), finding no significant improvements to gear selectivity. Similar results were obtained by Sbrana et al. and Ferragut-Perello et al. confirming that the use of T90 meshes in the trawl extension piece had no effect compared to the commercial net. Broadhurst et al. tested T90 meshes in an Australian trawl fishery, detecting only a slight improvement to the quality of the deepwater flathead, Neoplatycephalus conatus, but no improvements in selectivity. The studies in this Research Topic discourage further investigation of the effect of T90 meshes in the extension piece and we congratulate the authors for publishing these negative results (this is not always the case), as they will prevent a waste of future research efforts in this direction. In contrast, similar modifications in the codend section have led to improvements in selectivity. Yang and Herrmann showed that the use of T90 meshes in the codend of bottom trawls in China can make trawling for an important commercial species (mantis shrimp, Oratosquilla oratoria) more sustainable. Yang and Herrmann provided useful insights for fisheries management in China, demonstrating that the legal codend mesh size (25 mm) fails to protect the undersized individuals of the cocktail shrimp (Trachypenaeus curvirostris). More than 40% of the undersized shrimp was retained and increasing the codend mesh size did not significantly improve the size selectivity and exploitation pattern, pointing towards the need for alternative gear modifications. Ferragut-Perello et al. investigated the effects of increasing mesh size in the codend in Mediterranean trawls (to 52 mm square mesh); this solution was highly selective compared to the traditional codend but also implied consistent economic losses (27%). Mytilineou et al. analysed the catch performance of three different codends, observing also the on-board practices adopted by fishermen in terms of species discarded. Fishers discarded species that were ranked highest in the diversity and vulnerability index, and the lowest in trophic level. The results suggested an urgent need for trawl modifications for the mitigation of the catch of highly vulnerable species (e.g. Elasmobranchs) is needed. Moreover, trawl species-selectivity should be improved by allowing the escape or avoiding the catch of the discarded fraction to minimize biodiversity losses.

When codend size-selection did not suffice, exclusion grids were introduced to either exclude unwanted bycatch species, or improve size-selection of the target species. For example, Geraci et al. tested a simple grid composed of an aluminium frame and a 40 mm square mesh net, demonstrating improved selectivity performance in Mediterranean deep water shrimp trawling. Sbrana et al. tried a flexible grid in the extension piece of the Mediterranean trawl and found promising results, with the grid allowing the escape of undersized specimens of the target European hake. These studies show the benefit of combining multiple selective processes to optimize both single-species and multi-species catch goals (Melli et al., 2020).





Passive gears

Passive gears are typically considered relatively selective, and thus, have been the object of less innovation in gear design; however, in some fisheries, unwanted catches are not only an operational problem (e.g., time-consuming to remove from the net), but also an environmental problem (removal of protected species or specimens that are the primary food for many bottom species; Hilborn et al., 2023). Therefore, increasing research efforts have been directed towards testing gear modifications aimed at improving the selectivity of passive gears. For example, Sardo et al. tested the use of a guarding net to reduce discards in a gillnet fishery in Southern Italy. The solution was promising, significantly reducing discards, but it also involved commercial loss. Kim et al. applied a tie-down gillnet to the catch of blackfin flounder (Glyptocephalus stelleri) in a more sustainable way with respect to other set net configurations. The results demonstrated that the fishing performance of trammel nets and tie-down gillnets is much higher than that of single gillnets. The study suggested that tie-down gillnets are an option for sustainable fishing given that it performed better than the single gillnet and reduced bycatch of immature blackfin flounder when compared to trammel nets. With the increasing public focus towards these fishing methods, research and innovation in this area is bound to accelerate in the future.






Driver 2: preventing interactions between fisheries and protected species

Fisheries bycatch is widely proven to be a major threat to vulnerable marine megafauna on a global scale (Lewison et al., 2004; Lewison et al., 2014). Due to the importance of this phenomenon, which seriously threatens the conservation of certain species, technological innovations in fishing gear to reduce bycatch have become a necessity and have been introduced into legislation in several countries. These innovations typically rely on differences in sensory ability between target and protected species, as well as morphological and behavioural differences.

Gautama et al. in the wake of some recent promising studies (Ortiz et al., 2016; Virgili et al., 2018 etc.), tested the use of illuminated set nets to reduce sea turtle bycatch in the Indonesian small-scale coastal gillnet fishery. Interestingly, they found that net illumination significantly reduced multi-species sea turtle bycatch by 61.4%, and specifically green sea turtles (Chelonia mydas) by 59.5%, while the catch-per-unit-effort (CPUE) for the total catch and target species remained similar. The use of lights therefore appears to be very promising for reducing turtle bycatch, leaving the challenge of optimising the technological solutions, and make them easier and more manageable for fishers. Carbonara et al. evaluated the effects on target and bycatch species caught by drifting longlines using circle hooks in the South Adriatic Sea (Central Mediterranean). They found no significant difference in CPUE or specimen lengths between the circle and traditional hook types. The hook type did not significantly affect the capture condition of swordfish, pelagic stingray, or loggerhead turtle specimens, but circle hooks positively affected the capture condition of blue sharks. Changing hook type shows potential, but different studies have shown conflicting results (Read, 2007). Therefore, standardization of the different technical parameters of hooks, known to affect catch performance (size, gap, barb etc.), should be given priority.





Driver 3: improving fishing performance

Improving the performance of fishing gear, especially towed gear, has become a priority worldwide, both from an environmental point of view (reducing bottom impacts) and from a socio-economic point of view, in light of rising fuel costs (Sala et al., 2023). Therefore, this driver includes both developments aimed at reducing the costs of fishing operations and at optimising catch performance (catch less but catch better), i.e. ensuring the highest quality and value of the catch. For example, Ingólfsson et al. investigated technical solutions to avoid excessive catches, and the associated loss of catch quality, in the blue whiting (Micromesistius poutassou) Northeast Atlantic pelagic trawl fishery. Catch limitation devices composed by a) escape opening(s) in front of the codend to release excess fish, b) a fish lock to prevent loss of fish through the escape opening(s) during haulback and at the surface, and c) a choking unit to match codend capacity to the desired size of catch were tested. The study demonstrated that controlling catch quantity in the blue whiting pelagic trawl fishery can be achieved effectively through relatively simple modifications to the codend section.

Other studies focused on investigating and/or improving the hydrodynamic performance of fishing gears. Previous studies focused mainly on the anterior gear components that interact more heavily with the seabed, such as otter boards, improving their hydrodynamic characteristics to reduce both fuel consumption and bottom impact (Prat Farran et al., 2008; Sala et al., 2009). Yet, as reflected by the studies in this Research Topic, increasing focus has been dedicated to the netting materials and construction. Li et al. studied the hydrodynamic performance of an stick-held dip (SHD) by means of numerical simulation and experimental testing. A mathematical model based on the lumped-mass method and principle of rigid body kinematics was developed to predict the net shape and tension of the cable. Chosid and Pol. tested a new trawl net design (helix twine off-bottom trawl) to catch the haddock (Melanogrammus aeglefinus) in the Eastern Georges Bank while reducing the catch of other commercial species. The net had very large meshes at the front end, made with innovative “helix” twine that produces lateral hydraulic forces while towing, resulting in self-spreading of the meshes. The results highlight not only the potential in improving hydrodynamic performance, but also in reducing unwanted bycatch while maintaining target catches of haddock. Among all innovation efforts, those that successfully combine economic and environmental drivers have the highest potential for uptake within the fisheries (Hammarlund et al., 2021).





Driver 4: adapting to environmental and socio-economic changes

Climate change is bringing about sudden and sometimes massive changes in marine ecosystems, with new species emerging in areas where they were not previously present, and other species moving towards northern latitudes. As an example, in the summer of 2023 the Adriatic coast of Italy witnessed an explosion in the abundance of an alien species, the blue crab (Callinectes sapidus), with devastating consequences for the local fishing and aquaculture sector. In these cases, establishing fisheries that target alien species can be an effective method to control the population level, but it requires careful gear development to prevent undesired impacts on the local species. Harris et al. for example, tested three trap designs to catch the invasive deepwater lionfish (Pterois volitans/miles). They also studied the behaviour of this species through ROV surveys. They found the efficiency of all types of pot was low. Catch efficiency could increase with higher densities of lionfish on the nearby reefs, if traps were retrieved after approximately two days of deployment, and if traps were retrieved during dawn or dusk. Therefore, more studies are needed to improve the catch performance of traps for this species.

Similarly, the rapid growth of some species, such as the grey seal (Halichoerus grypus) population in the Baltic Sea, have led to a dramatic decline of many coastal fisheries (Lehtonen et al., 2022). Ljungberg et al developed a seal-safe trap net, the pontoon trap, to reduce grey seal bycatch (Halichoerus grypus) in the Baltic Sea coastal fisheries. The pontoon traps were modified for use in cod (Gadus morhua) fisheries. Results showed that there was no seal-induced damaged cod in the pontoon traps and that, during specific fishing occasions, multiple pontoon traps may have similar catch rates to gillnets.

Moreover, as climate change heats up oceans, fish are on the move, requiring fisheries to follow, with consequences in terms of rising fuel consumption and alteration of fishing treaties between nations in shared waters (Rogers et al., 2019). For example, Han et al. investigated how different factors related to fishing practices can influence catch per unit effort. They report on the light falling gear case study from the Indian Ocean with regard to: a) shift in the target species; b) spatial distribution of light falling gear in the Indian Ocean at different time scales; c) effects of different environmental variables; and d) effects of different time scales. This instability and rapidly changing environment calls for solutions that can increase the ability of fishers to adapt to change, including not only technical changes in fishing gear, but also shifts in fishing methods, target species and fishing practices. An example is provided by Königson et al. where the authors propose a multi-species coastal fishery in Sweden, to improve the economic viability of small-scale fishing methods while addressing challenges such as seal predation and changing abundance of target species. They tested and developed pots targeting European lobster (Homarus gammarus), Atlantic cod (Gadus morhua), and edible crab (Cancer pagurus).





Driver 5: studying fish behaviour

In addition to gear development, innovation in fisheries is needed also in terms of research approaches, relying on the progress and availability of new technologies, such as Artificial Intelligence (AI), and observation technologies, to automate the monitoring of fish behaviour in relation to fishing gears and support the development of new solutions.

In an innovative approach, Abangan et al. reviewed the use of AI as a means to process a large amount of imagery data (i.e., image sequence, video) on fish behaviour in a more time-efficient and cost-effective manner. This is an essential step for selectivity studies to advance and integrate AI methods in assessing the effectiveness of modified gears. The authors also discussed the advances, potential, and limits of AI to help meet the demands of fishing policies and sustainability goals. Indeed, quantitative analyses of fish behaviour in relation to fishing gears can provide critical insights regarding the effectiveness of BRDs, or in identifying which gear design elements can lead to improvements in catching efficiency. For example, Araya-Schmidt et al. used self-contained underwater cameras and red lights to investigate the underperformance of the Nordmøre grid in excluding juvenile redfish (Sebastes sp.), based on their behaviour when approaching the grid. The results suggested that as time in front of the grid increased, and redfish had upward or steady grid reactions, retention was drastically reduced, thus providing useful information for perfecting or developing this BRD.

Improvements in catch efficiency and selectivity of passive gears could also be pursued by re-designing them based on the behaviour of the target species. This was exceptionally illustrated by Méhault et al. who designed a new prototype of fish pot for Black seabream (Spondyliosoma cantharus) following a step-by-step development process based on black seabream’s natural behaviour. The method involved underwater video observations combined with quantitative analyses of the approaching and feeding behaviours of black seabream using ethograms.





Conclusions and future directions

The Research Topic, even in its limited duration, showed the vast, complex, and essential world of fisheries technology research and innovation. As shown by the 22 contributions published in the Research Topic, this field of research is highly inter- and trans-disciplinary, requiring a combination of engineering, biological and computational science, as well as a close collaboration with the stakeholders, such as fishers, managers, and environmental agencies. This Editorial highlights the importance and complexity of the topic and the number of researchers working worldwide on innovating fisheries, while raising attention to the importance of fishing technology as a fundamental science for ensuring a sustainable future (environmentally, socially, and economically) for human activities in the marine environment (Figure 2).




Figure 2 | Potential of technological innovations in fisheries to benefit the environment, society, economy, and biodiversity.



We hope that the success of the Research Topic will increase the focus of the scientific community on this area of research, and inspire future generations of scientists.
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The catch composition of bottom trawls is commonly refined and improved through changes in codend design. Measures like reducing the number of meshes in codend circumference or turning diamond netting by 90 degrees are well known to improve the size selectivity of fish species with rounded cross-sectional shape. Based on this we speculated whether the same measures, if applied in other parts of a bottom trawl, would provide similar benefits as in the codend. Therefore, experiments were carried out by deploying these changes to the trawl extension piece in a Mediterranean bottom trawl fishery. However, for European hake and monkfish, results showed no indication of improved selectivity or catch pattern compared to the standard extension piece in the trawl. Contrary, for red mullet, one of the most important species in this fishery, reducing the number of meshes in the circumference of the extension piece jeopardized the size selection obtained in the trawl with a standard extension piece. The lesson learnt from this study was that the design changes that work for the codend do not necessarily work for other parts of the trawl. In fact, they can even have negative effects.




Keywords: size selectivity, bottom trawling, T90 turned meshes, trawl extension piece, Mediterranean demersal fisheries



1 Introduction

The Mediterranean bottom trawl fisheries are multi-species. The variability in factors such as body size, morphology, behaviour, and minimum conservation reference size (MCRS) between the different species makes it challenging to identify one technical solution, for the trawl net, that avoids the retention of juveniles and simultaneously ensures that the retained catch is enough for the viability of the fishery. In recent decades, most of the scientific studies in the Mediterranean regarding trawl selectivity focused on experiments in the codend (see review by Lucchetti et al., 2021). The current regulatory framework requires 40 mm square meshes or, alternatively, 50 mm diamond meshes for the codend of trawl nets (EU, 2019). However, these codends still retain undersized and immature individuals of several species (Lucchetti et al., 2021) and contribute to producing high discard rates, approximately 20%-65% of the total catch, according to Tsagarakis et al. (2014).

Besides increasing the mesh size, the codend size selectivity can be improved by applying design changes that increase the mesh openness. This is well established for diamond mesh codends (Herrmann et al., 2009) and also confirmed for square mesh codends (Sala et al., 2016). For example, a reduction in the number of meshes in circumference increases the mesh openness in both diamond (Sala and Lucchetti, 2010; Tokaç et al., 2016) and square mesh codends (Sala et al., 2016). Another option resides in the change to a different mesh configuration, such as rotating the mesh orientation by 90° in relation to the towing direction, so called T90 (Wienbeck et al., 2011). The rotation of the traditional diamond mesh netting by 90° allows meshes to remain more open under the drag forces action due to the catch accumulation, enabling smaller specimens to escape (Herrmann et al., 2007; Madsen et al., 2012; Cheng et al., 2022). A T90 codend, like the square mesh codend, generally provides a significantly higher size selectivity than the diamond mesh codend, especially for those species with a rounded cross-section morphology (Tokaç et al., 2014; Deval et al., 2016; Petetta et al., 2020). The combined effect of both a reduction in the number of meshes in circumference and a shift to the T90 mesh configuration gave better selection results than those determined where the two factors were applied separately (Herrmann et al., 2007; Wienbeck et al., 2011).

Given the benefits obtained in trawl selectivity by reducing codend number of meshes in circumference and turning meshes by 90 degrees, we speculated that we might improve trawl selectivity by making similar design changes in other parts of the trawl, for example, in the extension piece in front of the codend. The extension piece is the rearmost part of the trawl body (tapered or untapered section) before the codend, made of one or more panels of the same netting characteristics (mesh size, mesh configuration, twine diameter and material). In a Mediterranean bottom trawl, its length ranges from 3 to 17 meters (Sala, 2013). The selectivity processes occurring in the trawl extension pieces have been less investigated than in the codend. Further, it is unknown to what extent design changes in the extension piece might affect the codend selectivity.

Based on the above considerations, the present study investigated the effect of reducing the number of meshes in circumference and turning meshes by 90 degrees in the extension piece of bottom trawls applied in the Mediterranean fishery. The main target species were the European hake (Merluccius merluccius) and the red mullet (Mullus barbatus), which are among the most landed and overexploited demersal species in the Mediterranean Sea, and require urgent management measures (GFCM, 2021). The monkfish (Lophius spp.) is another commercially important species in this fishery (Lucchetti, 2008). Specifically, this study aimed to answer to the following research questions:

i) In what way does reducing the number of meshes in circumference in the extension piece affect the catch patterns in the trawl and the catch efficiency at size of European hake and red mullet compared to the standard extension pieces?

ii) In what way does turning the meshes by 90 degrees in the extension piece affect the catch patterns in the trawl and the catch efficiency at size of European hake and red mullet compared to the standard extension pieces?

iii) Is there a change in the species composition and species dominance when applying these technical modifications?



2 Materials and Methods


2.1 Sea Trials and Data Collection

Fishing trials were performed in February 2021 in the North-western Adriatic Sea (FAO Geographical Sub-Area 17) with a commercial bottom trawler (F/V ‘Braveheart’; overall length: 22.2 m; gross tonnage: 64 GT).

The experiments were carried out with twin trawls, i.e., the trawler simultaneously towed two identical trawls side by side. The gears used were the typical commercial bottom trawl nets employed in the area (‘Americana’ trawls). Each trawl was an asymmetrical 4-face net with an overall length of 41.6 m, a 33.2 m long headrope (Ø 16 mm, polyethylene material) and a 40 m long footrope (Ø 34 mm, polyamide-polyethylene combined material). A single pair of otter boards (186×114 cm, 390 kg each) and one central clump (190 kg) were used to maintain the horizontal opening of the two nets. The otter boards and the clump were attached to the trawls with double 20 m long sweeps and 6 m long bridles. The traditional extension piece (Standard, hereafter) was cylindrical, with a total length of 9.5 m, a 44 mm nominal diamond mesh size and 240 meshes in circumference. Two experimental extension pieces were designed: one having 44 mm (nominal) diamond meshes and a reduced (170) number of meshes in circumference (Reduced, hereafter); the second having 44 mm (nominal) T90 meshes and 170 meshes in circumference (T90, hereafter). The three extension pieces were constructed from the same netting panel and identical 40 mm legal square mesh codends (4 m long) were attached to each of them. The mesh openings of both extension pieces and codends were measured in wet conditions with the OMEGA mesh gauge (Fonteyne et al., 2007). The resulting three trawl configurations are schematized in Figure 1, and their specifications are listed in Table 1.




Figure 1 | Scheme of the trawl net used in the survey, with details of the extension piece plus codend of the three net configurations tested in the survey (Standard, Reduced, T90).




Table 1 | Technical features of the extension piece plus codend of the three net configurations (Standard, Reduced, T90) tested in the survey.



The experiment consisted in testing two of the three net configurations at a time. Eighteen valid hauls were performed: six hauls T90 vs. Standard; six hauls Reduced vs. Standard; six hauls Reduced vs. T90. Therefore, we obtained a total of 36 samples (12 samples for each net configuration). An overview of the hauls is presented in Figure 2 and Table 2.




Figure 2 | Map of the area where the hauls were carried out.




Table 2 | Hauls performed during the cruise.



During the towing operations, the two nets were equipped with acoustic sensors (SIMRAD, Norway) to monitor their geometry, i.e., the net vertical opening and the wing horizontal openings. 

The average duration of each haul was 60 minutes (range 50 to 70 minutes) and the towing speed was maintained at 3.5 to 3.6 knots, as in commercial fishing conditions. The catches of the two nets were kept separate. In each haul, the total weight and number of the most abundant species were recorded. Regarding the two target species (European hake and red mullet) and the monkfish (Lophius spp.), the individual lengths were measured to the lowest 0.5 cm without sub-sampling. An exception concerned the red mullet, where in case of large catches, measurements were conducted on a randomly selected subsample.



2.2 Data Analysis

The Kruskal–Wallis H test (χ2) was first applied to seek differences between the wing horizontal openings and vertical net openings of the three configurations tested. The check of the net geometry was preparatory to further analyses, to be sure to have the same fishing effort between the trawls simultaneously towed.


2.2.1 Catch Comparison and Catch Ratio Analysis

The catch data were analysed with the statistical software SELNET (Herrmann et al., 2012). Although the experimental design was based on six paired hauls for each combination (T90 vs. Standard, Reduced vs. Standard, Reduced vs. T90), each net configuration was tested two times, by comparing it to the other two configurations. Therefore, data were treated as unpaired (Herrmann et al., 2017), to be able to include in the comparison analyses all 12 hauls obtained from each net configuration.

The length measurements for the red mullet, the European hake, and the monkfish obtained with the Standard, Reduced and T90 extension pieces in the trawl were used to perform a catch comparison and catch ratio analysis. The analysis investigated the size dependent effect on the catch efficiency by changing the extension piece configuration and was carried out independently for each species following the description below.

To assess the relative length-dependent catch comparison rate (CCl) of changing from one trawl net configuration to another, we used Equation 1 (Herrmann et al., 2017):



where nbli and ntlj are the number of fish of length l of a given species retained by the codend of the baseline (b) and test (t) net, respectively. Parameters qbi and qtj are the subsampling ratios, i.e., the ratio of the measured to the total number individuals retained by the baseline and the test net, respectively. Parameters hb and ht represent the total number of hauls conducted with baseline and test extension piece, respectively. The catch comparison rate CC(l,v), experimentally expressed by Equation 1, was estimated using the maximum likelihood estimation by minimizing the Expression 2



where the outer summation is over the length classes l and the inner summation is over the hauls ht and hb in the experimental dataset. The v parameter describes the catch comparison curve defined by CC(l,v). The experimental CCl was modelled by the function CC(l,v):



where f is a polynomial of order k with coefficients v0 to vk, such that v = (v0, …, vk). We considered f of up to an order of 4. Leaving out one or more of the parameters v0…v4 yielded 31 additional candidate models for the catch comparison function CC(l,v). Among these models, the catch comparison rate was estimated using the multi-model inference to obtain a combined model (Burnham and Anderson, 2002; Herrmann et al., 2017). The ability of the combined model to describe the experimental data was based on the p-value, which is calculated based on the model deviance versus the degrees of freedom (DOF; Wileman et al., 1996; Herrmann et al., 2017). Thus, suitable fit statistics for the combined model to describe the experimental data sufficiently well should include a p-value > 0.05. In case of poor fit statistics (p-value < 0.05 and deviance/DOF >> 1), the residuals were inspected to determine whether the result was due to structural problems when modelling the experimental data, or to overdispersion in the data (Wileman et al., 1996). CC(l,v) quantifies the probability that a fish of length l is retained by the codend of the test net, provided that it is retained in one of the two nets compared. A CC(l) of 0.5 indicates that a fish of length l has the same probability of being retained by either gear. Therefore, CC(l,v) cannot be used to provide a direct relative value of the catch efficiency between the test and the baseline nets. The following catch ratio CR(l,v) equation was then used:



In this case a CR(l,v) of 1.0 indicates that the catch efficiency of both nets is equal, while a CR(l,v) = 0.25 indicates that the test net is catching only 25% of the fish of length l compared to the baseline net.

The 95% confidence intervals (CIs) for the catch comparison and catch ratio curves were estimated using a double bootstrapping method with 1000 bootstrap repetitions, following the description in Lomeli (2019).



2.2.2 Discard Ratio Analysis

For the species analysed with a MCRS we estimated the discard ratio, i.e., the ratio between the individuals below MCRS to the total individuals retained in the codends of each net configuration (Sala et al., 2015). The indicators provided below represent a summary of the relative catch performance of the technical modifications applied. The discard ratios were estimated (in percentage) directly from the experimental catch data by using the following equation:



The outer summations include the length classes that were below the MCRS (in the nominator) and overall length classes (in the denominator). The above indicators are based on number of individuals, but since the value of catch is more related to weight, we estimated similar indicators based on weight (WDRatio) where the weight Wl, for individual belonging to length class l, have been estimated by:



The length-weight relationships of the species analysed were derived from the study of Bolognini et al. (2013) carried out in the same area.

We estimated the uncertainties (in 95% CIs) for both NDRatio and WDRatio by using the double bootstrapping method described in Lomeli (2019).



2.2.3 Catch Dominance Analysis

Catch dominance curves are often used to quantify information about the pattern of relative species abundances for a given sample. In the present study, the objective was to assess if the species abundances significantly changed among the three configurations tested. Generally, dominance curves are based on ranking of species in a sample in decreasing order of their abundance (Clarke, 1990). Here we assigned a fixed rank to the most abundant species caught in the sea trials following these criteria (in order of importance): i) the abundance in the commercial catch, ii) the importance in the fishery, iii) the abundance in the discarded catch, iv) the belonging to a vulnerable category.

We then estimated the catch dominance curve for each net configuration using the following equation (Warwick et al., 2008):



where j represents the haul and i is the species index (species rank) that was predefined. nij is the number of individuals of the species i being counted in the subsample in haul j. wij is the weight of the counted subsample of species i in haul j, whereas Wij is the total weight caught of species i in haul j. Q is the total number of species considered.

To better represent species dominance patterns, we also estimated the cumulative dominance curves as follows:



where I is the species index summed up to in the nominator.

The 95% CIs for the dominance patterns were estimated by using (7) and (8) inside each of the bootstrap iterations applied to estimate the uncertainties for the catch comparison and catch ratio curves.





3 Results


3.1 Gear Performance and Catch Data

The Kruskal–Wallis H test (χ2) revealed no significant differences in the net openings (m) between the nets towed (χ2 = 4.46, df = 2, p = 0.1075 for wing horizontal opening; χ2 = 4.13, df = 2, p = 0.1266 for vertical net opening; see Table 2 for details).

The red mullet represented the largest portion of the commercial catch (up to 24 kg per haul and net; avg. 9.1 ± 5.0 kg), while the European hake catch showed a maximum of 10 kg per haul and net (avg. 6.2 ± 2.2 kg). The average catch of monkfish in each haul and net was 4.4 ± 2.0 kg. Additional 21 species (fish, cephalopods, and crustaceans) caught in large amounts in most of the hauls, were counted and weighted in each haul and net.



3.2 Catch Comparison Analysis

For the three species included in the catch comparison analysis, the summary of the individuals measured in each haul from the three net configurations is reported in Table 3.The fit statistics of the combined model are given in Table 4. Regarding red mullet and monkfish, the p-values were always ≤ 0.05. However, the visual inspection of the modelled catch comparison curves against the experimental rates for these species did not indicate any length dependent patterns in the deviations (Figures 4, 5). Therefore, we assumed that the low p-values were due to overdispersion in the experimental rates rather than a lack of fit.


Table 3 | Number of individuals of the three species (European hake, red mullet, monkfish) measured in each haul from each net configuration.




Table 4 | Fit statistics of the combined model used in the three catch comparisons (T90 VS Standard, Reduced VS Standard, Reduced VS T90).



Figures 3-5 show the catch comparison and catch ratio results of T90 vs. Standard, Reduced vs. Standard, Reduced vs. T90 for European hake, red mullet, and monkfish, respectively.




Figure 3 | Upper graph: Length frequency distribution of European hakes caught by the configurations tested (Standard, Reduced and T90). Middle graph represents the modelled catch comparison rate, and lower graph the catch ratio (black line). Black circles represent the experimental rate, and the black stippled curves represent 95% CIs. The grey horizontal line at 0.5 and 1.0 represents the point at which both configurations have equal catch rates. The grey vertical line represents the MCRS for hake.






Figure 4 | Upper graph: Length frequency distribution of red mullets caught by the configurations tested (Standard, Reduced and T90). Middle graph represents the modelled catch comparison rate, and lower graph the catch ratio (black line). Black circles represent the experimental rate, and the black stippled curves represent 95% CIs. The grey horizontal line at 0.5 and 1.0 represents the point at which both configurations have equal catch rates. The grey vertical line represents the MCRS for red mullet.






Figure 5 | Upper graph: Length frequency distribution of monkfish caught by the configurations tested (Standard, Reduced and T90). Middle graph represents the modelled catch comparison rate, and lower graph the catch ratio (black line). Black circles represent the experimental rate, and black stippled curves represent 95% CIs. The grey horizontal line at 0.5 and 1.0 represents the point at which both configurations have equal catch rates.



The use of the two modified net configurations (Reduced, T90) did not affect the catch efficiency of European hake, since the CIs of both the catch ratio and catch comparison curves overlapped the horizontal line representing equal catch rates between the two configurations compared, for the full length range observed (Figure 3).

Regarding red mullet, a significant difference was found in all three comparisons (Figure 4). The length frequency distribution obtained in the T90 was different from that of Standard, especially in the 13 to 16 cm length range. This was reflected in both catch comparison and catch ratio curves, which displayed a significantly lower catch efficiency of T90 compared to Standard for those length classes. The catch comparison and catch ratio curves of Reduced vs. Standard and Reduced vs. T90 had a similar trend. In both cases, a significantly higher retention of Reduced was observed for the lengths ranging from 6 to 12 cm (vs. Standard) and from 6 to 14 cm (vs. T90). Moreover, in the comparison between Reduced and Standard, the former had a significantly lower catch efficiency than the latter for around 16 to 18 cm long individuals.

The results displayed for monkfish did not reveal any significant differences in T90 vs. Standard and Reduced vs. Standard (Figure 5). A significant difference was found in the Reduced vs. T90 comparison: the catch efficiency of the latter was found to be lower than that of the former for the 30 to 35 cm length range. However, the difference was minimal, since the upper CI of both the catch comparison and catch ratio curves almost reached the equal catch rate values of 0.5 and 1.0, respectively.



3.3 Discard Ratio Analysis

Regarding European hake, the discard ratios representing the proportion of individuals below the MCRS did not significantly differ between the Reduced net (NDRatio: 11.8%, CIs: 8.7%–15.1%; WDRatio: 4.1%, CIs: 2.9%-5.5%) and the other two nets (Table 5).


Table 5 | Estimated discard ratios (%) in both numbers (NDRatio) and weight (WDRatio) of European hake and red mullet obtained from the three net configurations.



Regarding red mullet, the discard ratios of the Reduced net (NDRatio: 17.9%, CIs: 11.8%–22.4%; WDRatio: 7.3%, CIs: 4.5%-9.6%) were significantly higher than those of Standard (NDRatio: 3.8%, CIs: 2.6%–5.1%; WDRatio: 1.2%, CIs: 0.8%-1.6%) and T90 (NDRatio: 5.0%, CIs: 1.8%–9.3%; WDRatio: 1.7%, CIs: 0.6%-3.2%) nets (Table 5).



3.4 Catch Dominance Analysis

All 24 species counted and weighted in each haul were included in the catch dominance analysis. Table 6 shows the catch dominance percentages in weight of each species in each net configuration (Standard, Reduced, T90). In all three configurations, the red mullet was found to be the dominant species, ranging from 24.3% (CIs 19.1%-29.4%) of the total catch in the T90 to 31.5% (CIs 27.0%-35.8%) in the Standard and 35.6% (CIs 27.3%-42.4%) in the Reduced; the differences among nets were not significant. The European hake showed a similar percentage among the three nets (around 20%, CIs between 17.3% and 26.3%). Regarding monkfish, the T90 showed a significantly higher percentage (20.1%, CIs 16.2%-25.3%) than the Reduced (11.8%, CIs 9.4%-14.8%); the difference was not significant when compared to the Standard (13.5%, CIs 10.3%-17.4%). The spotted flounder (Citharus linguatula) resulted to be the fourth commercial species in terms of weight in all the nets (around 5%-8% of the total catch). Among the discarded species, the common pandora (Pagellus erythrinus) and the small spotted catshark (Scyliorhinus canicula) had the highest percentages (around 4%-6%), without significant differences among the three nets.


Table 6 | Catch dominance percentages of each species in the three net configurations tested (Standard, Reduced, T90).



The catch dominance cumulative curves obtained by summing the percentages of the 24 species for each net configuration are presented in Figure 6. No significant differences were detected between the three nets since the CIs always showed overlap. The three main target species (red mullet, European hake, and monkfish) represented 60%-70% in weight of the total species selected.




Figure 6 | Catch dominance cumulative curves for the three configurations tested (Standard, Reduced, T90). The stippled curves represent the 95% CIs.






4 Discussion

The modification of standard trawls to decrease unwanted size and species retention is one of the most intensively investigated approaches in Mediterranean bottom trawl fisheries in light of the landing obligation regulation (EU, 2013), which encourages the adoption of technical solutions to reduce discards (Petetta et al., 2021). The aim of the present study was to test, in the extension piece section, simple technical modifications, the efficacy of which has been demonstrated at the codend level (Wienbeck et al., 2011; Sala et al., 2016).

The main finding was that the design changes that work in the codend do not necessarily work in other parts of the trawl, and the outcomes can even opposite to expected outcomes. This was evident from the results of the red mullet, where the only modification of reducing the number of meshes in extension circumference led to a higher retention of the smallest size classes compared to the standard net. One can speculate that the combination of two mechanisms led to these results:

i) Although a reduction of number of meshes in circumference increases the mesh openness in the extension piece, the main behaviour of red mullets is to stay clear of the meshes in this section until they reach the codend. This is a common behaviour of several fish species when entering the relatively confined section of netting ahead of the codend; after swimming in the towing direction without escape attempts, the progressive exhaustion leads to a consequent drift towards the codend (Grimaldo et al., 2007; He et al., 2008; Winger et al., 2010). In particular, the size of the smallest red mullets (6 to 12 cm) prevents them from swimming for long periods in the opposite direction to the water flow, so that there is little chance of contact with the extension piece netting. On the contrary, most of the escape attempts occur at the codend, especially during the haul-back operations (Madsen et al., 2012). Therefore, in this hypothesis, the extension piece does not contribute to the size selection.

ii) The fewer meshes in circumference reduces the diameter of the extension piece and, since it is connected to the codend, it also reduces the diameter of the codend. In fact, the change in the ratio between the fewer extension meshes and the codend meshes, which remain constant, leads to a smaller circumferential length for each codend mesh, causing a reduced mesh openness or creating a folding of the codend netting (Figure 7). The netting folding is an important factor to take into account when addressing selectivity issues, since it can contribute to decreasing the codend size selectivity (Wienbeck et al., 2011). It is also possible that a selectivity improvement through the extension piece occurred, and it was hidden by a reduced selectivity in the codend due to folding. However, this issue is already prevented by EC, 2006, which establishes that, in gears equipped with 40 mm square mesh codends, the circumference of the posterior ending of the extension must be between 2 and 4 times the circumference of the anterior part of the codend. Hence, in a commercial context, it is not possible to apply this mesh reduction without modifying the codend accordingly, to maintain the proportions defined in the Regulation.




Figure 7 | Illustration of the hypothetical codend folding due to a reduction of the number of meshes in the extension piece circumference.



We also cannot rule out that these mechanisms described in i) and ii) occurred simultaneously. As a result, they reduced the escape possibilities for red mullets up to a certain length which, with the actual 40.4 mm codend mesh size, should be around 11 to 14 cm, based on the average L50 range estimated for codends with similar properties in the Mediterranean (Table 7). This length range well fits to the obtained catch ratio curve for this species in the Reduced vs. Standard comparison (Figure 4).


Table 7 | Selectivity values (L50 and selection range, SR) obtained for red mullet, European hake and monkfish in selectivity experiments carried out in different FAO Geographical Sub-Areas (GSAs) of the Mediterranean with a 40 mm square mesh codend.



The same effect was not observed in the T90, when compared to Standard, since the reduced number of meshes was applied together with the T90 configuration. In fact, the T90 configuration allowed meshes to remain more open and therefore did not consistently reduce the extension diameter (Herrmann et al., 2007). This explains why we observed the same catch pattern in Reduced vs. T90 as in Reduced vs. Standard, while there was no difference in the catch efficiency of T90 vs. Standard for the smallest length classes (< 12 cm). On the contrary, the lower catch efficiency of T90 than of Standard for larger individuals (13 to 16 cm long) could be related to their more active swimming behaviour, and their consequent greater use of the T90 meshes to escape. Concerning the biggest individuals (> 16 cm), they were probably not able to pass through the 43.8 mm meshes due to physical impediments. Therefore, the selectivity improvement carried out by the T90 meshes was essentially concentrated on individuals between 13 and 16 cm, which represented the most abundant size classes. These results are in line with the catch patterns observed by Bonanomi et al. (2020) for the same species in the same area, when applying lateral 70 mm square mesh panels in the extension piece.

Regarding the European hake, the reason why we did not observe the same catch pattern as in red mullet could reside in the size of the individuals caught. In fact, very few individuals below 15 cm were caught in the experiment, and this is confirmed by the average L50 range (13 to 16 cm) estimated for the 40 mm square mesh codend in several Mediterranean studies (Table 7). Most of the hakes caught in our experiment were simply too big for being released through the codend meshes, regardless of their openness. Therefore, the effect of the Reduced net on the reduction of codend selectivity especially due to the folding was not evident for this species. Both catch ratio curves and discard ratio indicators showed that the T90 net had a lower catch efficiency for 15 to 30 cm long hakes than the Standard net. Even if this trend was not significant, we could speculate that hakes used the 43.8 mm T90 meshes of the extension piece to escape, as assumed for the larger red mullets. We might have provided slightly different results with a higher sampling effort on the smaller individuals. Therefore, further tests may be needed in autumn or late spring, when the juveniles are more abundant in the study area (Sion et al., 2019; Zorica et al., 2021). We can also speculate if hakes made use of the whole extension piece to escape or only specific sections. In the Atlantic Ocean, Cuende et al. (2020) observed that placing an 82.7 mm square mesh panel in the lower extension piece section improved the release efficiency of 11 to 28 cm long hakes. On the contrary, Alzorriz et al. (2016) found that a 100 mm square mesh panel mounted on the top of the net was not an effective strategy to improve escape possibilities for hake. The underwater observations carried out by the authors showed that hakes simply drifted towards the codend when passing through the extension piece, without contacting the netting. The contact probability is a key issue for the selection devices placed in the extension piece, since fish must first physically contact the device for a size-dependent escape process to occur (Brčić et al., 2016; Cuende et al., 2020). This probability has been shown to increase when increasing the size of the selection devices and inserting guiding panels to enhance hake contact with the devices (Santos et al., 2016).

The results here displayed for both European hake and red mullet are different from those obtained in the Spanish Mediterranean. Sola and Maynou (2018) compared two extension pieces made of 50 mm T90 meshes and 53 mm diamond meshes, respectively. The authors observed a significant reduction, in the experimental net, of the catch of undersized individuals, but also of legal sized individuals. The same results were obtained by Maynou et al. (2021). They tested two experimental nets that, besides reducing the extension piece mesh size (50 mm T90 vs. 53 mm diamond of standard net), maintained or increased the number of meshes around extension circumference (210 and 220 vs. 210 of standard net) and, in the 40 mm square mesh codend, reduced the number of meshes around circumference (106 and 104 vs. 130 of standard net). Also, the length and position (forwards in the extension piece and immediately in front of the codend) of the T90 panels were changed. The simultaneous application of these several design changes could have caused additional processes to the ones described above, which influenced the overall trawl catch pattern. Moreover, it is difficult to examine and understand the effect of single modifications, compared to the present study.

The size selectivity of the 40 mm square mesh codend is very low for monkfish (L50 of 4.4 cm; Table 7). Therefore, the barely significant reduction in the catch efficiency of T90 compared to Reduced for 30 to 35 cm long individuals is probably due to the low number of measured individuals for that length range. Few individuals means a higher possibility of finding differences in their distribution in the surfaces swept by each trawl, even using a twin trawl, with the consequent high dispersion in the retention rates.

The catch dominance analysis did not show any significant differences in the catch composition among the three configurations tested. However, this method, innovative in the selectivity field, can provide useful information on the dynamics of species composition when applying different technical modifications.

The lesson learnt from this study is that the design changes that worked for the codend in previous studies do not necessarily work for other parts of the trawl such as the extension piece, which seems not to be the main part of the trawl where fish are willing to escape. This is in line with a dated study from Clark (1963), who showed that approximately 90% of the haddock (Melanogrammus aeglefinus) and silver hake (Merluccius bilinearis) escapement takes place in the very last few rows of meshes of the codend (also confirmed by Beverton, 1963). The only reduction in number of meshes around extension circumference produced an opposite result than expected, since it jeopardized the size selection obtained in the trawl with a standard extension piece. The T90 netting, which has been suggested as a cheap and practical solution in the codend to improve the size selectivity of Mediterranean bottom trawl fisheries (Tokaç et al., 2014; Kaykaç et al., 2018; Petetta et al., 2020), in the extension piece did not significantly help excluding juveniles of target species.

This study confirms that, to assess the validity of a technical solution, the factors involved (e.g., the T90 mesh in the extension and the reduction in number of meshes in circumference) should be tested one at a time, since the combination of different factors could mislead the obtained results.

The design changes in the codend remain the most urgent measures to be tested and applied in the commercial fisheries, to mitigate the biological impacts of bottom trawling in the Mediterranean. In fact, the simple use of a 40 mm square mesh codend is not sufficient to reduce the bycatch of juveniles of several species (Lucchetti et al., 2021).
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To better develop and protect the pelagic fishery in the northwest Indian Ocean, China’s fishing enterprises have been producing pelagic fisheries in the said area for a long time. Based on the fishing log data of light falling gear in the northwest Indian Ocean from 2016 to 2020, this study analyzed the impact of different time scales on the catch rate and fishing ground center of gravity of light falling gear fishing grounds. We also explored the relationship between different time scales and catch per unit effort (CPUE) by using the fishing ground center of gravity, the Random Forest model (RF), and the generalized additive model (GAM). The results were shown as follows: (1) From 2016 to 2020, 76,576 t were captured, and 16,496 nets were operated; (2) The gravity center of fishing ground in the Northwest Indian Ocean moved to the northeast as a whole, and the monthly fishing ground gravity center changed first to the Southern and then to the northern; (3) RF model (R² = 0.709, RMSE = 0.2034, and prediction accuracy is 55.8%), which is better than the GAM model (R² = 0.632, RMSE = 0.2242, and prediction accuracy is 37.3%). In the RF model, the importance of time variables on CPUE was in the order of week, year, operation time, and lunar phase; in the GAM model, it was week, year, lunar phase, and operation time. On the whole, the importance of the long time scale (year, week) is greater than that of the short time scale (lunar phase and operation time). (4) The RF model and GAM model show that the most critical environmental variables were SST, DO, SSS, and Chla, and the least important were SSH, Δ50, and CV50. SST, Chla, and DO significantly impact pelagic fishing and CPUE and are critical reference indexes for predicting the Northwest Indian Ocean light falling gear fishing ground. (5) The 95% confidence interval showed that the suitable interval of time, space, and environmental variables in the RF model was much smaller than in the GAM model.
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1 Introduction

The pelagic fishing resources in the high seas of the northwest Indian Ocean are vibrant. The fish species that reach the commercial fishing scale have strong clusters and phototaxis, which are suitable for light falling gear fishing (Wen et al., 2021). Light falling gear is a new fishing method that appeared in the northern South China Sea in the early 1990s and developed rapidly. The technical fact sheet of the fishing gear type of the Food and Agriculture Organization of the United Nations (FAO) defines it as light falling gear (FAO, 2022). Since 2014, light falling gear began to appear on high seas in the Indian Ocean and gradually formed a scale of 6 vessels in 2016. During the operation, the light frame and the fish-collecting light are lowered to the water surface, and then the light is turned on to lure fish. The light source traps the phototaxis fish under the pre-laid nets on the side of the boat, and the fish group gathered by the cover is buckled from top to bottom to obtain a better fishing effect. At present, the research on the light falling gear mainly focuses on the South China Sea and Beibu Gulf (Su et al., 2018a, Liu et al., 2019, Wang et al., 2019), including the composition of catch (Zhang et al., 2013; Su et al., 2018), the impact of lunar phases relative catch rate (Yan et al., 2015, Zhang et al., 2016) and the temporal and spatial distribution of fishing grounds (Wang et al., 2019). Light falling gear is very suitable for squid and small pelagic fish fishing. It has the advantages of high efficiency and fuel efficiency. In recent years, the light falling gear fishery has gradually moved from offshore to the ocean, but it started late in the Indian Ocean, and there are few related studies on light falling gear.

In fishery research, the random forest model (RF) can better analyze the relationship between species abundance and environmental variables and prevent overfitting (Clavel-Henry et al., 2020, Kosicki, 2020). On the other hand, the generalized additive model (GAM) is widely used in fishery research (Li et al., 2020). RF combines the generated decision trees according to the corresponding criteria to generate a random forest, which can effectively simulate the multiple nonlinear relationships between prediction and response variables and is not easily over-fitting (Breiman, 2001; Bucas et al., 2013). However, the prediction result is determined by the mode of the output category of the decision tree, and the prediction result is difficult to explain artificially, so it should be analyzed and explained with other models (Chen et al., 2013). GAM uses the link function to establish the relationship between the expected value output variable and the smooth functions of the input variable. It can efficiently deal with the highly linear relationship between the response and explanatory variables. It is easy to artificially explain the relationship between various variables and the catch per unit effort (CPUE) (Li et al., 2020; Yadav et al., 2020). At present, studies have proved that the common use of RF and GAM, mutual verification, can better reduce the uncertainty of the model and explain and support the correctness of the conclusion (Stock et al., 2019; Clavel-Henry et al., 2020; Liu et al., 2021).

At present, only Wen et al. (2021) have studied the differences in the spatial and temporal distribution of the squid (Sthenoteuthis oualaniensis) fishery in the northwest Indian Ocean with the light falling gear method, but did not consider the correlation between environmental variables and the fishery, and the differences in the spatial and temporal distribution of the pelagic fishery were not considered before. To better develop and protect the high seas fisheries in the northwest Indian Ocean and enable Chinese fishery enterprises to engage in the pelagic fishery production in the high seas of the northwest Indian Ocean for a long period, it is necessary to conduct in-depth research on the pelagic fishery resources and the distribution of fishing grounds in the sea area. Our objectives are to (i) describe the changes in CPUE at different time scales in the northwest Indian Ocean using light falling gear and (ii) rank the importance of critical variables affecting the catch of light falling gear and how to affect fishing efficiency.



2 Materials and methods


2.1 Data sources

The production data of light falling gear in the northwest Indian Ocean are from the fishing log of China high seas commercial fishing vessel, including the start and end time of the operation, the longitude and latitude of the operation, the number of operated nets (net), the output of nets and the composition of catches. The parameters of the six light falling gear vessels in this study are the same, and their vessel parameters are as follows: the vessel length is 56.6 m; the main engine power is 2,205 KW; cross-registered tonnage is 1,014 t; the type width is 10.8 m; the type depth is 5.3 m. The time scale was 2016–2020; the fishing ground range is 10°N–22° N, 50°E–80°E, the time resolution is an hour, and the spatial resolution is 0.25° × 0.25°.

In this study, the six light-falling gear vessels are the first fishing vessels in China to operate in the northwest Indian Ocean. With the gradual increase of light falling gear vessels in the Indian Ocean since 2018, their proportion of the total number of fishing vessels has decreased from 100% in 2016 to 11% in 2020. Therefore, the change in the proportion of the six vessels in all the light falling gear vessels from 2016 to 2020 shows that the data of the six vessels can better represent the overall situation of the light falling gear fishery. Since the parameters of the light falling gear in this study were the same and the operational skills of skippers were similar, the influence of the parameters of the fishing boat on the fishing capacity is not considered for the time being (Xie et al., 2020).

The northwest Indian Ocean is subject to extensive upwelling due to the influence of the monsoonal and anti-equatorial currents, which cause the surface waters to intersect with the colder, deeper waters, resulting in changes in sea surface temperature (Wen et al., 2021). At the same time, upwelling algae have a short life span, die at the surface,and begin to sink to the seafloor to form detritus, which decays during the sinking process and consumes large amounts of oxygen in the water column. As a result, the thickest anoxic layer in the world is found in the northwest Indian Ocean at a depth of 100 m. This provides a refuge for pelagic fish like the squid, making the northwest Indian Ocean a vital fishing ground for pelagic fish (Yang et al., 2006; Xu et al., 2021).

The vertical structure of water temperature is the difference between the surface water temperature and the water temperature of the 50-meter water layer divided by the distance between the two layers (Li et al., 2020). The unique monsoon ocean current in the world is formed in the northern part of the Indian Ocean, with an influence depth of up to 50 m. The surface ocean current changes significantly and is relatively unstable (Xu et al., 2021). Therefore, an ocean current at 50 m is used as one of the environmental variables in this paper; the algae are prone to consume oxygen in the process of algae residue sinking due to the abundance and short life of surface algae. The thickest anoxic layer in the world is formed at a water depth of 100 m. It is verified that the main catches of light falling gear are closely related to the thickest anoxic layer (Yang et al., 2006). Due to the limitation of experimental data, dissolved oxygen at 97 m is selected as one of the environmental variables in this paper.

Marine environmental data including Sea Surface Temperature (SST, °C), Sea Surface Height (SSH, m), Chlorophyll a (Chla, mg/m³), Vertical Temperature Structure from 0 to 50 m (△50, °C/m), Sea Surface Salinity (SSS, ‰), the 50th-meter Current Velocity (CV50, m/s), the 97th meter Dissolved Oxygen (DO, mmol/m³) the data were downloaded from Copernicus Marine Service: https://resources.marine.copernicus.eu/products. The spatial resolution of all the marine environmental variables were 0.25° × 0.25°.



2.2 Data processing


2.2.1 Time data processing

In this study, the annual data were from 2016 to 2020, and the monthly data was from January to December. The first to the seventh day of each year is the first week, and so on. There are no catch data from June to August (Weeks 23–36) due to the solid southwest monsoon of the Indian Ocean in summer, and the fishing boats return home for fishing suspension adjustment. Among them, the monthly CPUE is the average CPUE for the same month from 2016 to 2020, and the weekly CPUE is the average CPUE for the same week. According to the lunar calendar day, a bright moonlight day is from the eleventh to the nineteenth day of the lunar calendar, and no moonlight day is from the first to the tenth day of the lunar calendar and from the twentieth to the thirtieth day of the lunar calendar. The operation time in this article is the local time (from 0 am to 4 am and from 17 pm to 24 pm) in the northwestern Indian Ocean.



2.2.2 Catch per unit effort

The log data are based on longitude and latitude 0.25° × 0 25° for pretreatment and calculate the catch per unit effort (CPUE). The calculation formula is as follows (Tian & Chen, 2010):

	

C represents the total catches (t) of a light falling gear fishing vessel (year, month, week, phase of the moon, and operation time), and E is the total number of operated nets (net) at the corresponding time.



2.2.3 Gravity center of fishing ground

The gravity central analysis method is used to display the temporal and spatial distribution of fishing grounds under different time scales by analyzing the spatial position of the catch. The calculation formula is as follows (Lehodey et al., 1997):

	

	

Where X and Y are the longitude and latitude of the production center of gravity at a certain time (year and month); Ci is the catch of the i-th net, the unit is t; Xi is the longitude of the i-th nets at a certain time, Yi is the latitude of the i-th nets at a certain time, and j represents the total nets.

The fishing ground gravity center distribution map was drawn using the software arcgis10.6.



2.2.4 RF and GAM models

RF is a machine learning model developed by Breiman (2001) in a regression setting that is faster and more adaptive for processing extensive data with multidimensional variables. Since random forests are not constructed as individual trees (CART) but as multiple trees formed from random samples of cases by bootstrap techniques, i.e., replacement sampling and each split (in each tree) from a random sample of predictor variables. Therefore, the RF model is suitable for quantifying complex nonlinear relationships and does not produce significant overfitting. The RF regression requires the definition of three parameters, such as Ntree (number of trees), mtry, and node size, and shows the relationship between each predictor and the response variable when the other predictor variables are held constant utilizing a partial correlation plot (Kosicki, 2020), calculated as follows:

	

Where Vi represents the interpretation rate of the explanatory variable Xi to the random forest model; SXi represents the node set split by Xi in the random forest of Ntree trees; and G (Xi, V) represents the Gini information gain of Xi at the splitting node V, which is used to select the explanatory variable of the maximum information gain (Breiman, 2001; Bucas et al., 2013).

A generalized additive model (GAM) is a nonparametric extension of the generalized linear model, usually used to construct the nonlinear relationship between explanatory variables and response variables. Since there was a yield of 0 in the experiment, CPUE plus one was followed by logarithmic treatment (Li et al., 2020). Due to the study being a multi-species fishery, the distribution function is the Poisson distribution function (Kosicki, 2020). The GAM model equation is as follows:

	

Where s() is spline smoothing, which can be used for univariate smoothing and multivariate isotropic smoothing; year is the year time; week is the week time; l is the lunar phase; hour is the operation time; lat is latitude; lon is longitude; SST is Sea Surface Temperature (°C); SSH is Sea Surface Height (m); Chla is Chlorophyll a (mg/m³); △50 is 0–50 m Vertical Temperature Structure (°C/m); SSS is Sea Surface Salinity (‰); CV50 is 50th-meter Current Velocity (m/s); DO is 97th-meter Dissolved Oxygen (mmol/m³).

The data are divided into fitting data sets and test datasets according to 8:2. The prediction (the absolute value of the difference between the predicted and the actual value divided by the actual value) is accurate if the error rate does not exceed 5%. The fitting accuracy (R2) of the data, root mean square error (RMSE), and error rate were used to evaluate the model performance.

In this study, we used the Car package of Rstudio 4.1.3 software to calculate the variance inflation factors of 14 variables, and after excluding the month of significantly co-linear time variables (VIF >10), the VIF values of the remaining 13 variables were less than 10, and the multiple co-linearity was not significant. Building GAM models and mapping with the mgcv package of Rstudio 4.1.3 software. Building RF models and mapping with the sklearn package, NumPy package, pandas package, matplotlib.pyplot package, and seaborn package of Python (2021).





3 Results


3.1 Catch composition and operated nets

From 2016 to 2020, the main species in the catches of the six light falling gear vessels in this study were squid (S. oualaniensis) and other small pelagic fish species (such as mackerel (Scomber australasicus)). A total of 76,576 t were caught, and 16,496 nets were operated (Figure 1). The results showed that the squid catches and the number of operations show an increasing trend year by year, reaching a peak of 17,156.8 t and 4,105 nets in 2019 and 2020, respectively. The proportion of squid in the total catches from 2018 to 2020 both exceeded 45%, while the proportion of other small pelagic fish in the total catches showed a decreasing trend year by year, reaching the lowest proportion in 2019 (10.6%, 2,023.9 t) (Figure 1).




Figure 1 | Changes in the main catches and operated nets for light falling gear in the northwest Indian Ocean from 2016 to 2020.





3.2 Proportion of total catches and CPUE of light-falling gear in the northwest Indian Ocean at different time scales


3.2.1 Effects of different years on the proportion of total catches and CPUE

From the annual time scale, from 2016 to 2020, the average yearly CPUE range was 3.51–5.37 t/net, and the proportion of total catches was 16.5%–25%. There were repeated upward and then downward trends in the proportion of catches. The average annual CPUE showed a downward trend, except in 2019 (Figure 2).




Figure 2 | Variation in the proportion of total catches (line) and CPUE (bar) of light falling gear in the Northwest Indian Ocean on a yearly scale (mean ± standard deviation).





3.2.2 Effects of different months on the proportion of total catches and CPUE

From the monthly time scale, the changing trend of the monthly average CPUE and the proportion of total catches were the same from 2016 to 2020. On the whole, the proportion of total catches showed a downward trend in the first part of the year, and in the second half of the year, except for December, it showed an upward trend on the whole; on the whole, the monthly average CPUE showed a downward trend from January to May and an upward trend from September to December. The highest value was November (6.75 t/net), the lowest value was May (2.84 t/net), and the most stable values were from January to March (4.23–4.53 t/net). There was little production from June to August because the southwest monsoon of the Indian Ocean was strong in summer, and the wind and waves were more than 3 m every day. Therefore, the net covering could not be operated, and the fishing was suspended in China (Figure 3).




Figure 3 | Variation in the proportion of total catches (line) and CPUE (bar) of light falling gear in the Northwest Indian Ocean on a monthly scale (mean ± standard deviation).





3.2.3 Effects of different weeks on the proportion of total catches and CPUE

From the weekly time scale, there were some different trends in the weekly mean CPUE and the proportion of total catches from 2016 to 2020, with no catch from week 23 to week 36 when the fishery was closed for adjustment back home. The proportion of total catches consistently showed a trend of increasing and then decreasing, with the last 17 weeks (weeks 37 to 53) fluctuating significantly more than the first 18 weeks (weeks 1 to 18). The proportion of total catches varied greatly between weeks, with the highest value of the proportion of total catches being week 47 (4.79%) and the lowest value being week 37 (0.03%). The trend of the mean weekly CPUE was the opposite to the proportion of total catches, repeatedly showing a decreasing trend followed by an increasing trend, where the CPUE values were significantly higher in weeks 37–53 than in weeks 1–22, with the highest value in week 48 (7.42 t/net) and the lowest value in week 22 (1.44 t/net) (Figure 4).




Figure 4 | Variation in the proportion of total catches (line) and CPUE (bar) of light falling gear in the Northwestern Indian Ocean on a weekly scale (mean ± standard deviation).





3.2.4 Effects of different lunar phases on the proportion of total catches and CPUE

From the perspective of lunar phases, from 2016 to 2020, the proportion of total catches and average CPUE on no moonlight days were significantly higher than on bright moonlight days. The catches on the no moonlight days (49,444.9 t) were about 1.82 times higher than those on the bright moonlight days (27,131.1 t). Among these, the proportion of total catches was higher than 2.6% on no moonlight days. The highest value was on the lunar 24th (4.68%). The proportion of total catches on moonlight days was lower from lunar 12th to lunar 18th, less than 1.1%, and the lowest value was lunar 14th (0.04%). The CPUE of the no moonlight days and bright moonlight days were higher than 4t/net except the 13th to the 15th of the lunar calendar. The highest value was the third day of the no moonlight day (4.8 t/net), and the lowest value was the 14th day of the bright moonlight day (2.06 t/net) (Figure 5).




Figure 5 | Variation in the proportion of total catches (line) and CPUE (bar) of light falling gear in the Northwestern Indian Ocean on the lunar phase scale (mean ± standard deviation).





3.2.5 Effects of different operation time on the proportion of total catches and CPUE

From an operation time scale perspective, the proportion of the total number of catches was higher from 18:00 to 19:59 and from 22:00 to 23:59. In contrast, the proportion of total catches was lower in the rest of the period, especially from 17:00 to 17:59, and generally showed that the proportion of total catches was much higher in the latter half of the night (18:00 to 23:59) than in the first half of the night (0:00 to 5:00). The average CPUE was relatively stable and not very volatile during the operating time. The highest CPUE value was 21:00–21:59 (5.90 t/net), and the lowest value was 18:00–18:59 (4.55 t/net) (Figure 6).




Figure 6 | Variation in the proportion of total catches (line) and CPUE (bar) of light falling gear in the Northwestern Indian Ocean under the operation time scale (mean ± standard deviation).






3.3 Effects of different environmental variables on CPUE and catches

From the perspective of SST (Figure 7A), with sea surface temperature rise, CPUE first increased (24–27 °C) and then decreased (27–32 °C), and the high-value CPUE appeared at 27–28 °C. Most of the catches were concentrated at 25–30 °C. When the sea surface temperature was 31–32 °C, there was almost no catch in the northwest Indian Ocean (Figure 7A). From the perspective of Δ50 (Figure 7B), as the water temperature difference between the two layers increases, CPUE first decreases and then increases. When Δ50 was in the range of −0.2 to −0.15 °C/m, the CPUE value was the highest. Still, the operated nets of this group were the most minor, resulting in the least catches, which had little reference value. Secondly, the second high CPUE value (4.86 t/net) appeared in the range of −0.05 to 0 °C/m, which was also the range with the largest catches (Figure 7B). From the perspective of Chla (Figure 7C), when Chla was in the range of 0 to 0.1 mg/m3, the highest CPUE values were found in the northwest Indian Ocean, indicating a higher density of biological resources in the high range. The catches were the highest in the range of 0.1 to 0.2 m3. The catches were less when Chla ≥0.4 mg/m3 (Figure 7C). From the perspective of SSH (Figure 7D), with the increase of SSH, CPUE first increased (0–0.3 m) and then decreased (0.3–0.6 m). The high CPUE value appeared in the 0.1 to 0.2 m range, and the catches were mainly concentrated in the 0.2–0.4 m range (Figure 7D). From the perspective of SSS (Figure 7E), the high-value CPUE mainly appeared in 35.5–36.5‰, and the operated nets were concentrated primarily in 36–37‰. The high and low salinity were not suitable for the operation of light falling gear in the northwest Indian Ocean (Figure 7E); From the perspective of CV50 (Figure 7F), when the CV50 was less than 0.8, the CPUE would increase with the flow rate. When the CV50 was greater than 0.8, the current would first increase (0.8–1.0 m/s) and then decrease (1.0–1.2 m/s). The high-value CPUE would appear at 0.6–0.8 m/s, and the catch would decrease with the flow rate. The area with large catches and the area with more operated nets would be 0–0.4 m/s (Figure 7F); From the perspective of DO (Figure 7G), CPUE has little difference in each range, and its catches and operated nets were mainly concentrated in 100–160 mmol/m³.Low and high oxygen areas were not high, light falling gear vessels operated few nets, and the catches were less (Figure 7G).




Figure 7 | Relationship between CPUE, catches, and environment variables ((A) SST, (B) △50, (C) Chla, (D) SSH, (E) SSS, (F) CV50, (G) DO. mean ± standard deviation).





3.4 Change of gravity center of northwest Indian Ocean light falling gear fishing ground on yearly and monthly time scales

From the annual time scale, the center of gravity of the fishing grounds changed significantly between 2016 and 2020, with an overall trend towards the northeast, forming two more concentrated areas of the center of gravity of the fishing grounds among 14.7°–16°N, 60.3°–61°E and 16.5°–17.5°N, 62.9°–63.2°E, respectively (Figure 8, 2016–2020).




Figure 8 | Variation of the center of gravity of the Northwest Indian Ocean light falling gear fishing grounds on a yearly and monthly time scale.



From the time scale of the month, in 2016 (Figure 8, 2016), the center of gravity of the fishery shifted southward from February to March, northwestward in April, and northeastward in May, and from October to December, with a smaller range of changes in the center of gravity in December. In 2017 (Figure 8, 2017), the center of gravity of the fishery shifted to the southwest from February to March and November, and the northeast from April to May and September to October, with a smaller range of change in the center of gravity from March to April and November. In 2018 (Figure 8, 2018), the center of gravity of the fishery shifted southeastward in February and May, northwestward in March, northeastward in April, and westward from October to November. Overall, the change in the center of gravity of the fishery in the second half of the year (September–November) was less than that in the first half of the year (January–May). In 2019 (Figure 8, 2019), the center of gravity of the fishery shifts to the southeast in February and November, and to the northeast from March to May and in October. Compared to 2016 to 2018, the center of gravity of the fishery is at high latitudes throughout 2019. In 2020 (Figure 8, 2020), the center of gravity of the fishing grounds tends to move southwestward from February to May in general, with some months moving eastward. The center of gravity of the fishing grounds moves northeastward in October and southward from November to December. For the first time in 2020, the center of gravity of the fishery shifts significantly southward from October to December relative to the previous four years.



3.5 Application analysis of RF and GAM model


3.5.1 Model fitting results

One thousand repeated cross-validation showed that the fitting accuracy of the RF model (R² = 0.709, RMSE = 0.2034) was good, and the prediction accuracy of the model was 55.8% (Figure 9A). The fitting accuracy of the GAM model (R² = 0.632, RMSE = 0.2242), and the prediction accuracy of the model was 37.3%. Overall, the fitting accuracy of the RF model in this study is better than that of the GAM model (Figure 9B).




Figure 9 | Scatter fitting diagram of RF and GAM models and importance evaluation on variables in RF models. (A) RF model fit diagram, blue fluorescence curve is the fitting curve, the gray area is the confidence interval; (B) GAM model fit diagram, blue fluorescence curve is the fit curve, the gray area is the 95% confidence interval; (C) Importance ranking of variables for RF model.



The RF model explains the impact of time variables in CPUE through the importance evaluation index of independent variables. The significance of the effects of time variables on CPUE in the model is week (27.25%), year (13.06%), operation time (5.11%), and lunar phase (1.12%), (Figure 9C). In the GAM model, the importance of the influence of time variables on CPUE is explained according to the variance interpretation rate. The extent of the impact of time variables on CPUE in the model is week (28.1%), year (13.6%), lunar phase (0.5%), and operation time (0.2%) (Table 1). The results of the two models showed that the time scale of year and week significantly impacted CPUE, and the effects of operation time and lunar phase were smaller. Overall, the importance of the long time scale (year and week) was higher than that of the short time scale (lunar phase and operation time).


Table 1 | GAM model statistical results (Akaike’s Information Criterion, AIC).





3.5.2 Influence of time variables

The partial dependence diagram of the RF model showed that the fitting curve of the impact of years on the northwest Indian Ocean light falling gear CPUE presented the first trough and then a peak (Figure 10A). With the increase in years, the 95% confidence interval decreased gradually (Figure 10A). The fitting curve of the influence of weeks on CPUE showed a nonlinear positive relationship. Overall, the confidence interval for weeks 37 to 53 was narrower than that for weeks 1 to 22, with marginally higher reliability (Figure 10B). The fitting curve of the influence of the lunar phase relative to CPUE showed an approximate linear negative relationship. The maximum value of CPUE appeared on the no moonlight day, the sixth day of the lunar calendar, and the overall change range was small before and after the 95% confidence interval (Figure 10C). The fitting curve of the impact of operation time on CPUE presented a “U” shape. At 22–24, the 95% confidence interval was small, and the reliability was higher than in other time periods (Figure 10D).




Figure 10 | Partial correlation diagram of RF model of the influence of time variables on CPUE. (A) year, (B) week, (C) l, (D) hour, the black curve is the influence curve of variable on CPUE, the blue curve is the fitting of the trend of the influence curve, and the gray area is the 95% confidence interval.



The analysis results of the GAM model showed that: the impact of years on the CPUE of northwest Indian Ocean light falling gear showed a very significant nonlinear negative relationship, in which the confidence interval in 2020 was small and the reliability was slightly higher (P<0.001, Figure 11A); the influence of weeks on CPUE showed a nonlinear relationship. The larger confidence intervals for weeks occurred around 22 and 37 weeks, and the closer to the non-fishing weeks, the lower the reliability (P<0.001, Figure 11B). The influence of the lunar phase on CPUE showed a non-linear relationship. The result of a light moonlight night on CPUE was significantly lower than that of a no-moonlight night. The influence and reliability of lunar calendar 13–15 was the lowest (P<0.001, Figure 11C); the impact of operation time on CPUE showed a fluctuating correlation. The higher peaks appeared at 17–24 h, but the confidence interval was more significant than that at 1–4 h, and the reliability was slightly lower (P<0.001, Figure 11D).




Figure 11 | Analysis of the GAM model results of the influence of time variables on CPUE. (A) year, (B) week, (C) l, (D) hour, the solid line is the influence curve and the 95% confidence interval between the two dashed lines.





3.5.3 Influence of spatial variables

In this study, longitude (5.96%) in the RF model was slightly more important than latitude (2.80%). In contrast, for the GAM model, latitude (9%) was more critical than longitude (2.6%) (see Figure 9C and Table 1). The partial dependence diagram of the RF model showed that the fitting curve of the influence of latitude on CPUE presented a “trough” type. As the latitude increased, the CPUE of the northwest Indian Ocean light falling gear first decreased and then increased, and its segmentation point appeared at about 15.25°N. The confidence interval between 15.75°N and 16.25°N was less than other latitudes, with high reliability (Figure 12A). The fitting curve of the influence of longitude in CPUE presented a “crest” type, which gradually increased with the increase in longitude. The peak appears at about 65.25°E. Except for the area of 61.25°E–61.75°E, the longitude confidence interval was slightly larger, and the reliability was slightly lower (Figure 12B).




Figure 12 | Partial correlation diagram of RF and GAM model of the influence of spatial variables on CPUE. (A) lat, (B) lon, the black curve is the influence curve of variable on CPUE, the blue curve is the fitting of the trend of the influence curve, and the gray area is the 95% confidence interval; (C) lat, (D) lon, the solid line is the influence curve and the 95% confidence interval between the two dashed lines.



The results of the GAM model analysis showed that there was a nonlinear relationship between latitude and CPUE. With the increase in latitude, the impact on the degree of latitude for CPUE repeatedly showed a trend of decreasing first and then increasing. The 95% confidence interval between 17.25°N and 17.75°N was significantly smaller, and the reliability was higher than that of other latitudes (P<0.001, Figure 12C). The longitude and CPUE showed a fluctuating and rising correlation, which gradually increased with the increase in longitude. The 95% confidence interval between 59.25°E and 61.25°E was small, and the reliability was high (P<0.001, Figure 12D).



3.5.4 Influence of environmental variables

In this study, the importance of environmental variables on CPUE in the RF model was in the order of DO (20.29%), SST (9.28%), Chla (5.57%), SSS (2.87%), SSH (2.36%), Δ50 (2.35%), and CV50 (1.92%); the importance of environmental variables on CPUE in the GAM model was in the order of SST (2.6%), DO (2.4%), SSS (1.6%), Chla (1.5%), SSH (0.8%), △50 (0.6%), and CV50 (0.5%) (see Figure 9C and Table 1).

The partial dependence diagram of the RF model showed that the fitting curve of SST impact on the northwest Indian Ocean light falling gear CPUE presented a “wave crest” type. With the increase of water temperature, it first increased and then decreased, and the impact on CPUE above 29.6 °C decreased significantly, which was not suitable for light falling gear operation (Figure 13A); The fitting curve of the influence of △50 on CPUE presented the type of “peak before the trough.” On the whole, △50 was inversely proportional to the CPUE of northwest Indian Ocean light falling gear. The CPUE values in the range of −0.10 to −0.06°C/m are the highest, but the confidence interval was large, and the reliability was slightly low (Figure 13B); The fitting curve of Chla’s influence on CPUE showed a gradual downward trend, and the optimal range of Chla was 0.09–0.10 mg/m³, with a small confidence interval and high reliability (Figure 13C). The fitting curve of the SSH impact on CPUE was of the “inverted U” type, which increased first and then decreased. The high value of CPUE appeared at 0.246–0.26 m, the confidence interval was small, the regional interval was small, and the interval was 0.04 m (Figure 13D). The fitting curve of the influence of SSS on CPUE showed a gradual upward trend, and the area with a small confidence interval appeared at 36.03–36.06 and 36.49–36.52, with high reliability (Figure 13E). The fitting curve of the influence of CV50 on CPUE showed a gradual upward trend. The overall confidence intervals were not very different and did not form a continuous region of smaller confidence intervals (Figure 13F); the fitting curve of the impact of DO on CPUE showed the type of “trough first and then peak,” and the confidence interval showed that the optimal DO is 150.6–154.1 mmol/m3(Figure 13G).




Figure 13 | Partial correlation diagram of RF model of the influence of environmental variables on CPUE. (A) SST, (B) △50, (C) Chla, (D) SSH, (E) SSS, (F) CV50, (G) DO, the black curve is the influence curve of variable on CPUE, the blue curve is the fitting of the trend of the influence curve, and the gray area is the 95% confidence interval.



The results of the GAM model analysis showed that SST and northwest Indian Ocean light falling gear CPUE showed a very significant nonlinear relationship, and the confidence interval showed that the more appropriate water temperature was 28.2–28.6 °C and 29.1–29.4 °C. The confidence interval above 29.5 °C increased significantly, and the reliability decreased (P<0.001, Figure 14A). There was a very significant nonlinear relationship between △50 and CPUE. When △50 was −0.10–0 °C/m, the confidence interval tended to be stable, and the reliability was higher than in other ranges (P<0.001, Figure 14B); Chla and CPUE showed a very significant nonlinear positive relationship, and the confidence interval showed that the optimal Chla range was 0.068–0.1 mg/m3 (P<0.001, Figure 14C); SSH and CPUE showed a very significant nonlinear negative relationship, with the lowest confidence interval of 0.24–0.35 m and the highest reliability (P<0.001, Figure 14D); SSS and CPUE showed a non-linear and extremely significant relationship. The confidence interval of salinity 36.1–36.8 was small, and the reliability was high (P<0.001, Figure 14E); CV50 and CPUE showed a very significant nonlinear relationship, and the confidence interval showed that the optimal CV50 range was 0.05–0.2 m/s with high reliability (P<0.001, Figure 14F). There was a very significant nonlinear relationship between DO and CPUE. On the whole, CPUE increased slowly with the increase of DO. Confidence intervals indicate that there are multiple ranges of suitable DO, excluding the low DO and high DO intervals (P<0.001, Figure 14G).




Figure 14 | Analysis of the results of the GAM model of the influence of environmental variables on CPUE. (A) SST, (B) △50, (C) Chla, (D) SSH, (E) SSS, (F) CV50, (G) DO, the solid line is the influence curve, and the 95% confidence interval between the two dashed lines.







4 Discussion


4.1 Regime shift in the catch

From 2016 to 2020, the proportion of squid (S. oualaniensis) in the total output increased continuously. It reached its peak in 2019 (89.4%) (Figure 1), which may be related to the discovery of a new squid fishing ground in the northern Indian Ocean by light falling gear vessels in 2019. Relevant studies have also shown that iris squid resources in the north of the Indian Ocean are the most abundant (Pillai et al., 1996; Cui, 2011). At the same time, squids have significant economic and nutritional value. Its low investment risk, strong operability, strong phototropism, and production advantages that can withstand great fishing pressure are also important reasons for it to gradually replace mackerel (S. australasicus) and become the target catch in the Indian Ocean (Roeleveld, 1998; Zhang et al., 2010).



4.2 Changes of CPUE and spatial distribution of light falling gear in the Indian Ocean at different time scales

Affected by the monsoon and anti-equatorial current, the Northwest Indian Ocean has formed a wide range of upwelling, making the sea area have high plankton and able to gather more pelagic fish such as squid (S. oualaniensis) and mackerel (S. australasicus). Therefore, the sea area is an important fishing ground for the operation and production of light fishing boats in China (Yang et al., 2019; Wen et al., 2021). The research showed that, on a yearly scale, the output of light falling gear fishing vessels in the northwestern Indian Ocean increased steadily from 2016 to 2019, which is mainly related to the increase in operation frequency, the proportion of catches (Figure 1), and the change of fishing ground gravity center (Figure 8). The decline in output in 2020 was due to the sharp increase in light-falling gear fishing vessels in the sea and increasing fishing pressure; From the monthly and weekly scales, the catches in the second half of the year were significantly higher than those in the first half of the year, which was mainly affected by the large-scale environmental variables of the fishing ground (Yan et al., 2015; Yang et al., 2019a; Wen et al., 2021). The change of CPUE was basically consistent with the regime shift of catch, and the week showed the opposite trend. From the lunar phase scale, the catches on the no moonlight day were significantly higher than those on the bright moonlight day, which was consistent with the research of L. Yan et al. (2015) and Zhao et al. (2019). The lower value of CPUE appeared on the moonlight night from the 11th to 18th of the lunar calendar. From the operation time scale, the higher catches were 18:00–19:59 and 22:00–23:59. The catches in other periods were low, especially 17:00–17:59. This was mainly related to the operation mode of light falling gear (Zhang et al., 2016).

From 2016 to 2020, the output center of the Northwest Indian Ocean changed significantly. Generally, it showed a trend of moving to the northeast, related to the exploration of new fishing grounds by light-falling gear fishing vessels in the Northwest Indian Ocean. The change in squid catch (Figure 1) and relevant studies also showed that the squid resources in the northern Indian Ocean were the most abundant (Pillai et al., 1996; Cui, 2011); the center of gravity of the fishing ground changes first to the south and then to the north, which is related to the seasonal environmental transformation of the Northwest Indian Ocean (Yang et al., 2019; Wen et al., 2021).



4.3 Effects of different environmental variables on CPUE

Seven marine environmental variables, including SST and SSH, play an essential role in the formation of pelagic fish or squid species on fishing grounds (Yang et al., 2006; Yang et al., 2019a; Li et al., 2020; Xie et al., 2020). Generally, sea surface temperature, sea surface height, and chlorophyll are critical environmental variables affecting the formation of pelagic fish fishing grounds. However, the variables that play a leading role are inconsistent (Yang et al., 2006; Yang et al., 2019b; Li et al., 2020; Xu et al., 2021; Wei et al., 2022).

In this study, the RF model and GAM model showed that the most critical environmental variables affecting the CPUE were DO, SST, SSS, and Chla, and the least important were SSH, Δ50, and CV50. Wei et al. (2022) used the GAM model to study squid (S. oualaniensis) in the Northwest Indian Current and found a significant effect of sea surface temperature on squid. Yang et al. (2019b) used the GAM model to find that the importance of environmental variables on mackerel (S. australasicus) in Arabian Sea lantern light purse seine was SSH, SST, and Chla in turn, while the ocean current had no significant impact on CPUE; Xie et al. (2020) studied the fishing of squid light falling gear off the South China Sea and found that the importance of environmental variables on squid CPUE was SST, SSH, and Chla in turn, but SSS had no significant impact on CPUE; Li et al. (2020) studied the light falling gear fishery in the central and southern South China Sea and found that the importance of environmental variables on CPUE was SST and Δ50 in turn; Staaf et al. (2010) pointed out that the giant squid in the Arabian Sea is related to the hypoxic area. Squid can tolerate the hypoxic environment, but the predators that prey on squid cannot tolerate the hypoxic environment. Therefore, squid has few natural predators and sizeable individual development in the hypoxic area.Therefore, squid has fewer natural enemies and greater ontogeny in low-oxygen areas; Yang et al. (2006) found that the formation of squid fishing grounds in the northwest Indian Ocean is significantly related to SST, Chla, and DO. Based on the above research, SST, Chla, and DO substantially impacted changes in the mackerel and squid fisheries in the Northwest Indian Ocean. With the proportion of squid in the main catches of light falling gear gradually increasing over the year, SST, Chla, and DO can be used as important reference indicators for predicting the light falling gear fishery in the Northwest Indian Ocean. The above conclusions need to be further discussed, and the wind field is not addressed in this study. Relevant studies show that SST, Chla, DO, and monsoon interact (Yang et al., 2006; Staaf et al., 2010; Giddings et al., 2020; Xu et al., 2021). In the later stage, In the later stage, based on more complete light fishing vessel data, we will further explore the influence mechanisms of the marine environment variables in different water layers and variables such as monsoon on the light falling gear fishery and provide scientific methods for the prediction of fishing grounds for light falling gear.



4.4 Influence of different time scales on CPUE

The RF and GAM models were used together to verify each other. They have been widely used in the fields of terrestrial biological resources and ecological environments (Liu et al., 2019a; Stock et al., 2019; Clavel-Henry et al., 2020). However, at present, the accuracy of the evaluation comparison and mutual verification of RF and GAM models is less applied in fishery resources. In this study, RF fitting accuracy is better than that of GAM, which is consistent with the research of Liu et al. (2021) and Kosicki (2020). The above results may be due to the RF model having better performance than the GAM model in controlling the overfitting of the model (Clavel-Henry et al., 2020), as well as the different calculation methods of the two models and the different responses to species density and environmental variables (Kosicki, 2020).

Both RF and GAM results showed that the importance of time variables in the RF model on CPUE was week, year, operation time, and lunar phase; in the GAM model, the importance was followed by a week, year, lunar phase, and operation time. Overall, the importance of the long time scale (year and week) was higher than that of the short time scale (lunar phase and operation time). Xie et al. (2020) used GLM and GAM to study the fishing of squid (S. oualaniensis) in light falling gear off the South China Sea. It was found that the influence of time scale on CPUE was in the order of month and year; Wang et al. (2019) applied the GLM model to study the light falling gear fishing ground in the Beibu Gulf and found that the impact of the annual time scale on CPUE was higher than that of the monthly scale; Li et al. (2020) used the GAM model to study the effect of the discovery scale of squid (S. oualaniensis) in the South China Sea on CPUE, and the importance was lunar phase, operation time and month in turn; Zhao et al. (2019) used GAM model to study iris squid (S. oualaniensis) during spring in the South China Sea. They found that under the same variable conditions, the ratio of lunar phase variance was higher than the operation time, which showed that different sea areas and models would affect the response time scale to CPUE. Therefore, we should use a more comprehensive and accurate time scale for fishery resource assessment and analysis in future resource assessments.

The 95% confidence interval showed that the suitable interval of space (Figure 12) and environmental variables (Figures 13, 14) in the RF model was much smaller than that in the GAM model, which was more accurate and further verifies that the wide range of space and environmental fishery prediction maps was far from meeting the needs of actual production. Therefore, the author suggests that a precise and small range of spatial and environmental variable maps should be used later to predict the fishing ground and guide production operations. For data acquisition reasons, only SST, △50, Chla, SSH, SSS, CV50, and DO were analyzed in this study. Still, the distribution of fisheries is also affected by zooplankton biomass, pH, mixed layer depth, etc. (Wen et al., 2021). Secondly, Guo et al. (2015) further pointed out that integrated models are the best solution to reduce the uncertainty and bias of individual models based on previous experience and that the relationship between temporal, spatial, and environmental variables and high-yield fisheries should be further refined using different integrated models as data completeness and accuracy continue to improve at a later stage. As the number and size of light falling gear vessels tend to increase in the northwest Indian Ocean, it is vital to understand the spatial and temporal distribution patterns of the light falling gear fishery and the environmental variables influencing the variability of the fishery for accurate fishery prediction.
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Turning conventional diamond-shaped meshes 90° (‘T90’) in trawl extensions or codends is a simple modification for consistently increasing lateral openings and has improved size selection in several European fisheries. Here we investigate the effects of an industry-instigated cylinder of T90 meshes in the anterior codend of a trawl fished in the Great Australian Bight. Compared to the traditional codend (~5.4 m long) comprising a 93.5-mm stretched mesh opening (SMO) and double 4.1-mm-diameter twine throughout, the new T90 configuration comprising ~3 m of the same mesh turned 90° in the anterior section did not significantly affect catches of any discarded or retained species, or sizes of the primary target, deepwater flathead, Neoplatycephalus conatus. The only significant impact of T90 was a slightly improved quality of deepwater flathead (determined by the ‘quality index method’), attributed to some release of abrasive debris from the codend. The absence of any effects of the T90 mesh on selection might reflect the small mesh size relative to most key species and the thick twine which probably negated some of the anticipated increases in lateral mesh openings. The results reiterate the need to match the mesh perimeter to the sizes of the key target prior to efforts at maximising lateral openings (via various established technical options), but nevertheless imply the benefits of T90 mesh may extend beyond selection.




Keywords: bycatch reduction device, catch quality, fish trawl, selectivity, T90



Introduction

Demersal fish trawling is among the world’s most common fishing methods, responsible for ~25% of the total ocean harvest (~98 m t; Pauly et al., 2020), but owing to poor selectivity, also ~30% of global discards (Pérez Roda et al., 2019). Concerns over the cascading effects of discard mortalities have evoked numerous efforts at improving fish-trawl selectivity, usually by modifying codends because this is where most selection occurs (Kennelly and Broadhurst, 2021).

Ideally, codend mesh openings should match the size/shape of the smallest targeted species. However, conventional diamond meshes (‘T0’) have inconsistent openings, which reach a maximum of ~35% of the stretched mesh opening (SMO) immediately in front of the catch, but then taper forward to 15%–25% of SMO (Robertson, 1986; Robertson and Stewart, 1988). Such variability often produces less-than-ideal size selection.

There are simple options for improving lateral mesh openings in codends. One method is to attach so-called ‘lastridge’ ropes along the codend/extension, usually at ~70%–95% of the total stretched length, forcing meshes to remain open (Robertson and Stewart, 1988; Ingólfsson and Bronkholf, 2020). Other methods are to turn some, or all, meshes in the codend to either 45° (‘T45’) or 90° (‘T90’) which forces wider and consistent lateral openings (Robertson and Stewart, 1988; Moderhak, 1997).

While effective, there are operational issues with alternative mesh orientations. Specifically, compared to T0 meshes, T45 meshes can distort and are weaker, while T90 meshes can eventually assume a diamond shape (although strength remains) (Madsen, 2007). Installing lastridge ropes along codends/extensions comprising either T45 (Broadhurst et al., 1999b) or T90 meshes (Einarsson et al., 2021) has minimised the above operational issues in crustacean trawls, implying utility among fish trawls, although there have been few studies (Kennelly and Broadhurst, 2021).

Anecdotal industry reports from an Australian fish-trawl fishery in the Great Australian Bight (10 fishing licences) suggest that compared to traditional codends comprising ~94-mm T0 mesh throughout (~55 meshes long × 100 meshes in circumference), substituting the anterior ~56% of the codend with four panels of the same 94-mm mesh turned 90° and with shortened lastridge ropes (by 17%) improves selection for the key target, deepwater flathead, Neoplatycephalus conatus (typically >35 cm TL). Further, by allowing sand and small abrasive debris to escape the codend, the T90 mesh reportedly reduces dermal damage to fish and improves their quality and price. However, no formal trials have been done to test either of the above assertions. The aims here are to address the deficit and test a four-panel, T90 anterior codend section with lastridge ropes against the traditional T0 codend.



Materials and methods

The experiment was done in the Great Australian Bight, Australia (33.12°S; 128.06°E to 33.27°S; 129.40°E), during 6 consecutive days and nights from 1 December 2021 using a trawler (35 m and 500 Kw) rigged with a conventional, single two-seam trawl (41-m headline, with nominal 152- and 120-mm SMO in the wings and body) attached to 20- and 200-m bridles and sweeps and spread by steel V-otter boards. The posterior body (100 meshes in the transverse direction–T) was configured to enable different extensions (larger-mesh section connecting the codend to the body) and codend sections (i.e., smaller-meshed bag where the catch accumulates) to be attached (below). The vessel had a Scanmar trawl monitoring system to measure otter-board spread, a Lowrance global positioning system (GPS) to record distance and speed over the ground (SOG), and a Furuno echo sounder for fishing depth.


Codends tested

Two identical extension sections, a T0 codend and a partial T90 codend, were each constructed from the same panels of braided knotted netting (green polyethylene; PE), which were measured for 15 replicate samples of SMO and twine diameter (Ø) to the nearest 0.1 mm using a purpose-built gauge and Vernier callipers, respectively (Figure 1). Both extensions and codends were the same total lengths and comprised four panels (with four lastridge ropes). The extensions had mean mesh sizes (± SE) of 105.5 ± 0.4 mm SMO (3.9 ± 0.0 mm Ø twine) and measured 24.5 meshes in the normal direction (N) and 100 T creating T0 meshes (Figure 1). Each extension had lastridge ropes (for strength) made from 24-mm Ø twisted polypropylene (PP) and the same lengths as the stretched meshes (Figure 1). A 3.4-m length of rope (4.0-mm Ø PP) was secured at one end of the last row of meshes in each extension to secure these to the posterior trawl body.




Figure 1 | Schematic diagram of the (A) traditional T0 and (B) new T90 codends. Ø, diameter; N, normal direction; T, transverse direction; SMO, stretched mesh opening; PE, polyethylene; PP, polypropylene.



The two extensions were attached to either a traditional ‘T0’ or new ‘T90’ codend, both made from 93.5 ± 0.3 mm SMO with double 4.1 ± 0.0 mm Ø twine (Figure 1). The T0 codend measured 54.5 N × 100 T and had four lastridge ropes the same as those for the extensions (at the panel junctions) (Figure 1A). The T90 codend had a posterior section (24.5 N × 100 T) identical to the T0 codend but a different anterior section: comprising T90 (50 T × 66 N). Four lastridge ropes (16-mm Ø Dyneema™) extended throughout the codend and were 83% of the stretched T90 length (or ~60% of the traditional T0 SMO) in that section, and the same length as the T0 codend in the posterior section (Figure 1B).



Sampling protocol and data collected

The two codend/extensions were alternately attached to the trawl and fished in pairings across similar depths and locations, providing four deployments (~3.5–5.0 h) every 24 h, during 6 days (i.e., 24 replicates). Technical data included swell height (m), fished location, distance (km) and duration (h; winch brakes on and off), otter-board spread (m); SOG (ms–1), and depth (m) of the trawl. The latter three variables were logged every ~15 min to provide an average deployment–1.

After retrieval, the codend was emptied into an area with a measured volume, and the total catch weight was estimated. Retained catches were separated and boxed before weighing and counting. The total weight of discarded catch (bycatch) was estimated by subtracting the retained component from the total catch. A subsample of discards was then assessed. All discards were then individually counted and weighed in the subsample and extrapolated to the total. Randomly selected subsamples of deepwater flathead (up to 115 deployment–1 or ~one-third of catches) were measured to the nearest 0.5-cm TL.

For most deployments, an additional 15 deepwater flathead were randomly selected (~45 to 55 cm TL) after being placed in boxes (deceased and prior to freezing) and assessed for physical damage using a version of the ‘quality index method’ (QIM) (Nielsen, 2005). For each sample, 11 qualitative measures (describing skin, scales, gills, fins, eyes, and wounds) were recorded and scored between 0 and 3, according to worsening severity (STable 1). The sums of the 11 scores for each fish were then used to provide a datum describing individual physical condition/quality.



Data analyses

Data for otter-board spreads and standardized (ha–1 trawled and log-transformed to act multiplicatively) catches (numbers and weights) were analysed using linear mixed models (LMMs). The QIM scores were approximately Gaussian and also analysed with LMMs. In all models, ‘codend’ was considered fixed while ‘pairs’ were random. Additional covariates of ‘SOG’ and fishing ‘depth’ were also assessed in the LMM assessing variability among otter-board spread, while ‘total catch weight’, depth, and ‘tow duration’ were used in the LMM assessing QIM data. The significance of terms was determined using likelihood ratio tests (Millar, 2011).

Relative size frequencies of deepwater flathead were explored for statistically significant differences between the codends by using the ‘SELECT’ (Share Each LEngths Catch Total; Millar, 1992) model to fit a cubic regression spline to the proportions at length of all retained fish that were retained in the trawl with the T90 codend. This catch-comparison analysis was implemented using the SELECT R package which includes bootstrap functionality to allow for between-haul variability (Millar et al., 2004; Millar, 2021). A permutation test was also used (10,000 resamples) to assess for any statistical significance of codend configuration (Broadhurst and Millar, 2022). All analyses were done in R (R Core Team, 2021).




Results

The 24 replicate tows (3.4–5.0 h; mean ± SE of 4.8 ± 1.1 h) were at consistent SOG (3.0–3.4; 3.1 ± 0.0 ms–1) and depths (112–148; 125.5 ± 3.0 m) and across comparable weather (mostly swell <0.6 m). Otter-board spread was not significantly affected by the codends tested (LMM, p > 0.05) but was significantly and positively influenced by fishing depth (LMM, p < 0.05).

In total, 58.5 t (>63 species) was caught, of which 19.1 and 39.4 t were retained and discarded, respectively; however, 74% of the latter was wide stingaree, Urolophus expansus (STable 2). Nine retained and three discarded species (92% of total catches) were caught in sufficient quantities to test for effects on their catches due to codends, but there were no significant differences among any of their weights or numbers (LMM, p > 0.05; Table 1).


Table 1 | Summary of catches (and their totals) tested in mixed-effect models assessing the importance of codend configuration and the means ± SE ha–1 trawled separated for the T0 and T90 codends.



Similarly, the permutation test established that the proportion of the total catch (combined over the T0 and T90 codends) of deepwater flathead (32.5–80.0 cm TL, but mostly 40.0–50.0 cm TL) caught in the T90 codend did not depend on TL. That is, there was no significant difference in the size selection of deepwater flathead due to codend (p = 0.7; Figure 2).




Figure 2 | (A) Relative size-frequency plots for deepwater flathead, Neoplatycephalus conatus, retained in the traditional T0 and new T90 codends, and (B) plot of catch proportions with 95% confidence intervals designated by the shaded area and the horizontal dashed line marking 50% retention.



The only significant effect of codend was restricted to log-transformed QIM scores for deepwater flathead (p < 0.05). The parsimonious model eliminated effects of total catch or SOG and revealed a significantly lower score among those fish caught in the T90 codend (predicted mean ± SE of 0.3 ± 0.01) than conspecifics in the T0 (0.2 ± 0.01). This result was due to slightly fewer cuts and a more natural belly colour (STable 1).



Discussion

The data here contribute toward ~20 primary literature studies since 1997 assessing T90 codends or part thereof (Kennelly and Broadhurst, 2021) and represent one of the few efforts outside European trawl fisheries (but see Lomelli et al., 2017; Cheng et al., 2020). However, contrary to general consensus, turning conventional meshes 90° in the anterior section (55%) of the codend here did not improve any species selection or size selection for deepwater flathead. Rather, significant effects were limited to a marginal improvement in fish quality. These outcomes can be discussed by considering the sizes of the abundant species and likely low selectivity of existing mesh—either as T0 or T90—but potentially improved movement of water through the latter meshes. Assuming validity of these suppositions, the data can then be used to suggest future modifications.

Previous studies assessing T90 throughout codends or only in anterior sections have shown increased sizes at 50% retention for various species (especially round fish including cod, Gadus morhua, haddock, Melanogrammus aeglefinus, and red mullet, Mullus barbatus barbatus), and often with maintained (e.g., Moderhak, 1997) or even reduced selection ranges (e.g., Wienbeck et al., 2011; Lomeli et al., 2017). Despite their name, like all platycephalids, deepwater flathead is not a ‘flatfish’, with congenerics having a maximum height-to-width ratio of ~0.5, which corresponds to the T90 shape (Broadhurst et al., 2006). Consequently, body shape is unlikely to have prevented small deepwater flathead from escaping. Instead, the relatively small mesh perimeter of ~187 mm clearly precluded egress of most sizes encountered, regardless of mesh orientation.

No published data are available on the morphometrics of deepwater flathead, but Broadhurst et al. (2006) showed that at maximum girths of 187 mm (mesh perimeter here), two platycephalids—the eastern blue spotted flathead, P. caeruleopunctatus, and spikey flathead, Ratabulus diversidens—had TLs of 42.6 and 40.5 cm, respectively. These sizes are at the lower range of the deepwater flathead observed here. Potentially, if encountered, smaller deepwater flathead would escape through the T90 mesh.

Nevertheless, although not measured, several other species (especially discarded latchet, Pterygortrigla polymnata) were caught at sufficiently small sizes to pass through the mesh. These individuals should have had opportunity to escape, assuming the catch built up sufficiently, increasing the displacement of water forward and assisting some individuals to maintain position at the T90 cylinder (Broadhurst et al., 1999a). However, the double 4.1-mm Ø twine (thickness ~9% of the SMO) probably confounded selection (regardless of mesh orientation), considering the known negative implications of increasing twine diameter (e.g., Herrmann et al., 2013).

While there were no effects of T90 on relative size or species selection, the QIM data support the fishers’ assertion of an improved physical quality of deepwater flathead (and better price). Other studies assessing similar codend changes (e.g., alternate materials or designs) to improve catch quality have shown comparable marginal (Brinkhof et al., 2021) or non-significant impacts (Tveit et al., 2019; Jensen et al., 2022). Much of the improved quality of deepwater flathead was attributed to fewer cuts/abrasions and possibly because the T90 cylinder allowed small debris to pass out of the codend, which would have been facilitated by the water displaced forward (Broadhurst et al., 1999a). Nevertheless, any explanation remains speculative and additional data are required to better quantify improvements in the landed-catch quality and temporal preservation implications due to the T90.



Conclusions

Unlike previous published studies assessing similar sizes or smaller T90 (to conventional T0) mesh in codends, we failed to show any selectivity improvements (Kennelly and Broadhurst, 2021). This anomaly might reflect research bias, where only positive effects are published, but it is also likely other gear parameters, including the small mesh size and double twine used, would have limited selection. Future research might benefit from assessing T90 in a slightly larger mesh size and/or a single twine in either the anterior section, or throughout the codend.

Beyond reducing unwanted catches of some small deepwater flathead when present, and other species, greater lateral mesh openings might further improve catch quality. However, because volume negatively affects catches through increased interactions, reducing unwanted catches of wide stingaree (~50% of the total catch) would be warranted. The small average weight (~0.6 kg) and sizes of the wide stingarees might preclude mechanical-separating grids. Anterior-trawl modifications, including changes to ground gears and/or dropout panels, might have greater utility, but will require consideration given that wide stingarees and deepwater flathead maintain similar positions on the substrate.
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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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A recent rebound of juvenile redfish (Sebastes spp.) in areas where the northern shrimp (Pandalus borealis) bottom trawl fishery in eastern Canada occurs has been challenging the fishing industry to maintain bycatch of this species within acceptable levels. Using self-contained underwater cameras and red lights, this study investigated the behavior of juvenile redfish in response to bycatch reduction devices (BRDs), called Nordmøre grids. Fish behavior was analyzed in grid systems with different bar spacings, including 22- and 19-mm bar spacings. A total of 10.3 h of useable underwater video was collected during commercial fishing conditions, which yielded individual observations of 931 redfish. Generalized linear models (GLMs) and behavioral trees were used to analyze the data. We observed that 52.5% of all redfish passed through the bar spacings and were retained. The duration of the selection process was relatively short (~1.9 s mean), and 57.8% of redfish reacted to the grids by swimming upwards, forward, or towards with respect to the grids. Behaviors exhibited by redfish and redfish retention were similar for both grids. GLM results suggested that as time in front of the grid increased and redfish had upwards or steady grid reactions, retention was drastically reduced. These were important variables that significantly explained the capture fate of redfish. The behavioral sequence that led to higher escape probability was redfish that approached upwards, had no contact with the grid, and reacted to the grid by continuing to move upwards to finally exit through the escape opening. GLM and behavioral trees gave a comprehensive view of redfish behavior, which is extremely useful for perfecting or developing any BRD to address juvenile redfish bycatch.
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Introduction

Nordmøre grids are employed in shrimp bottom trawls to mechanically separate and retain the targeted shrimp from larger animals, such as roundfish, flatfish, and skates (Isaksen et al., 1992). However, relatively small juvenile fish of a similar size as the targeted shrimp can pass through the Nordmøre grid bar spacings, transit to the small mesh codend, and are caught. This can result in considerable amounts of bycatch of commercially important species (Bayse and He, 2017; Pérez Roda et al., 2019). Despite extensive efforts made around the world to reduce bycatch in shrimp fisheries (Broadhurst, 2000; Eayrs, 2007), the incidental catch of juvenile fish persists.

In the 1990s, the Nordmøre grid was introduced in Canada’s east coast northern shrimp (Pandalus borealis) fishery; mandatory maximum bar spacings of 22 and 28 mm are permitted (DFO, 2018), although the majority of the fishing effort uses a 22-mm bar spacing grid. The introduction of Nordmøre grids greatly reduced finfish bycatch from 15% to 2% (>85% reduction by weight) of the total landings of shrimp (ICES, 1998). However, the beaked redfish (Sebastes mentella), Acadian redfish (Sebastes fasciatus), and golden redfish (Sebastes marinus) recruitment index (i.e., the abundance of redfish, with total length (TL)<150 mm) has increased considerably in recent years (DFO, 2020), and their exclusion is problematic at the regulated bar spacings due to their small size (i.e., juveniles). Once juvenile redfish pass through the Nordmøre grid, there is a small chance of escape, as bottom trawls in this fishery are constructed with diamond mesh sizes as small as 40 mm (minimum mesh size authorized) in order to retain small shrimp (DFO, 2018). This can lead to considerable amounts of juvenile redfish being caught depending on their abundance in the fishing area.

The beaked redfish and Acadian redfish are commercially important species off the northeast coast of Canada, while golden redfish are much less abundant (Government of Canada, 2021). They are found along the Northeast Newfoundland and Labrador Shelves (DFO, 2020), and high bycatch rates were reported in 2020 in portions of Davis Strait West and shrimp fishing area (SFA) 4 (DFO, 2021). The directed redfish fishery is currently closed, and it has been under a moratorium since 1997 (DFO, 2021). Both beaked and Acadian redfish were considered threatened under the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) in 2010 and are currently being considered for Schedule 1 classification (Government of Canada, 2021); once in Schedule 1, measures to protect and recover redfish will be implemented. Their slow growth rates, long-lived nature (Campana et al., 1990), and late maturity (Sévigny et al., 2007) make mortality of juvenile redfish of concern, and their incidental catch could have a negative impact on the stock’s recruitment, biomass, recovery, and the future of an emerging redfish fishery. Furthermore, the mortality of juvenile redfish can have an impact on the trophic structures of communities, affecting other important commercial fisheries (Dayton et al., 1995; Devine and Haedrich, 2011).

According to recent conditions of the license, a move-away protocol is triggered, and the vessel must change the fishing area by a minimum of 10 nautical miles from the previous tow if the incidental catch of groundfish exceeds 2.5% by weight of the total catch of shrimp or 100 kg in total weight (DFO, 2018). The movement protocol has unintended negative effects, such as increasing operational costs (e.g., fuel consumption) and environmental impacts (e.g., seabed impact and carbon dioxide emissions). Increased amounts of juvenile redfish bycatch in the catch represent a sorting problem in onboard factories and can physically damage shrimp, reducing the quality and value of the final product.

The performance in terms of catch amount, species, and size selectivity of bycatch reduction devices (BRDs) is assessed based on catch data following robust experimental methodologies and statistical analyses (Wileman et al., 1996). Previous experiments on grid bar spacings (Hickey et al., 1993; CAFID, 1997; He and Balzano, 2012; Silva et al., 2012; Orr, 2018), new grid designs (Grimaldo and Larsen, 2005; Grimaldo, 2006; He and Balzano, 2007; He and Balzano, 2011; He and Balzano, 2013; Veiga-Malta et al., 2020), and sorting grid configurations (Riedel and DeAlteris, 1995; Larsen et al., 2018a; Larsen et al., 2018b) have used these procedures and often provide conclusive results on the catch performance. However, the specifics of how the species in question react to the device are usually unknown.

The increased availability of low-cost and high-quality image underwater cameras in recent years (Madsen et al., 2021) has enabled fishing gear technologists to qualitatively assess fish behavior with the aim of understanding the mechanics behind selection processes (Queirolo et al., 2010; Grimaldo et al., 2018; Larsen et al., 2018c). Even further, many studies have quantitatively analyzed the data gathered from underwater video to assess the selective device or fishing gear performance and species behavior (Bayse et al., 2014; Underwood et al., 2015; Bayse et al., 2016; Queirolo et al., 2019; Santos et al., 2020; Ahumada el al., 2021; Araya-Schmidt et al., 2021; Chladek et al., 2021a; Chladek et al., 2021b). The observed fish behaviors are usually tracked from the first detection to the final outcome of the selection process and categorized in stages. Generalized linear models (Underwood et al., 2015; Bayse et al., 2016) and behavioral trees (Santos et al., 2020; Chladek et al., 2021a; Chladek et al., 2021b) have been used to analyze the observed behaviors and relate them to capture fate. Regression models relate capture fate to all the explanatory variables at once, whereas behavioral trees relate capture fate to the sequences of behaviors throughout the selection process.

Despite juvenile redfish bycatch being an issue in many shrimp trawl fisheries (Broadhurst, 2000; Larsen et al., 2019; Cerbule et al., 2021), there is limited redfish behavioral information in bottom trawls. Larsen et al. (2019) observed that most juvenile redfish come in physical contact with 30° and 45° angle grids, sliding up the grid face until the fish orientate themselves correctly towards the grid and pass through the bar spacings. However, there is evidence that redfish can actively seek outlets by swimming upwards, escaping panel meshes after a sorting grid section (Sistiaga et al., 2017), and that they can also exit sieve panels through the upper escape opening (Larsen et al., 2018c).

The purpose of this study was to investigate the behavior of juvenile redfish in 22- and 19-mm bar spacing Nordmøre grid systems to better understand which behavioral sequences lead to redfish escape and the effects of redfish behavior for different Nordmøre grid bar spacings. The behavioral data were quantitatively assessed using both a generalized linear model (GLM) and a behavioral tree approach. The advantages and disadvantages of both methods are discussed and contrasted.



Materials and methods


Fishing gear

Two Cosmos 3000 commercial shrimp bottom trawls were used in this study. Each had a 65.4-m headline, 70.1-m fishing line, and 70.1-m roller footgear. The trawls had a four-panel design and were each equipped with a trouser codend with a 40-mm nominal diamond mesh size. These codends were selective for the size range of juvenile redfish (<150-mm TL). The baseline and experimental trawls were identical, except for the Nordmøre grid bar spacing. The baseline bottom trawl was equipped with a 22-mm (mean 21.74 mm, standard error 0.07 mm) bar spacing Nordmøre grid, while the experimental bottom trawl was equipped with a 19-mm (mean 18.83 mm, standard error 0.08 mm) bar spacing Nordmøre grid. The grids were 2.0 m long and 1.0 m wide. Grids were designed to have angles of attack between 53° and 55° at the beginning of the tows. The guiding panel netting had a length of 5 m and was installed at an angle of −15° with respect to the upper panel netting. The guiding panel used a bungee cord weaved through the meshes and attached to each side of the grid 0.72 m from the grid bottom. The netting extended approximately 30 cm beyond the bungee cord and was laid flat against the grid surface during flume tank testing (Figure 1). The vessel uses this guiding panel configuration in order to maximize shrimp contact with the grid.




Figure 1 | Close-up view of the 19-mm Nordmøre grid system used in the experiment.





Hydrodynamic testing

Hydrodynamic testing of the full-scale grid systems was conducted prior to sea trials using the flume tank (Figure 2) located in St. John’s, NL, Canada (Winger et al., 2006). For the flume tank testing, a 40-mm mesh size codend section of 4.0 m length was attached to the grid systems (Figure 2). This codend section was significantly smaller and lighter than the extension and trouser codend used by the vessel during commercial fishing, which not only had the added weight of the catch but also the extra netting, including chafer gear. During flume tank testing, flow velocity was set to 0.85 m/s and grid angles were measured for quality control, recorded as 62° and 63° for the 22- and 19-mm grids, respectively. Flow velocity (m/s) was measured along two vertical axes: 1) in front of the grid, at four equidistant points between the front-end of the escape opening (i.e., opening apex) and the guiding panel (F1, F2, F3, and F4), and 2) 0.6 m behind the top of the Nordmøre grids, at five equidistant points between the upper and lower panels (B1, B2, B3, B4, and B5) (Figure 2). Clearance from the netting for points F1 and F4 was 0.27 m, and clearance from the netting was 0.38 m for B1 and B5 points to avoid the upper or lower netting effect on water velocity. Measurements were performed using a two-axis electromagnetic current meter (Valeport Model 802, Valeport, St Peter’s Quay, Totnes, UK). At each point, water velocity measurements were collected for 1 min (96 Hz) and averaged. See Cheng et al. (2022) for a further methodical description.




Figure 2 | Baseline 22-mm bar spacing Nordmøre grid section during flume tank testing. Points for flow measurements in front (F1, F2, F3, and F4) and behind (B1, B2, B3, B4, and B5) the grid during hydrodynamic testing are shown.





Underwater video

Video recordings were collected on board the commercial factory freezer trawler Newfoundland Lynx (length 67.7 m, width 13.0 m, gross tonnage 2409) during 19 January and 13 February 2021 (winter season), in the offshore SFAs 4, 5, and 6, located off the coast of eastern Canada. However, valid tows used in the analysis were all from SFA 4 (Table 1). Towing speed was 1.49 m/s, which is the standard speed used by the fishing vessel.


Table 1 | Information on the video recorded tows used in the video analysis.



The camera system was attached to the top of the Nordmøre grid and consisted of a GoPro Hero4 black action camera, with a GoPro “Bacpac” battery and an external battery (4,000 mAh, 3.7 V) (Figure 3). Two DIV08W diving lights from Brinyte Technology Ltd. were used to illuminate the camera’s field of view. They were located on either side (0.15 m) of the camera. These red lights had a maximum irradiance of 202 mW at 634 nm, and the wavelength range at full width at half maximum (FWHM) was 620–643 nm. The peak wavelength is in the lower spectrum range of red light, and the total wavelength range of the light extends into the orange part of the visible light spectrum. Red lights were used, as studies have shown that they are less visible to deep-water fish and crustaceans due to their longer wavelengths (Widder et al., 2005; Rooper et al., 2015; Nguyen et al., 2017). Underwater housings from CamDo Solutions Inc. and Group B Distribution Inc. were used (certified to a depth of 1,500 m) for the camera and lights, respectively (Figure 3). The camera was attached in a way that the field of view started 0.1 m below the top of the grid, extending to each side of the grid at an angle up to a height of 1.3 m from the bottom of the grid. This resulted in blind spots on each side of the camera on the upper section of the grid that accounted for ~15% of the grid surface area. The camera field of view reached the bottom of the grid, and ~0.5 m of the netting of the lower panel in front of the grid can be seen in the video recordings.




Figure 3 | Juvenile redfish behavioral stages in a Nordmøre grid system. The guiding panel was removed from the image for figure readability. An image of the GoPro camera with two Brinyte DIV08W diving torches emitting red light on each side mounted on the 19-mm Nordmøre grid during sea trials is shown.



Information on the video-recorded tows was collected during the fishing trip, including fishing area (SFA), tow duration, time of the day, depth, bottom temperature, starting grid angle, and bar spacings used on the Nordmøre grids. Total shrimp catch was estimated from the total shrimp produced at the factory during each tow, and the total redfish bycatch was collected and weighed for tows 1 and 2 and provided by the at-sea observer for tows 3 and 4 (Table 1).



Behavioral data

Behaviors of individual redfish were evaluated at the Nordmøre grid section of the experimental and baseline bottom trawls (i.e., 19- and 22-mm Nordmøre grid bar spacings). Behaviors were recorded within four behavioral stages—1) body orientation, 2) approach, 3) grid contact, and 4) grid reaction—which led to redfish fate (Figure 3). These included the moment the redfish entered the camera field of view, below the guiding panel, up to when the individuals were either retained (i.e., transited to the codend through the Nordmøre grid bars) or escaped through the opening on the upper panel of the grid section (Figure 3). Upon entry of the redfish to the field of view, body orientation was recorded as “towards”, “sideways”, or “away” with respect to the fish’s head orientation in relation to the grid. After entry, the path followed by the fish approaching the grid was recorded; fish were considered to move “upwards”, remain “steady”, or move “sideways” (i.e., port or starboard). Following the approach stage, fish had either “contact” or “no contact” with the Nordmøre grid. Fish that did not contact the grid all moved up towards the escape opening and were considered to have a grid reaction “upwards”; fish that contacted the grid reacted by moving “upwards”, remaining “passive”, moving “towards” the grid (i.e., through the bars), or swimming “forward” in the opposite direction from the grid. Finally, redfish that were positioned on the front side of the grid (towards the vessel) and moved up past the camera field of view were considered “escaped” and exited the grid section through the escape opening; fish that transited to the codend through the grid bars were considered “retained”. The total time elapsed (t) from the redfish’s first detection (i.e., stage 1) to fate was recorded for each individual. Behavioural data were recorded from underwater video using the BORIS software (Friard and Gamba, 2016). The observed probability of redfish escape (%) was calculated for each behavior independently and bootstrapped 1,000 times to obtain 95% percentile confidence intervals (CIs) using the mosaic package in R (Pruim et al., 2017).



Generalized linear model

A GLM with a binomial error was performed using the lme4 package (Bates et al., 2015). All statistical analyses were performed in R (R Development Core Team, 2017). Redfish fate was the dependent variable (i.e., escaped or retained). Explanatory variables, when appropriate, included “grid type”, “body orientation”, “approach”, “grid contact”, “grid reaction”, “time”, and “haul number”. Model selection was based on the model with the lowest correction to Akaike’s information criterion (AICc) (Akaike, 1974), using the function AICctab in the bbmle package (Bolker and R Development Core Team, 2020). Model fit was assessed with a combination of a quantile–quantile plot, residual investigation, and dispersion test in the DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression models package (Hartig, 2021).



Behavioural trees

Following Santos et al. (2020) procedures, the behaviors observed at each stage describe a specific behavioral sequence that could explain the fate of the observed redfish (i.e., escaped or retained). The behaviors collected for each fish at the different behavioral stages were pooled within and between hauls separately for each grid type (i.e., 22- and 19-mm bar spacing Nordmøre grids). The data for each grid were arranged in behavioral trees using data.tree (Glur, 2018) and DiagrammeR (Iannone, 2019) packages. The root represents the total number of redfish observed, which is connected to the nodes counting the number of times a specific behavior occurred. The nodes were organized into four levels following the four behavioral stages, which were connected by the tree branches following the observed behavioral sequences. Finally, the tree leaves at the bottom contain the number of redfish that after following a specific behavioral sequence were retained or escaped (i.e., fate).

Marginal and conditional probabilities were calculated for each of the behavioral trees generated (Santos et al., 2020). Marginal probability (MP) was calculated as follows:

 

where MPz,j is the marginal probability for a given behavioral event j from behavioral stage z to happen. Nz,j is the node representing the total number of redfish that had a behaviour j in behavioral stage z, while Root is the total number of redfish observed for each Nordmøre grid.

Conditional probability (CP) was calculated as follows:

 

where CPB,j is the conditional probability that event j from behavioral stage B∈{2,3,4,5} could happen, given that the parent attribute k from behavioral stage B−1 happened.

The rate of observed redfish that escaped at the 22- and 19-mm Nordmøre grid systems was calculated as follows:

 

where n escaped is the number of redfish that escaped and n retained is the number of redfish retained.

Finally, 95% Efron confidence intervals (95% CIs) (Efron, 1982) were estimated for MP, CP, rate of redfish escaped, and t = time using a double-bootstrap technique (Santos et al., 2020), which produced a total of 1,000 artificial trees.




Results

Mean water velocity recorded during flume tank testing ranged between 0.40 and 0.70 m/s in front of the 19-mm grid and between 0.38 and 0.68 m/s for the 22-mm grid. On average, water velocity was increased by 6.28% in front of the grid, as bar spacings were reduced to 19 mm. For water velocity measurements behind the grid, mean values ranged between 0.48 and 0.60 m/s, and between 0.48 and 0.71 m/s for the 19- and 22-mm grids, respectively. On average, water velocity was reduced by 6.36% behind the grid when bar spacing was reduced to 19 mm (Table 2).


Table 2 | Mean water velocity (m/s) and standard error of the mean (SEM) for the different points of measurement, and total mean water velocity difference between grids in front and behind the grids.



During sea trials, grid angles at the beginning of the tows ranged between 53° and 55° and were lower than measured in the flume tank due to the added weight of the full-size codend. The grid systems experienced an increase in the guiding panel exit opening at the beginning of each tow as shrimp, flatfish, and redfish meshed and accumulated in the guiding panel meshes (Figure 4). As the guiding panel opened, the area where fish and shrimps meshed in the netting was no longer seen in the video (i.e., outside the camera’s field of view) (Figure 4, panel #3). The guiding panel extension beyond the bungee cord was in the field of view, but no longer in contact with the grid due to the guiding panel exit opening and because it was being pushed upwards by the water flows directed towards the escape opening (Figure 4, panel #3).




Figure 4 | Underwater video screenshots of the 19-mm bar spacing Nordmøre grid during fishing. (1) The guiding panel exit opening on its starting position at the beginning of the tow. (2) Two minutes has elapsed since shrimp and fish reached the grid section, where shrimp and fish are seen meshed in the guiding panel netting. (3) The guiding panel exit has fully opened and remained in this position until the end of the tow.



Redfish behavior was obtained after the guiding panel exit opened for each tow as it remained in this position for the rest of the fishing time (Figure 4, panel #3). Within each tow, some events prevented us from assessing redfish behavior, such as fish in front of the camera blocking the field of view, turbidity, and large amounts of shrimp. In all of these cases, the video was discarded for those periods. The relatively short periods (<10 s) from the redfish’s first detection (i.e., body orientation) to fate prevented any concern of not being able to follow individual redfish throughout all the behavioral stages and fate. Six tows were recorded during the fishing trip with a total fishing time of 16.2 h. The first two tows were discarded due to high turbidity conditions that did not allow us to observe redfish behavior properly. The remainder of the tows were used to assess redfish behavior; two tows used the 22-mm bar spacing Nordmøre grid, and two tows used the 19-mm bar spacing Nordmøre grid, with a total useable fishing time of 6.5 and 3.8 h, respectively (Table 1). Overall, there were 442 redfish recorded for the 22-mm Nordmøre grid and 489 redfish for the 19-mm Nordmøre grid.

Of the 931 fish observed during the experiment, 442 (47.48%) escaped through the opening, and 489 (52.52%) passed through the bar spacings and were retained. The mean observed time from first redfish detection (i.e., behavioral stage 1) to fate was 2.01 s (min 0.52 s, max 9.39 s, and standard error of the mean (SEM) ± 0.06) and 1.70 s (min 0.28 s, max 8.14 s and SEM ± 0.05) for escaped and retained redfish, respectively. Behavioural events that had the highest escape probabilities on each behavioral stage independently were redfish that did not contact the grid, redfish that reacted to the grid upwards, redfish that approached upwards to the grid, and redfish that had a body orientation away from the grid (Table 3). However, the lowest escape probabilities were obtained for fish that reacted to the grid by swimming forward or towards it, redfish that approached steady, redfish that contacted the grid, and redfish that had a body orientation towards the grid (Table 3). Both grids produced similar escape probabilities for the different behaviors observed as shown by the overlap on the 95% CI of the percentage of escape between grids (Table 3). Furthermore, escape differences ranged between −5.20% and +8.73%, with an average of 0.73% (Table 3).


Table 3 | Fate of juvenile redfish in 19- and 22-mm bar spacing Nordmøre grids for the different behaviors.



Initially, the data were analyzed using a generalized linear mixed model (GLMM), to incorporate random variation from different tows within the model. However, model fit indicated singularity when the variables’ grid reaction and grid contact were included, together or individually. Thus, a GLMM was not deemed reasonable, as these explanatory variables were important, and the analysis shifted to fitting a GLM. Since tow could not be included as a random effect, we attempted to use it as an explanatory variable; however, large AICc values showed it was not an important variable during the initial data investigation, and it was excluded from the model selection process for simplicity. Additionally, the grid was an independent variable of interest (capture fate between different grids), and generally, its inclusion produced low AICc values during initial data investigation; hence, it was decided to maintain the grid variable in every fitted model. Further, the model fit was improved by reducing the number of categories in the grid reaction variable (i.e., originally it had four categories); forward and towards behaviors were combined, as all redfish were retained when exhibiting these behaviors. The model with the lowest AICc included grid, grid contact, grid reaction, and time as explanatory variables (Table 4).


Table 4 | Generalized linear model outcome including all variables in the lowest AICc model, estimates, standard error (SE), z-value, and p(>z).



GLM model output suggested that there was a 99.68% probability of retention (or 0.32% of escaping) for redfish that had contact with the 22-mm grid and reacted by swimming forward or towards when the variable time was set to 0 s in the model. If we move to the 19-mm bar spacing grid, the probability of escaping increases by 56.52% (p-value = 0.243), maintaining the other reference groups constant (i.e., grid reaction forward or towards and time = 0 s) (Table 4). Redfish that had no contact with the grids had a 100% probability of escaping (p-value = 0.980). Regarding grid reaction, the model results indicated that the probability of escaping was increased by 97.13% and by 99.90% for redfish that remained steady and reacted by swimming upwards, respectively, when compared to redfish that had towards or forward grid reactions (p-values< 0.001) (Table 4). Finally, for a one-unit increase in the time that redfish spent in front of the grid (i.e., 1 s), the probability of escaping was increased by 58.85% (p-value< 0.001).

Behavioural tree bootstrapping indicated that the rate of redfish that escaped for the 22-mm grid was 46.64% (95% CI: [40.36%–58.51%]), while in the 19-mm grid, 48.47% of the individuals escaped (95% CI: [38.07%–56.16%]). Furthermore, the average duration of the selection process (t) was 1.95 s (95% CI: [1.72–2.44 s]) and 1.75 s (95% CI: [1.39–2.34 s]) for the 22- and 19-mm Nordmøre grids, respectively. The size of the behavioral trees was reduced by excluding stage 1 (i.e., body orientation) in order to improve their readability and raw trees, which include all behavioral stages are found in Supplementary Figures 1 and 2. For both grids, most of the redfish had away or towards body orientations; only 12.7% and 21.3% of redfish were oriented sideways for the 19- and 22-mm grids, respectively. Fish that were oriented away from the grids, approached upwards, had no contact with the grids, and reacted to the grids by continuing to move upwards had the highest number of redfish that escaped the bottom trawl (Figure 5). Conversely, there were multiple behavioral sequences on both grids that led to high retention of redfish (Supplementary Material).




Figure 5 | A behavioral sequence leading to escapement. Underwater video screenshot of a redfish that exhibited away body orientation (1), upwards approach (2), upwards grid reaction (3), and escaped the grid system (4).



For the reduced behavioral trees, redfish individuals were pooled from the three different body orientations. Simplified behavioral trees showed that in stage 2, redfish that approached upwards did not contact the grid in stage 3 and reacted by moving upwards in stage 4, escaped from the gear; there were 90 (MP = 20.4%, 95% CI: [16.0%–24.2%], CP = 100%) and 132 (MP = 27.0%, 95% CI: [12.7%–37.8%], CP = 100%) redfish that followed this behavioral sequence for the 22- and 19-mm Nordmøre grids, respectively, and all the remaining fish had contact with the grids (Figure 6). Conversely, redfish that reacted to the grid by swimming forward or towards in stage 4 (i.e., grid reaction) were always retained (CP = 100%) (Figure 7); 75 and 84 redfish exhibited these behaviors in the 22- and 19-mm Nordmøre grids, respectively (Figure 6). Fish that reacted upwards were more likely to escape than the ones that remained passive, after contact with the grids. Behavioural sequences that were more likely to occur (i.e., with the higher marginal probabilities at the leaves) were upwards-no contact-upwards-escaped, steady-contact-passive-retained, and upwards-contact-passive-retained, for both the 22- and 19-mm Nordmøre grids (Figure 6). Redfish that remained passive upon grid contact and were retained slid up the grid until they oriented themselves parallel to the grid and passed through the bar spacings (Figure 8).




Figure 6 | Behavioural trees for the 19-mm (top) and 22-mm (bottom) bar spacing Nordmøre grids. White boxes represent the tree root with the number of redfish observed, grey boxes represent the behaviors at the different behavioral stages (approach, grid contact, and grid behavior), red boxes represent redfish that were retained, and green boxes represent redfish that escaped. On each box, the number of redfish, conditional probability, and marginal probability, with their respective 95% confidence intervals, are shown.






Figure 7 | A behavioral sequence leading to retention. Underwater video screenshot of a redfish that exhibited towards body orientation (1), upwards approach (2), contacted the grid (3), continued swimming towards the grid, passed through the grid bar spacings, and was retained (4).






Figure 8 | A behavioral sequence leading to retention. Underwater video screenshot of a redfish that exhibited sideways body orientation (1), upwards approach (2), contacted the grid (3), slid up the grid face until the fish orientated itself parallel to the grid, and passed through the bar spacings (4).





Discussion

This study investigated the behavior of juvenile redfish in 22- and 19-mm Nordmøre grid systems. The underwater video resulted in 931 redfish being observed throughout the behavioral stages to their final fate (i.e., escape or retained). Over half (52.52%) of the redfish observed on the underwater video passed through the Nordmøre grid bar spacings and were retained, which is in line with the considerable amounts of juvenile redfish that fishers are encountering in their catch. Opening of the guiding panel exit was observed for all tows, as animals meshed and accumulated in the guiding panel meshes. Once the guiding panel exit opened, there were no redfish seen contacting the guiding panel netting, which suggests that the redfish could be avoiding the netting. If the guiding panel exit were to remain in its initial position directing catch to the lower section of the grid, redfish retention would likely be even higher than observed in this study, which may explain why Larsen et al. (2017) found a high and constant probability of retention for juvenile redfish when using both long and short guiding funnels with a 19-mm bar spacing grid. Presumably, these funnels, independent of their length, were efficient at directing shrimp and fish to the bottom of the grid. Redfish directed to the lower part of the grid would be less capable of approaching upwards to the escape opening and avoiding contact with the grid and would give passive individuals more time to slide up along the grid and orientate themselves in a way that enables passage through the grid as observed in Larsen et al. (2017). Shrimp behaviors were not quantitatively assessed during our experiment, but the opening of the guiding panel seemed to direct more shrimp to the top of the grid, and at high catch rates, considerable amounts of shrimp were seen exiting the grid.

Redfish were observed to be unable to swim effectively against water flows in the tested Nordmøre grid systems and were rapidly directed towards the grid, which is evidenced by the short time that elapsed from the first detection to fate; less than half (42.19%) of the fish did not exhibit any reaction upon grid contact or in close proximity to the grid, while a fair proportion of redfish (57.81%) reacted to the grid with burst-swimming behaviors (i.e., upwards, forward, and towards the grid), which is typical behavior for fish in crowded spaces (Winger et al., 2010). This shows that despite their small size and limited presumed swimming capabilities, a proportion was still able to swim or react at that point in the bottom trawl. This is especially promising since using other devices to deter or attract redfish out of the bottom trawl could be feasible at such a late stage of the capture process. In line with this principle, Larsen et al. (2018d) attached green LED lights to the lower part of a Nordmøre grid to encourage the upwards behavior of fish species and reduce bycatch. However, the addition of lights did not produce significant improvements. Further investigation of different light colors, intensities, and positions could provide an alternative to reduce fish bycatch.

Most of the fish that remained passive upon grid contact slid up the grid until they oriented themselves parallel to the grid and passed through the bar spacings (78.81% of the passive fish). This finding is consistent with observations by Larsen et al. (2019) using a similar length grid (2.1 m) but with a lower angle (30°). However, there was a proportion (21.19%) of passive fish that continued sliding up the grid face past the camera field of view and escaped through the opening. Perhaps the guiding panel exit opening (i.e., directing the water flows higher in the grid) decreased the sliding area and the chances of correct orientation for these fish, allowing them to escape.

We observed that a significant proportion of juvenile redfish (approx. 24%) did not make contact with the grids. They simply approached the grid, rose, and escaped through the opening at the top of the BRD. We speculate that these redfish may have exited the trawl by following the water that is rejected through the grid opening. The phenomenon of rejected water was first described by Riedel and DeAlteris (1995). The concept was developed further by Grimaldo and Larsen (2005) and has been cited as the possible reason for the escape of shrimp. The probability of no contact was similar for both the 19- and 22-mm grids (only 6.6% higher for the 19-mm grid). This finding coincides with our flume tank observations of the grids, where there was only a minor increase (6.3%) in front and a minor reduction behind (6.4%) in water velocity for the 19-mm grid when compared to the 22-mm grid. Therefore, water flows directed towards the escape opening and through the bar spacings were generally similar, which could explain the similar contact and escape probability of redfish between the grids tested. Alternatively, this could be attributed to the fact that juvenile redfish captured in this study were all smaller than 150-mm TL and able to fit through both grid bar spacings as their body widths were also below 19 mm, according to morphometric measurements performed on redfish individuals from the same fishing area (personal observation).

Understanding how species behave in response to BRD devices is key to enhancing their escape/retention performance (Winger et al., 2010). The GLM analysis showed that the duration of the selection process (t) and grid reaction were important variables; the more time redfish spend in front of the grid, the higher the probability of escaping (1 s increased by 58.85% the probability of escape). This result was expected, as redfish that escaped needed to traverse a larger distance in order to reach the escape opening. Regarding the grid reaction variable, fish that reacted to the grid upwards or passive drastically increased the probability of escaping (99.90% and 93.13%, respectively), when compared to fish that swam forward or towards the grid. GLM analysis was effective at answering these specific research questions relating all explanatory variables at once and allowed the inclusion of continuous variables, such as time. However, it is not possible to understand the different behavioral sequences that redfish followed and their associated escape or retention probabilities using these methods. Thus, behavioral trees were used to show which behavioral sequences led to the highest probability of escaping for both grids, which were away body orientation, upwards approach, no contact with the grid, and upwards grid reaction. A large proportion of redfish (~50%) were initially oriented away from the grid, and approximately 50% of these fish approached the grid upwards, leading to no grid contact for almost half of these fish by continuing moving upwards and consequently escaping through the grid outlet. Even though many fish did not follow this behavioral sequence, it can be seen that escape probability is increased for redfish that exhibited an upwards approach and upwards grid reaction, despite their initial body orientation or grid contact stages. Therefore, designing or modifying a selection device to trigger these behaviors could greatly reduce redfish bycatch. Isaksen et al. (1992) found that in a 19-mm bar spacing grid, angled 48°, all redfish (Sebastes sp.) escaped through the grid outlet, although these fish were admittedly larger than the redfish in this study. Likely, with the grid systems used in this experiment, lower grid angles could reduce the probability of contact with the grid and increase the amount of redfish escaping through the grid outlet. However, this would also depend upon the proportion of fish that have passive rather than active behavior. However, lower grid angles with an inefficient guiding panel, such as the one observed in this experiment, could lead to shrimp escape.

A limitation of this study was the use of light to illuminate the camera’s field of view, as this could affect redfish behavior. Fish that inhabit depths below 50 m have decreased visual sensitivity in the red part of the spectrum, which has been previously shown by Brill et al. (2008) for black rockfish (Sebastes melanops, >620 nm). Furthermore, deep-water fish, such as sablefish (Anoplopoma fimbria) and rockfishes (Sebastes spp.), can detect red LED light, although red is far less disruptive than other light colors (Widder et al., 2005; Rooper et al., 2015). Even though infrared light could be used and is invisible to fish, the visual range is often limited (1 m) (Rooper et al., 2015), and invisible infrared radiation may damage the eyes of the animals, making red light the only feasible option to effectively observe redfish behavior for the distances required in this study. The light used had a peak wavelength in the lower spectrum range of red light, and the total wavelength range of the light extends into the orange part of the visible light spectrum. It has been described that rockfish exhibit weak avoidance behavior to red lights (Rooper et al., 2015). Therefore, the influence of red light on juvenile redfish behavior cannot be discarded and may have biased the results.

In conclusion, this study showed that over half of the redfish observed on the underwater video passed through the Nordmøre grid bar spacings and were retained. The time that redfish spent in front of the grid and grid reaction better explained redfish probability of escaping; one unit increase in time and upwards or steady grid reactions drastically decreased the probability of retention. The most favorable behavioral sequence for redfish to escape was an upwards approach, no contact with the grid, and an upwards grid reaction. The GLM was useful for estimating retention probabilities relating all explanatory variables at once, and behavioral trees showed probabilities accounting for the stepwise nature of the behaviors. Both approaches together gave a comprehensive view of the redfish behavior on Nordmøre grid systems. This important information could guide the future development of BRDs so they can be designed to enhance the most favorable redfish behaviors that led to the escapement. It could also aid in the improvement of the current Nordmøre grid system by increasing the time of redfish in front of the grid and by facilitating upwards behavior, which could ultimately lead to significant reductions in juvenile redfish bycatch.
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Stick-held dip (SHD) net is an effective fishing gear target for catching the Pacific saury. In this study, the hydrodynamic performance of an SHD net in current was investigated by means of numerical simulation and experimental test, and a mathematical model based on the lumped-mass method and principle of rigid body kinematics was developed to predict the net shape and tension of the cable. A series of physical model tests based on Tauti’s law and full-scale measurements at sea were conducted to evaluate the applicability of the numerical model. The results showed that the prediction performance of the numerical model was good, with a mean relative error of approximately 20% among the numerical, experimental, and field measured data. The dynamic shooting behavior of the SHD net at different current velocities and the effects of the length of the hauling rope and the mesh size on the net shape and tension of the cable were analyzed using the numerical simulation approach. When the current velocity increased from 0.12 to 0.46 m/s, the enclosed volume of the SHD net decreased by 62.9%. The height of net opening increased by 9.29% to 13.53% for every 10% increase in the length of the hauling rope from 0.96 to 1.44 m. With the increase in mesh size from 24 to 30 and 35 mm, the sinking depth and speed of the net increased, and the tension force of the cables decreased by 9.02% and 12.10%, respectively. The results suggested that (1) the numerical model could realistically represent the hydrodynamic characteristics of the SHD net; (2) the suitable operation current velocity is below 0.60 m/s; (3) the reasonable length of the hauling rope is about 30 m; and (4) the mesh size of the main netting could be increased to 30 mm.
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Introduction

The Pacific saury (Cololabis saira, hereafter saury) is an important pelagic fish widely distributed in the North Pacific Ocean and was recognized as a priority species by the North Pacific Fisheries Commission in 2015 (NPFC, 2015). The saury typically inhabits depths of 15–20 m (Ueno et al., 2004; Prants et al., 2021) and experiences complicated oceanographic conditions as it migrates through the Oyashio and Kuroshio waters (Huang et al., 2007; Prants et al., 2021). During its seasonal migration, the saury is primarily exploited by countries and regions such as Japan, China, Chinese Taipei, Russia, South Korea, and Vanuatu. The annual commercial fishery for saury in China, with fishing vessels operating on the high seas, begins in June and ends in November (Hua et al., 2020).

The stick-held dip (SHD) net is one of the many types of lift nets employed to catch pelagic fishes such as saury, squid, sardine, and mackerel (Yamazaki, 1981; Semedi et al., 2002). The SHD net system consists mainly of nets (main netting and selvedge), cables, and bamboo poles that keep the headline floating on the water surface (hereafter float pole). In the fishing operation, the netting and float pole are first laid into the water from one side of the vessel while using the equipped overwater fishing lamps to attract the fish (Li F. et al., 2021), and finally the saury is caught by quickly lifting the net. Because of its simple structure, convenient fishing method, and high selectivity, the SHD net has become the most popular fishing gear in the Pacific saury fishery, except for a small number of gillnet catches in the exclusive economic zones of Japan and Russia (NPFC).

Over the last decades, relatively few studies have been carried out to understand the fishing behavior and working performance of SHD net. Yamazaki and Chuenchitpong (1981) investigated the gear construction and fishing methods of SHD net for squid off the coast of Thailand. Xu et al. (2005) described the fishing operation techniques of SHD net on the basis of field investigation. Hasegawa and Suzuki (2005) summarized the production processes of the catching activity of SHD net and compared it with the fishery characteristics of drift gillnet in Japanese blue sprat. Zhang et al. (2006) proposed an optimal design of SHD net system in terms of netting material, mesh size, buoyancy and sinking force by combining field surveys and theoretical analysis. In recent years, an experimental research conducted by Shi et al. (2016) who evaluated the tension force of cables of SHD net at different lifting speeds during the pursing phase. Furthermore, the sinking and lifting characteristics of this fishing gear were explored by field trials (Shi et al., 2018). Currently, it has been about 90 years since the invention of SHD net in Japan and 20 years since the introduction of this fishing gear in China. There is still an urgent need for improvements in engineering analysis and technical operation, which are mostly set based on personal experience. Therefore, detailed information about the behavior response of this gear in current becomes important to understand the hydrodynamic performance of the SHD net.

Common methods for studying the hydrodynamic performance of fishing gear include numerical simulation, physical model test, and full-scale field measurement (Fredriksson et al., 2003; Takagi et al., 2004; Guan et al., 2022). Each of these approaches has its advantages and limitations, and Nguyen et al. (2015) pointed out that the use of two or three methods should be encouraged as the ideal process for design, modification, and performance evaluation of fishing gear development. A modified tuna purse seine was described in Hosseini’s study, in which the sinking performance of gear with a large-mesh panel and heavier net material was analyzed numerically (Hosseini et al., 2011). Song et al. (2019) studied the dynamic retrieval procedure of longline gear using numerical simulation established by the lumped mass method and discussed the shape, tension, hydrodynamic force, and impact of catch on fishing operation. Wan et al. (2020) analyzed the hydrodynamic performance of a set net in current by numerical simulation and physical model test and concluded that the current where the net was placed should not exceed 0.7 kn by comparing the tension of mooring lines and net shapes at different flow velocities. To date, considerable efforts have been dedicated to explore the hydrodynamic behavior and optimize the catch performance of fishing gear such as trawls (Priour, 2009), seines (Kim et al., 2007), longlines (Song et al., 2019), gillnets (Takagi et al., 2003), and net cages (Huang et al., 2008); however, to our knowledge, there is little information on the published studies or reports on the hydrodynamic characteristics of SHD net are available. In this study, we aimed to investigate the dynamic response of the SHD net in current and analyze the effects of current velocity, hauling rope length and mesh size on the hydrodynamic performance of the SHD net with numerical simulation and experimental test.



Materials and methods


Physical model test


Model net specifications

A prototype SHD net of 38.3 m×41.7 m (headline × side rope) was studied in this work. A 1:25 scale (λ=25) model of the gear was fabricated based on Tauti’s law with the small-scale ratio λ′=3. The schematic diagram of the SHD model net is shown in Figure 1. As the main component of buoyancy, the float pole is a complex structure, commonly consisting of inner fiberglass tubes and outer layer of bamboos. In recent years, some fishermen have replaced bamboo with polyvinyl chloride (PVC). As a result, the float pole was simplified to a straight pipe and the PVC material was used in physical model test. The floats attached to both ends of the float pole are used for the purpose of preventing collisions with fishing vessel during operation, and rings on the net are utilized to thread the purse line inside and pull the sides of the net up immediately to prevent fish from escaping. The main netting is made of polyester (PES) material of braided knotless netting, and the selvedges are braided knotted netting made of PES material. Since the mesh count of the selvedge is much smaller than that of the main netting (approximately 1:300), the selvedge parts were neglected when making the model net. The detailed dimensions and specifications of the model net are tabulated in Table 1.




Figure 1 | Schematic of the structure of the SHD net.




Table 1 | Specifications of the model net used for experiments.





Experimental setup

Experiments on the geometrical shape and the tension force of cables of the model net were performed in a flume tank at Shanghai Ocean University, China. The observation window of the flume tank is 15 m long, 3.5 m wide, and 2.3 m deep, delivering a maximum current velocity of 1.5 m/s.

The setup of the experiment is shown in Figure 2. Two bridle lines and three hauling ropes (e.g., left hauling rope, LHR; middle hauling rope, MHR; right hauling rope, RHR) of the SHD net were attached to three vertical fixed bars, each bridle line and hauling rope having a length of 1.44 and 1.2 m. The height from the attachment point on the bar to the water surface was 26 and 20 cm for the two types of cables, respectively, and each end of the cable was connected with a load cell with a capacity of 100 N and an accuracy of 0.01% N. The average sinking weight of 0.31 kg/m was attached to the lead line. Three LED diodes were fixed to the left side rope of the model net for motion analysis and recorded by a charge-coupled device (CCD) camera through an observation window. The shape of the net and tension force of the cables were measured at incoming current velocities of 0.12, 0.23, 0.35, 0.46, and 0.58 m/s. The load cells were calibrated and zeroed at both the beginning and end of the experiment, and the sinking characteristics of the diodes were obtained from the pictures by means of GetData software.




Figure 2 | Schematic diagram of the flume tank test.






Numerical modeling


Modeling of the SHD net

The SHD net is composed of flexible parts (netting and cables) and rigid parts (float pole and sinker), and the system can be modeled by connecting the main components of the fishing gear. The lumped-mass method is applied to establish the mathematical model of netting and cable, which divides them into finite elements of mass points and springs. For the main netting, the knots of the mesh are regarded as mass points, and the bars of the mesh are considered as massless springs that connect these points together (Figure 3). The principle of rigid body kinematics is used to build the motion equation of the float pole. To calculate the external forces on the float pole, it is divided into a series of microsegments, and the forces on the float pole can be obtained by summing the forces on each microsegment (Figure 4).




Figure 3 | Schematic of the connection pattern of the topology structure for netting.






Figure 4 | Schematic of the microsegment of the float pole.





Motion equations

(1) For the flexible part, the schematic view of the major forces acting on the mass point i is depicted in Figure 5. According to Newton’s second law, the motion equation for each mass point is written as:

 




Figure 5 | Mechanical analysis acting on the mass point.



Where mi and Δmi are the mass and added mass, respectively; ai is the acceleration vector;   is the hydrodynamic force;   is the tension force;   is the buoyancy; and   is the force of gravity.

The added mass Δmi is given by (Lee et al., 2008):

 

where ρw is the density of the water; V1 is the volume of the knot, the diameter of the knot for the knotless mesh is taken to be 1.5 times as large as the diameter of the mesh bar (Fredheim and Faltinsen, 2003); Cm1 is the added mass coefficient of knot, which is 1.5 as it is regarded to be a sphere (Zhou and Xu, 2018); V2 is the volume of the mesh bar; and Cm2 is the added mass coefficient of mesh bars and is expressed as (Hosseini et al., 2011):



where α is the angle of attack.

The hydrodynamic force  , including the drag force   and lift force  , can be calculated by the Morison formular:

 

 

Where CD is the drag coefficient; CL is the lift coefficient; S is the projected area of the mass point; and   and   are the velocity of the water particle and the mass point, respectively.

The drag coefficient CD and lift coefficient CL are estimated by (Zhou et al., 2015; Zhou and Xu, 2018):

 

 

Where CN90 is the hydrodynamic coefficient at an attack angle of 90˚ (CN90 = 1.1); and Cf is the friction coefficient, πCf=0.02 (Hoernor, 1965).

The relationship between the tension   and elongation of a bar element is given by (Suzuki et al., 2003):

 

where E is the Young modulus of the material; S' is the cross-section area of the element; Lij is the deformed length (j=1, 2, 3, 4); and L0 is the original length.

The buoyancy   and gravity   can be written as follows:



where ρi is the density of the material; ∀ is the volume of the element; and g is the gravity acceleration.

The second-order derivative of the spatial displacement of node i (xi, yi, zi) is the accelerated velocities in the x, y, and, z-axes. The differential equations for the acceleration are implicit and high-order ordinary differential equations which can then be converted to first-order differential equations.

The mesh grouping method is used to reduce the number of calculations. A given number of actual meshes are modeled by a fictitious equivalent mesh, which has the same physical features as the actual meshes (Lee et al., 2005). In this study, 24×24 actual meshes were modeled as a fictitious equivalent mesh. Similarly, the cables (bridle line and hauling rope) were divided into finite elements, each consisting of a finite number of mass points connected by springs with the same properties as described above.

(2) For the motion of the float pole, two sets of coordinate systems are defined: the fixed-coordinate system O-xyz and the body-coordinate system G-τnυ (Figure 4). In the fixed-coordinate system, the origin O is located on the water surface and the current propagates along the positive direction of the x-axis. In the body-coordinate system, G is the center of mass of the float pole, which can follow its movement, and τ, n, and υ are the inertial principal axes along the tangent, normal and vertical directions of the float pole. In the initial state, the x-y-z axes of the fixed-coordinate system are parallel to the τ-n-υ axes of the body-coordinate system.

The equation of motion of each microsegment is established as:

 

where m and Δm are the mass and added mass of the microsegment; a is the acceleration vector;   is the fluid force;   is the pulling force of the cable;   is the buoyancy;   is the force of gravity;   is the tension of the mesh bar of the adjacent net below; and   is the wind force acting on the part of the microsegment above the water surface.

The fluid force   and the added mass on the microsegment can be expressed as (Zhao et al., 2007):

 

Where Cd is the drag coefficient; A is the projected area of the microsegment perpendicular to the current direction;   and   are the velocity vectors of the water particle and the microsegment; Cm3 and a’ are the added mass coefficient and acceleration vector of the microsegment; ∀' is the volume of the microsegment; and aw is the acceleration vector of the water particle.

Under the condition of uniform current, the acceleration vector of water particle is zero (aw=0). Thus, for a moving body, the fluid forces on the microsegment of the τ component is given by:

 

where Cdτ, Aτ,  ,  , Cm3_τ, and   are the corresponding physical quantities of the τ component. And, the fluid forces in the n and υ directions can be expressed in the same manner.

For a cylinder floated at the water surface, the drag coefficient of the microsegment can be taken as a constant (Li et al., 2007). With reference to previous studies, the drag coefficient of a circular cylinder in current can be set as Cdτ=0.1, Cdn=CdV=1.2, and the added masses coefficients Cm3_τ=0.0, Cm3_n=Cm3_V=1.0 (Théret, 1993; Zhao et al., 2007).

As shown in Figure 6, G (xi, yi, zi) is the central point of the microsegment, and the submerged depth of the microsegment dn is written as:

 


where r is the radius of the float pole; and φi is the central angle of the submerged part of the microsegment.





Figure 6 | Schematic of the model float pole for calculating.




The projected chord length dv is expressed as:



The effective projected area An, Aτ, and Av of the underwater part of the microsegment is calculated as follows:







where dl is the length of the microsegment.

The effective projected area along the tangent direction τ of the microsegment, which is used as the product of the diameter and length. With the float pole on the surface of water, the tangential force of the microsegment is related to the arc area r·φi·dl . When the float pole is completely submerged in water, the projected area is taken as the ratio of the water arc area to π. For the vertical projected area, dn is taken as 2r when dn >r.

The translation of the motion of the microsegment between the fixed-coordinate system and body-coordinate system is expressed as:

 

 

where δ is angle between the positive direction of the τ and x-axis.

The pulling force   of the bridle line can be expressed as:

 

where A’ is the cross-sectional area of the cable; l0 is the initial length of the cable; l is the length of the cable after deformation; and C1 and C2 are the elastic coefficients of the cable.

The buoyancy   of the microsegment is calculated as:


 

The gravity   of each microsegment is:

 

where MG is the gravity of the float pole; and N is the number of the microsegments.

The tension   can be calculated by the mesh bar of the adjacent netting. The wind force   acting on the microsegment is expressed as (Song and Li, 2022):

 

where Sm is the projected area of the microsegment in the direction of wind; ρa is the density of the air; and Vw is the wind speed.

Due to the pull of the heavy nettings below, it is important to note that the motion of the float pole in the current in this work includes only surge–sway–heave translation. According to Newton’s second law, the motion equations of the microsegment of the float pole in the body coordinate system are given by:

 

where , , and   are the accelerations of the center of mass of the float pole; and Fxi, Fyi, and Fzi are the components of the external forces on the float pole in the x, y, and z directions.

To obtain the dynamic response of the entire SHD net system, the virtual fishing gear was assembled by connecting the mass points of the netting, the cables (two bridle lines and three hauling ropes), and the end nodes of the float pole. The motion behavior of the SHD net was described in nonlinear and stiff equations, and a fifth-order Runge–Kutta method (Lee et al., 2008; Xu et al., 2013) was applied to solve the differential equation with the given initial conditions. A time step of 0.0005 s was taken in the numerical computation.




Field experiment

The trial experimental data were collected from two typical Chinese saury fishing vessels in the high seas of the Northwest Pacific Ocean during July-October 2015 and July-September 2021. The specifications of the porotype SHD net and a total of 10 net fishing operations, current, wind speed data and operational parameters were recorded. The sinking characteristics (sinking depth and speed) of the foot line were measured by DRs (TDR-2050, RBR Co., Ottawa, Canada) with a measurement range of 10-740 m and an accuracy of 0.05% of full scale. Three DRs were attached to the corners and midpoint of the foot line of the fishing gear and were set to record data per second. Current data were collected using a ship-borne Doppler tidal current meter (JLN-628, Japan Radio Co., Ltd.) in the water layer from 0 to 50 m. Wind data were collected using a hand-held digital anemometer (Cima AS8336) with a range of 0.3-45 m/s and a resolution of 0.001 m/s.



Determination of the mesh size

The SHD net is designed to prevent the saury from penetrating or stabbing the mesh of the main netting. According to the theory of gillnet (Xu, 2004), the relationship between mesh size and the body length of fish can be expressed as:

 

 

where a and a1 are the lengths of the mesh bar of SHD net and gillnet, respectively; K, a dimensionless coefficient, is the fish body shape coefficient and is related to the fish species; and L is the body length of the fish.

The saury has a “spindle-shaped” body with K ranging from 0.08 to 0.10 (Zhang et al., 2006). In this study, we assumed that the allowable catch-size of saury in the high seas is 200 to 300 mm (Li W. J. et al., 2021), and the theoretical mesh size (a’) of the main netting of the SHD net should be 32-60 mm calculated by the Equation (26). Furthermore, the target fish species should be considered especially their behavioral responses to the gear such as the dash towards the netting. Thus, the mesh size can be further modified with reference to the bunt part of the seine net, i.e., 0.5 a’ to 0.6 a’, corresponding to a mesh size of 16-36 mm. Consequently, the hydrodynamic performances of the prototype SHD net with mesh sizes of 24, 30, and 35 mm were explored.




Results


Validation of the numerical model

The equilibrium shapes of SHD net at different current velocities were obtained from the physical model test (Figure 7) and calculated by numerical simulation (Figure 8). As can be seen, both experimental and numerical results showed that the shape of SHD net varied with the current velocity. The height of net opening decreased and the foot line moved upward with increasing current velocity, and the netting is seriously deformed when the velocity was greater than 0.46 m/s. The configurations of SHD net obtained by numerical simulations were consistent with those obtained by CCD camera. Variations of the sinking depth of the midpoint of the foot line are displayed in Figure 8F, the sinking depth increased firstly and then decreased (0.35, 0.46, and 0.58 m/s) or stabilized (0.12 and 0.23 m/s) with time. The sinking depths of the foot line in the model test converted to the full-scale SHD net were 24.77, 22.16, 15.32, 9.19, and 4.66 m at different velocities, with attenuation rates ranging from 11.82% to 97.30%. Additionally, there were significant differences among the different sinking depths of the foot line (P< 0.05, ANOVA).




Figure 7 | Equilibrium shape of SHD net from the model test at different current velocities of 0.12, 0.23, 0.35, 0.46, and 0.58 m/s.






Figure 8 | Equilibrium shape of SHD net from numerical simulation at different current velocities of 0.12, 0.23, 0.35, 0.46, and 0.58 m/s. (A) 0.12 m/s; (B) 0.23 m/s; (C) 0.35 m/s; (D) 0.46 m/s; (E) 0.58 m/s; (F) sinking depth of the midpoint of the foot line.



Figure 9 shows the simulated and experimental sinking depths of the midpoint of the foot line from model test and numerical simulation at different current velocities. Both the calculated and measured results indicated that the sinking depth decreased with the increase of current velocity. The simulated sinking depths at lower velocities were overestimated compared to those of the flume tank test, and the average relative error between the simulated and experimental values was 20.18%. Analysis of variance demonstrated that there was no significant difference between the simulated and observed sinking depths (P=0.90, ANOVA).




Figure 9 | Sinking depth of the midpoint of the foot line at different current velocities.



The tension forces of the bridle line derived from the physical model tests and numerical simulations are compared in Figure 10. Both simulated and measured tensions gradually increased with increasing velocity. At each velocity, the tension values obtained in the experiment showed good agreement with the results calculated from the numerical simulation, with an average relative error of 20.57%. No significant differences in the tension force of the bridle line were found between the model tests and numerical simulations at different velocities (P=0.94, ANOVA).




Figure 10 | Tension of the bridle line at different current velocities.



The sinking depths of the midpoint of the foot line of the full-scale SHD net obtained from the field experiments and numerical simulations are shown in Figure 11. For most of the elapsed time, the simulated sinking depths were slightly greater than those of the sea trial. The simulated depth increased in a relatively linear manner with time until the maximum sinking depth was reached, and the measured depth was closely tracked. In general, the sinking depths obtained from the numerical simulation were basically consistent with the measured results, with an average relative error of about 17.43% (P=0.32, ANOVA).




Figure 11 | Sinking depth of the foot line in field experiment and numerical simulation.





Shooting operation of SHD net

The dynamic shooting process of the SHD net in a three-dimensional (3-D) side view at a current velocity of 0.12 m/s is given in Figure 12. The netting deformed and spread before reaching equilibrium. In the early stage, the foot line sank rapidly and the headline with the adjacent netting was blown downstream and formed a bow shape under the water fluid. After approximately 23 s of elapsed time, the SHD net reached an equilibrium state and eventually formed a dustpan like shape as a result of its weight, hydrodynamics and the tension force of the cables. Figure 13 presents the visualization of the SHD net from different views, the foot line (green color) was W-shaped due to being pulled by the three hauling ropes.




Figure 12 | The dynamic shooting process of SHD net at a velocity of 0.12 m/s. (A) 5s; (B) 10 s; (C) 15s; (D) 20 s; (E) 25s; (F) 30 s






Figure 13 | Different views of the equilibrium shape of shooting of SHD net. (A) front view; (B) top view; (C) isometric view.





Length of hauling rope of SHD net

The effects of hauling rope length on the hydrodynamic performance of the SHD net, including geometrical shape and tension force of cables, were evaluated using the verified mathematical model. The shapes of the net were simulated for different lengths of hauling rope (Figure 14, dotted lines denote the same height or width). It was observed that the length of the hauling rope could influence the sinking depth of the foot line, the height of the net opening and the spread of the netting. Figure 15 depicts the sinking depth of the midpoint of the foot line for each length, where the sinking depth increased with increasing hauling rope length. Moreover, the sinking depth of the model net converted to that of the prototype net was 16.89, 19.54, 22.16, 24.71, and 27.24 m respectively when the hauling rope length increased from 0.96 to 1.44 m, with an increasing rate ranged from 13.53% to 9.29%. The sinking depths of the net with longer hauling rope increased significantly compared to those with shorter lengths (P<0.05, ANOVA), indicating that the length of the hauling rope had a greater influence on the sinking depth of SHD net. In addition, each curve in Figure 15 had the same slope until the maximum sinking depth was reached, which meant that the change in hauling rope length did not affect the sinking speed of the foot line during the shooting process.




Figure 14 | Simulated shape of SHD net with different lengths of the hauling rope. (A) 0.96 m; (B) 1.08 m; (C) 1.20 m; (D) 1.32 m; (E) 1.44 m.






Figure 15 | Sinking depth of the foot line of SHD net with different lengths of the hauling rope.



The tension force of the hauling rope and bridle line of the SHD net with different lengths of the hauling rope are shown in Figure 16. As seen from (a), the tension force of the hauling rope was much greater than that of the bridle line, and the tension of the hauling ropes decreased slightly, while the bridle line increased as the length of the hauling rope increased. The tension of the middle hauling rope (MHR) was larger than that of the left and right hauling ropes (LHR and RHR). When the length of the hauling rope was increased from 0.96 m to 1.44 m, the sum of the tension force of all cables varied between -0.03% and 1.64%.




Figure 16 | Tension of cables of the SHD net with different lengths of the hauling rope. (A) hauling rope and bridle line; (B) left, middle, and right hauling ropes.





Mesh size of SHD net

Figure 17 illustrates the simulated shapes of the SHD net at three kinds of mesh sizes. There were differences in the net opening and the stretch of the netting. The sinking depth of the midpoint of the foot line is shown in Figure 18. By comparison, the net made of a large mesh size sank deeper, and the sinking speed of the foot line increased. The sinking depths of the foot line with the mesh size of 24, 30, and 35 mm converted to that of the full-scale SHD net were 22.26, 23.07, and 23.28 m, with increase rates of 3.98% and 0.90%., respectively. Variance analysis showed that there was a significant difference in the sinking depth of different mesh sizes (P<0.05, ANOVA). In addition, the sinking speed of the foot line of the net with the mesh size of 30 mm and 35 mm was greater than that of 24 mm.




Figure 17 | Simulated shape of SHD net at different mesh sizes. (A) 24 mm; (B) 30 mm; (C) 35 mm.






Figure 18 | Sinking depth of the foot line of SHD net at different mesh sizes.



The result of comparing the tension force of the hauling rope and bridle line of the SHD net among different mesh sizes is given in Figure 19. Similarly, the tension force of the hauling rope was greater than that of the bridle line. With the increase in mesh size from 24 to 30 and 35 mm, the tension forces of the hauling rope and bridle line decreased slightly, with the sum of the tension of them decreasing by approximately 9.02% and 12.10%, respectively.




Figure 19 | Tension of cables of SHD net at different mesh sizes. (A) hauling rope and bridle line; (B) left, middle, and right hauling ropes.






Discussion


Performance evaluation of the numerical model

The numerical model had good predictive performance and could realistically represent the hydrodynamic characteristics of the SHD net. The mean relative error between simulated and experimental values (sinking depth and tension force) were about 20%, which was highly related to the structure and fishing method of the gear. The SHD net has a small hanging ratio, implying that several meshes were gathered and then assembled with a cable. Additionally, the foot line of the net was pulled by the hauling ropes, making the netting like a “dustpan” after the SHD net is stabilized. The above two reasons lead to many folds and bulges on the net body during fishing, especially at lower velocities, as observed in the flume tank experiment. In contrast, the simulated shooting behavior did not consider these situations and the numerical netting is smooth, resulting in a relatively large bias that was observed. Furthermore, the mesh size of the SHD net is small, and the mesh grouping method used a large grouped mesh (24×24 meshes), which could also result in differences between the measured and calculated results (Huang et al., 2019). When the fishing gear is stored on the side board of the vessel the netting often stacks and tangles with cables, thus the sinking speed of the foot line may be limited once shooting begins. In addition, the complexity of flows and environmental factors cannot be accurately predicted during actual fishing operations (Kim et al., 2007). Compared to the net shape obtained from the model test, the shape of the numerical simulation at the same velocity was consistent, but there were slightly differences in the net opening, which may be due to the heavier sinker, the simplified structure of the net before modeling and assumptions, i.e., the flow is uniform, constant and does not change with depth. Based on the field-measured sinking data of the SHD net, Shi et al. (2019) used the bootstrap method to calculate the mean distribution of the sinking depth of the foot line range from 20.37 m to 29.54 m, which is consistent with the results of this work. Overall, our findings showed good agreement, with no significant discrepancies between the simulated and measured sinking depths or tensions of the cable in the different simulation scenarios.



Analysis of shooting operation of SHD net

Clear understanding of the dynamic shooting behaviors, including the shape and cable tension force, would help to reveal the hydrodynamic performance of SHD net and contribute to optimization of the operational strategies in the Pacific saury fishery. The fishing activity of the SHD net operates on one side of the vessel, while the saury is attracted by the fishing lamps on the other side. Consequently, the sinking performance and drag force of the SHD net are largely related to fishing efficiency. During the shooting operation, it was found that the sinking speed of the foot line tended to decrease with time, which resulted from the increase in the drag of the net with the extension of the netting.

The water fluid plays an important role in the shooting behaviors of fishing gear, and the results indicate that the current velocity significantly affects the net shape and sinking performance of the SHD net. During the fishing process, the float pole always floats on the water surface, and the horizontal distance from the vessel to the float pole generally remains constant. In other words, the sinking depth of the foot line can represent the enclosed volume of the SHD net to some extent. A small sinking depth indicates a limited volume to surround the fish and high probabilities of impacting the fish shoals. Therefore, the current status was closely correlated to the enclosed volume of the net and could be applied as a key indicator for predicting the underwater states of the SHD net, providing scientific fishing operations in advance. With the increase in velocity, the foot line was floating upward, and the lower part of the netting deformed seriously before the net reached stability. Analysis showed that the sinking depth of the net at a velocity of 0.46 m/s sharply decreased by about 62.9% compared to that at a velocity of 0.12 m/s. Previous experimental trial has showed that the velocity at a depth of 30 m had the greatest influence on the sinking depth of the SHD net (Shi et al., 2018). Combining the shape of the SHD net at different current velocities obtained from the physical model test and numerical simulation, we recommended that the suitable operation current velocity was lower than 0.35 m/s (0.60 m/s at sea). Optionally, if the current velocity was larger or in the months of poor sea conditions (usually October and November), the operating requirements could be met by increasing the sinker of the gear or lengthening the length of the hauling rope.



Effects of length of hauling rope on performance of SHD net

The hauling rope is an important factor that directly affects the sinking performance and enclosed volume of the SHD net, and the fishing operation can be adjusted by controlling its length. To quantify the effects of changing hauling rope length on the hydrodynamic characteristics of the SHD net, the sinking depth and tension of the cables in the virtual net with different lengths of hauling rope were performed by the numerical simulation approach. Variance analysis results revealed that the hauling rope length significantly affects the sinking depth of the SHD net but does not affect its sinking speed. An increase in the maximum sinking depth of the foot line was observed as well as in the height of net opening when the length of the hauling rope changed from 0.96 m to 1.44 m. This highlights the importance of considering the length of the hauling rope when planning an SHD fishing. Shi et al. (2018) stated that the length of the hauling rope was one of the important factors affecting the maximum sinking depth of the SHD net based on the generalized additive model (GAM), which was consistent with our conclusion. In contrast, for the tension force of cables, the effect of changes in the length of the hauling rope was small. The tensions of the hauling rope were larger than those of the bridle line, because the bridle lines were connected to the float pole, which floats on the water surface, while the hauling ropes were attached to the foot line of the SHD net. Thus, the hauling ropes afford a large proportion of the hydrodynamic force and gravity of the net, which may be one of the reasons that the actual fishing gear assembled more foot lines.

During the saury individuals concentrated under the fishing lamp, the fish shoals were mostly distributed from the surface to a maximum depth of approximately 20 m underwater. Setting large hauling rope length for SHD net increases the horizontal distance between the foot line and the vessel (Figure 14), which is detrimental to fishing gear operations and wastes more pursing time. Therefore, it is not useful to set large sinking depth of with too long hauling rope. Considering the sinking depths of the foot line obtained from mode test, numerical simulation and field trial, we proposed that the reasonable length of the hauling rope is about 30 m (corresponding to a length of 1.2 m in the flume tank test). Particularly, the length of the hauling rope can be increased in the cases of high current velocity and when catching for deep-water saury.



Effects of mesh size on performance of SHD net

The mesh, a fundamental element of the netting panel, has profound influences on the hydrodynamic performance and selectivity of fishing gear (Vincent et al., 2022). The effects of mesh size on the geometrical shape as well as the sinking properties of the SHD net were studied using numerical simulation. The results indicated that an SHD net made of larger mesh size (30 or 35 mm) netting showed better performance than one made with netting of small mesh size (24 mm) in terms of sinking depth, sinking speed, and drag force, which is largely associated with the reduction of the shielding effect of the main netting. Studies on purse seine have shown that the change to larger meshed panels and the change in netting material from PA to PES increased the net sinking speed and reduced the tension force of the bridle line, and the optimized net was proven to prevent the fish from escaping (Hosseini et al., 2011; Widagdo et al., 2015).

According to our field investigations, the mesh size of the selvedge (31.6 mm) of the SHD net is larger than that of the main netting (24 mm). In some cases, several saury individuals were found hanging on the upper selvedge after the net was pursed. To avoid stab or damage to the main netting by the catch, reduce the drag force and catch of juveniles, we suggest the mesh size of the main netting should be increased to 30 mm. In addition, the netting close to the foot line is first put down when the net is shot and retrieved first when the net is pursed, indicating that this part of the net is not involved in harvesting fish. Therefore, a new design of net with a larger mesh size (35 mm) in the lower part of the SHD net could be further tested to improve the speeds of sinking and pursing and to reduce the operational time.




Conclusion

The hydrodynamic performance of the SHD net and its relationship with the environmental conditions, fishing technique, and net structure in current was numerically and experimentally investigated. The main conclusions of this study included the following: (1) the integrated mathematical model could effectively predict the net shape, the tension of cables, and the sinking characteristics of the SHD net; (2) the SHD net could operate well at current velocity below 0.60 m/s; (3) the reasonable length of the hauling rope is about 30 m; (4) the mesh size of the main netting should be increased to 30 mm. Admittedly, there are some limitations in the present work. Firstly, only the current and wind were involved in the construction of the numerical model; future researches are recommended to consider other factors, such as wave and fish behavior. Secondly, the mesh sizes we studied in this work were extracted in a theoretical way, and the biological features of catches and the mesh deformability could be considered to explore the mechanism of selectivity. Investigating the hydrodynamic performance of the SHD net and exploring its relationships with fishing gear and method can provide a scientific reference for the modification and optimization of the fishing gear to make it more selective, efficient, and energy saving.
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The French fishing industry is becoming increasingly environmentally aware and likely to adopt more sustainable fishing gears. As a result, fishers are showing a growing interest in sustainable fish pots. This experiment aimed to develop a fish pot concept specifically based on target species behavior in French coastal waters. First, the consultation led with fishers indicated the black seabream as the main species of interest. Then, the pot’s characteristics were defined to comply with fishing regulations. The conception process of the pot was led step-by-step by gradually testing a pot design appropriated to black seabream’s natural behavior. The approach and feeding behaviors of black seabream were described using underwater video combined to an ethogram. The experiment led to a prototype of fish pot, which provide fishers with an innovative fishing gear.




Keywords: passive gear, Sparidae, underwater video, Bay of Biscay, fish trap



1 Introduction

Active fishing gears are more and more pointed out as altering the seabed (Eigaard et al., 2016), generating bycatch (Bellido et al., 2011) and discarding unwanted catch (Morfin et al., 2017). Passive fishing gears are seen as less impacting (Suuronen et al., 2012), but studies also indicated impacts of gillnets or trammel nets notably on bycatch of birds or marine mammals (Northridge et al., 2017) and sea turtles (Lucchetti et al., 2017). Pots are traditionally used by many small-scale fisheries worldwide for catching crustaceans or fish. Though they may have adverse effects on the habitats and resources when they are used with a lack of management (Vadziutsina and Riera, 2020), this fishing technique has generally lower environmental impacts on the seabed, and generates fewer discard and bycatch than towed gears (Shester and Micheli, 2011; Suuronen et al., 2012; Kopp et al., 2020; Petetta et al., 2021). Finally, fish or invertebrates are mainly caught alive, maximizing the survival of unwanted catches (Purves et al., 2003), giving the fish high commercial value for fishers and high quality for consumers (Suuronen et al., 2012).

While fish pots are efficient in many parts of the world (Garrison et al., 2004; Marshak et al., 2008; Vadziutsina and Riera, 2020), they are not widely used in European commercial fisheries due to low catch efficiency. Thereby, many research programs have been implemented in North Atlantic waters to try increasing catchability of cod (Furevik and Løkkeborg, 1994; Jørgensen et al., 2017; Humborstad et al., 2018; Chladek et al., 2021), but in the Bay of Biscay, only low commercial valued finfish species such as conger (Conger conger) or common pout (Trisopterus luscus) were caught.

To understand the catching process of fish pots, underwater cameras are often used (Furevik et al., 2008; Anders et al., 2017b; Anders et al., 2017a; Folkins et al., 2021). Compared to traditional sampling techniques (e.g. scientific trawling, diving, or acoustics), underwater cameras minimize disturbance to species behavior and improve our ability to identify and count species, as well as analyze their behavior. This is particularly of interest in designing a pot. According to Stoner (2004), variation in fish behavior is a key factor affecting catch per unit effort. Thus, observing the behavior toward the bait, according to the shape, volume, number of chambers and color of the pot, as well as the number, position and design of entrances is crucial to understand better why a fish would enter and stay in the pot or not.

In the present study, a concertation with French artisanal fishers led to identify black seabream (Spondyliosoma cantharus) as an appropriate target species for fish pot: it is widely present in coastal waters, mainly from 10 to 100m depth (Pajuelo and Lorenzo, 1999; Collins and Mallinson, 2012) and its population is considered of least concern by the IUCN (Russel et al., 2014). According to the database of the French fisheries information system managed by Ifremer, 2392 tons of black seabream were landed by French fleet in 2020 (51% caught by demersal trawlers and 30% by pelagic trawlers). Artisanal fishers are willing to operate a diversification of their métiers to improve their capacity of adaptation to market and resource fluctuations (Prosperi et al., 2019; Pascual-Fernández et al., 2020). Black seabream is also targeted by recreational fishers (Pinder et al., 2017), who catch it with hook. The question underlying the experiment proposed in that study is: “if the black seabream can feed on a baited hook, why not on the same bait inside a pot?” We propose a step-by-step process to design a black seabream-specific pot. The methodological approach consisted in designing a pot gradually, making sure that while complexifying the gear, the target species can still enter and reach the bait. For each stage of the pot design, 2 configurations were compared: i) weighted vs floated design, ii) black vs transparent netting, iii) one vs two entrances, iv) rectangular-shaped vs triangular-shaped entrance. Underwater video cameras were used to assess the success of each configuration in terms of bait consumption and target species behavior. The process led to an operational pot prototype. The potential to transfer this methodology to target other species as well as the benefit of developing such innovative gear to diversify small scale fisheries are discussed.



2 Material and methods


2.1 Study area

The study was spread out in the Bay of Quiberon (47 °C53 N, 003 °C10 O, Bay of Biscay, East Atlantic, ICES Subarea VIIIa) over an area of about 900m2. Habitat was homogeneous all over the area with the seafloor made of sand, mud and coarse sediments. The water depth ranged from 7 m to 12 m depending on the tide hour and coefficient. The experiment took place from July to September 2019 when black seabream migrates to coastal area in summer time (Pawson, 1995).



2.2 Experimental design


2.2.1 Observation setup

Three observation devices were immersed each day. One device without any gear was used as control to validate the presence of fish in the study area (Figure 1, right panel). The two other devices included an experimental gear to perform comparison of fish attraction between 2 pot configurations (Figure 1, left panel). Since the deployment of the set of three devices was simultaneous, each configuration and control devices of a given comparison had the same number of replicates. Each device included one GoPro Hero 4 camera mounted on a metallic frame weighted with ballasts. This maintained a fixed distance of 2 m between the camera and the bait. The camera recorded with a 1920*1080p resolution at a frame rate of 25 fps on a 128-Gb micro-SD. It was kept in a waterproof housing designed for an extra USB battery pack of 15600 mAh and 5V allowing for more than 8 hours of video recording (limited by the micro-SD capacity). Each observation device was baited with 100 g of cockles (Cerastoderma edule) tethered on a wire. Cockles were used as bait because bivalves are part of Sparidae natural preys reported in the literature (Pita et al., 2002; Dulcic et al., 2006) and they are specifically used by recreational fishers to target black seabream.




Figure 1 | Left: Experimental gear device. Right: Control device.





2.2.2 Comparisons

Four comparisons of gear configurations were carried out successively (Figure 2). The first assessed weighted versus floated gears (C1; Figure 2), hypothesizing that in a floated pot, the bait will always be aligned with the entrance regardless of tidal current direction (Furevik and Løkkeborg, 1994). Fish being attracted by odor plume (Løkkeborg, 1998), most of their approaches to the bait is likely to be up-stream. Furthermore, floating the pot avoids the catch of crustaceans such as red king crab (Paralithodes camtschaticus) and allows targeting fish species exclusively (Furevik et al., 2008). This characteristic supports the regional legislation, which prohibits the catch of crustacean while using fish pots (CRPMEM Bretagne, 2018). This experiment aims to comply with that legislation. The floated gear was thus linked up to the metal frame using a swivel 40cm above the sea floor, allowing for gyration, whereas the weighted gear was motionless attached to the metal frame. Inspired from the Canarian fish pot (Garcia-Mederos et al., 2015), the baseline frame of the experimental gear was circular (1.5m diameter and 0.6m high) to favor its rotation with the water current and avoid angular side that may prevent fish from locating the pot entrance easily. The bare metal frame was tested to make sure that it doesn’t prevent target fish from reaching the bait.




Figure 2 | Configurations of experimental gear deployed to carry out each of the four comparisons.



The second comparison focuses on the color of netting (black versus transparent) (C2; Figure 2). The color of the gear net has proven to have an effect on fish species behavior (Balık and Çubuk, 2000; Orsay and Dartay, 2011). Black and transparent nets were chosen to create a strong contrast between gear configurations, with 3/4 of the vertical and top sides of each experimental gear covered by the net. Both nets were made of 50mm diamond meshes.

The third comparison evaluates the number of gear entrances (C3; Figure 2) that can affect the number of fish entering as well as the probability of fish escapement (Furevik and Løkkeborg, 1994; Jørgensen et al., 2017). For that comparison, both gear configurations were entirely covered by the net, except two gaps of 60*40cm for one configuration and one gap of 60*40cm for the other configuration.

The entrance design is also challenging as it should allow fish to enter the gear without letting it swim back to escape, such as demonstrated by Tran et al. (2020) with crustacean pots. Then, two types of entrances (triangular-shaped versus rectangular-shaped) were compared (C4; Figure 2). The two-entrance types have a funnel shape of 25cm depth. One was hanged with 4 wires designing a rectangular-shaped rectangle in the inner side. The second was made with only two hangings designing a triangular shape, which allowed slight motion of the entrance outline with the water flow in the inner side. The triangular-shaped entrance aimed to prevent fish from getting out of the experimental gear.

Each comparison aimed to assess which configuration was the most suitable to the natural behavior of the fish to keep reaching the bait.



2.2.3 Sampling procedure

The sampling took place during daytime, with the devices deployed in the morning to benefit from day light over the entire recording. To allow comparisons, three devices were deployed simultaneously (Figure 3): one for each configuration of the comparisons and 1 for the control leading to 24 hours of video recording for each sampling day. After each gear retrieval, the videos were quickly checked to identify which species consumed the bait, either partly or entirely. The indicator of success used for each configuration was whether or not the bait had been eaten by black seabream by the end of the 8-hour video recording. Fine video screening, which is more time-consuming, was performed afterwards to count black seabream and characterize their behavior.




Figure 3 | Experimental design of the step-by-step methodology (numbers of replicates and fish observed are presented in Table 1).






2.3 Video analysis


2.3.1. Methodology for confirming the presence of fish in the videos

11 trials were carried out for the comparison C1, 4 for C2, 4 for C3 and 5 for C4. To process the video recorded with the control device without manually skimming their entire duration, a fully automated process was applied. Fishes around the control device were detected with a fine-tuned deep learning model (Cascade Faster R-CNN; Chen et al., 2019) trained on the videos of the experiment using the VIAME interface (Dawkins et al., 2017). VIAME is a deep learning platform where object detection and tracking models can automatically predict objects on underwater videos. This initial screening showed robust identification of the presence of fishes around the bait among sampled days. The presence of black seabream was only recorded as presence-absence since the automatic detection algorithm did not allow for considering a single individual after 20 seconds of disappearance from the screen as suggested by Anders et al. (2017a). A conservative threshold was further applied on the fish classification confidence (i.e. probability of correct classification ≥ 0.80) to focus on the rate of true positive classifications among videos (Faillettaz et al., 2016).

The immersion of the 21 sets with presence of fish produced 336 hours of underwater videos of experimental gear. Determining the attraction potential of the pot required the identification of fine-scale fish behavior, i.e. whether the fish approached or entered. This process could not be accurately performed by artificial intelligence algorithms since the floating pot moving with waves and water currents generated too many false positives in the background. The extraction of fish behavior information (rather than fish presence) was thus done manually by an observer for all recorded videos with an experimental pot.

Finally, when no fish was recorded on the control device, nor on none of the 2 experimental gear devices, the trial was considered as null and was discarded from the analysis. This situation occurred for 3 trials for C1 (probably because they took place too early before black seabream migrate to the study area). They were removed from the analysis since the absence of fish in the study area makes it impossible to conclude on gear performance.



2.3.2 Fish behavior screening

Fish behavior was split into 2 categories. “Approach” was assigned when fish was in the field of view or heading towards the gear without entering the experimental gear. “Baited” was assigned when the fish entered the experimental gear. However, for C1, each individual had several options to enter the gear. Therefore, the swimming orientation of the baited fish was broken down into four levels which were “top” when the fish entered the gear by the top part, “side” when it entered by the side part, “bottom” when it entered by the bottom part and “entrance” when it entered by the pot entrance. Mann-Whitney test was used to determine the predominant orientation of baited fish when it enters the gear. That information was used to locate the pot entrance(s).

Juvenile fish are not targeted, therefore the small individuals that managed to enter through the meshes instead of through the entrance were classified as “approaching” individuals and not “baited”. Each single fish was followed from its entrance in the field of view of the camera until it disappeared. Black seabream could not be individually identified on the videos, therefore, according to Anders et al. (2017a) the assumption was made that an individual which disappeared for less than 20 seconds was recorded as the same individual, otherwise it was considered as another one. A unique ID number was assigned to each individual. For each of them, only one behavior was recorded: if a fish first approached and was baited afterwards, then it was recorded as “baited”. Video screening was performed until the entire consumption of the bait using BORIS 7.4.7 (Friard and Gamba, 2016).



2.3.3 Data treatment

The step-by-step methodology used to define pot design was based on two complementary indicators. First, a Success Ratio (SR) was computed for each configuration (Conf). It was computed by dividing the number of replicates with the bait eaten by black seabream by the end of the 8-hour video recording (nSuccess,Conf) by the total number of replicates with presence of fish for each configuration (nPresence,Conf).

	

After each gear retrieval, the videos were screened to validate that black seabream was responsible for the bait consumption. Only black seabream was observed to feed on the bait and no interaction between black seabream and any other species was observed, therefore only black seabream individuals were recorded. The SR indicator provided immediate information on fish presence inside the gear. Since black seabream is present in the study area for a limited period of time, the SR indicator was used to make a rapid decision on which pot configuration to test further: the configuration with the highest SR was kept to carry on with the subsequent comparison.

Second, the Baited Ratio (BR) was computed by dividing the number of fish baited (i.e. entered in the experimental gear) by the total number of fish observed in the field of view (i.e. either baited or approaching). Because of the low number of replicates per configuration, the BR indicator was computed by cumulating the number of fish across all replicates:

	

with BRConf the Baited Ratio for each configuration, nBaited,Conf the number of fish baited per replicate and configuration and nField,Conf the number of fish observed in the field of view per replicate and configuration. The BR indicator required meticulous video screening. It provides fine-scale information on fish counts and behavior but not immediate results and do not allow for a large number of replicates. BR was relevant to assess the capacity of the experimental gear to let enter the fish attracted. A Generalized Linear Model (GLM) with binomial distribution of the response (baited = 1 vs approach = 0) and log link function was fitted for each comparison to test for the effect of gear configuration on the probability that a fish is baited.





3 Results

Among the 42 gear-videos analyzed, only 5 had the bait fully eaten by the end of the recording: 3 videos for C1 had the bait entirely eaten by 0.5, 2.5 and 6.1 hours of soaking time and 2 videos for C2 with the bait entirely eaten after 1.5 and 6.5 hours of soaking time. All the other videos with the bait not or partially eaten by the end of the 8 hours of recording were entirely screened. A total of 554 black seabreams were observed. On average, 16.6 (σ=9.9) individuals were recorded per deployment. The SR indicator showed that the floated, transparent, one-entrance and rectangular-shaped entrance were the most favorable configurations for black seabream predation on the bait (Table 1). The BR indicator showed a similar trend as SR except for C1. For C1, the two indicators provided an opposite trend, with BR showing a proportion of fish entering the weighted gear higher than the proportion of fish entering the floated gear. The GLM outputs confirmed the trends observed with BR, though not significantly for C2, C3 and C4 (p>0.5). For C1, GLM output indicated that the probability for a fish to be baited with a weighted gear is significantly higher than with the floated gear (p<0.001). Both configurations of C1 indicated that the frame without mesh did not repel target fish. The C1 experiment indicated that 70% of fish entered the gear to reach the bait from the side of the pot, which is significantly higher than the proportion of fish entering by the top or bottom part (Mann-Whitney, p< 0.02). According to that result, the pot entrance was positioned on the gear side.


Table 1 | Number of replicates, successes and baited ratios for each of the 4 comparisons.



Each comparison added a new element to the gear conception. The SR and BR indicated that the configurations selected don’t prevent fish from reaching the bait. However, the BR indicator decreased as the complexity of the experimental gear increased; except for the floated configuration of C1 which was relatively low (BR =0.55). The least BR difference was observed between the rectangular-shaped and triangular-shaped entrances. No fish were with caught with C4 configurations when the pots were hauled back, which indicates that individuals that were baited managed to escape.



4 Discussion

The step-by-step methodology proposed to design a fish pot based on natural behavior of black seabream ended up with a floated circular pot prototype made of transparent net with one rectangular-shaped entrance. That design was based on the Success Ratio and Baited Ratio values. GLM outputs showed similar trends as BR, but larger samples size would be required to detect possible significant difference between configurations. Despite the opposing trends of SR and BR observed for the floated configuration and the higher probability of baited fish with the weighted gear (C1), the floated configuration was selected to carry on with the following comparisons (C2 to C4). Indeed, the gear set above the seafloor prevented crustaceans from reaching the bait (Furevik et al., 2008), which reduces the probability to catch them and allow to comply with the legislation (CRPMEM Bretagne, 2018). Also, the floating specificity of the gear let it orient itself with the water current, which allows its entrance to be aligned with the odor plume of the bait. Besides attracting the fish to the gear surrounding, the diffusion of the odor plume is likely to change fish swimming activity and turning behavior (Løkkeborg et al. (1995) and to increase the probability of fish entering the pot to reach the bait (Jørgensen et al., 2017).

The fish behavior in relation to the color of the net was mainly explored for trawl and set net gear (Wanner et al., 2010; Simon et al., 2020). In the case of fish pot, dark-colored net can simulate a shelter, which does not even require to bait the gear (Robichaud et al., 2000; Pravin et al., 2011). On the contrary, a transparent net reveals the bait visually from outside the gear and for Chladek et al. (2021) who tested 3 configurations of pot funnel entrance (i.e., transparent, white and green), the transparent funnels give the highest rate of cod entering the pot. The vision is one of the main senses used by fish to reach their prey (Novales Flamarique, 2019). It is known that fish swimming decision is impacted by the color and shape of the net (Glass et al., 1995). Therefore, transparent meshes are likely to facilitate the entrance of fish inside the gear. Transparent net of C2 also minimized the contrast with the bare experimental gear of C1, while converting it progressively into a pot.

The SR and BR were both higher with 1 entrance than with 2 entrances. It is known that 1 entrance improves the encounter rate, reduces the risk of escapement (Chladek et al., 2021) and therefore improves catch rate (Jørgensen et al., 2017). However, the present experiment did not account for the escapees, which tends to confirm the benefit of the floating gear: more than one entrance is not necessary if it is well aligned with the water current.

The shape of the entrance remains challenging. It should not impede the passage of the fish to enter the pot but it should prevent it from getting out. BR and SR were higher with the rectangular-shaped entrance, which indicates that this configuration does not prevent fish from entering. Since no fish were actually caught, none of the two entrance types could avoid fish escapement, therefore investigations could test more options of pot and non-return entrance designs.

On-going progress on automatic image analysis algorithms and artificial intelligence would facilitate video data treatment. Some development for trawl gear already contributed to reduce fishing gear impacts and increase their selectivity by providing rapid, accurate and standardized data on fish behavior in relation to gear (Robert et al., 2020). In parallel, the development of acoustic imaging would overcome dark and turbid conditions to describe fish behavior in relation to fishing gear on a longer period of time (Rose et al., 2005; Fujimori et al., 2018). It is especially relevant for species with diurnal feeding habit (eg. Sparus aurata (Pita et al., 2002)), which would approach the baited gear at a specific period of the day or night. This knowledge would optimize the soaking time and catch rates. Such advances in images analysis applied to pot gear and fish behavior would make the methodology proposed in this study easily transferable to other species and areas.

Further experiments on that pot selectivity, as well as an economical cost-benefit analysis and an ergonomic evaluation under commercial conditions would provide a better understanding of the pros and cons of this fishing gear. Developing species-specific pot gear would contribute to the diversification of small-scale fisheries (Prosperi et al., 2019; Pascual-Fernández et al., 2020). Most of the artisanal fishing vessels are already equipped to operate a variety of fishing gears, which would facilitate the use of fish pot. On the other hand, the adoption of this type of gear relies on the yield and market opportunities for fishers. Pots generate low discard rates compared to many other gear types (Petetta et al., 2021). Developing fish pots would help fishers to cope with new gear constraints due to the multiplication of maritime usages such as wind farms (Yates et al., 2015; Stelzenmüller et al., 2021) and marine protected areas (Cadiou et al., 2009).
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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 (T0) and diamond-mesh turned 90° (T90) with mesh sizes of 30 and 35 mm, respectively. The results demonstrated that the T0 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 T0 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 T0 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 T0 codend), T90 codends usually exhibit more mesh opening and 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, T0 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 T0 codend increased?

2) How did the size selectivity and catch efficiency change when the T0 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 m2), and the headline height was mainly 1.5 m, and the wing-end was spaced about 15 m during the commercial fishing.




Figure 1 | Schematic view of the experimental codends tested. (1) represents the first comparison test, and (2) represents the second comparison test. T0_30 and T0_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.



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, T0 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, T0_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 stretched circumference and length constant. The T90 codends were manufactured using the same netting of the T0 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 T0 codend with the same mesh size (Table 1).


Table 1 | Overview of specification of the experimental codends and cover.



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 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 l 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 rj(l). The actual value of rj(l) 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 rav(l), in which v is a vector composed of selectivity parameters in some models. In order to estimate rav(l), we minimized the following expression:

 

in which the outer summation is over the m hauls carried out and the inner summation is over length class l; nRjl and nEjl represent the catch number of mantis shrimp by the tested codend and cover, respectively, while qRj and qEj 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 rav(l), 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/δ, 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 qRj and qEj 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).

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, Δr(l), was calculated with the following expression:

 

where ra (l) is the size selectivity of codend a, while rb(l) represents the size selectivity of codend b. The Efron percentile 95% CIs for delta selectivity can be calculated with the double-bootstrapping approach mentioned above. These CIs 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:

 

where rcodend(l) is the size selectivity of the codend tested, while nPopl 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 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 T0_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).


Table 2 | Basic information on the experimental fishing and catch.






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).





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).


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




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



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 larger than that of the T0_30 codend, 7.54 (CI: 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. T0_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 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).




Figure 3 | Experimental catch proportion and selectivity curves obtained for the T0 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).





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 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 T0_35 codend, 7.5–15.6 cm for the T90_30 codend, and 7.3–15.3 cm 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).




Figure 4 | Delta selectivity of comparison between the tested codends. The black curves represent the delta selectivity for comparison, and the dotted curves are the 95% confidence intervals (CIs). Vertical lines are the MCRS (minimum conservation reference size) of mantis shrimp derived from the minimum length at maturity in the South China Sea (SCS). If the CIs of delta selectivity do not overlap 0.0 in some length classes, the difference is significant.





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.


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






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 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+ 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 T0 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 T0 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 analytical methods were the same, and both studies had similar results that the T90 codends had better size selectivity than the T0 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 et al. (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; Tokaç 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, 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 T0 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 T0 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., 2018; Melli et al., 2018; Ingólfsson 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 T0 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 T0 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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With increasing seal populations in the Baltic Sea comes growing interaction between seals and coastal fisheries. The impact of seals, mainly grey seal (Halichoerus grypus), on fisheries can be reduced by implementing of seal-safe fishing gear, which hinders seal access to catches. One successful solution is the introduction of a modified seal-safe trap net, the pontoon trap. In this study, pontoon traps were modified for use in cod (Gadus morhua) fisheries in the southern Baltic Sea. Three aspects of the pontoon trap design were tested for their effects on catch rates: (1) leader net mesh size; (2) leader net length; and (3) fish chamber position. The greatest catch rates were obtained using a leader net with a 100 mm center-knot to center-knot mesh-size on a bottom-set fish chamber while there was no difference in cod catch rates in relation to leader net length. There was no seal-induced damaged cod in the pontoon traps during any of the trials. Cod catch rates using the pontoon trap were also compared to those of the cod gillnet fishery in the same area. The comparison showed that during specific fishing occasions, multiple pontoon traps may have similar catch rates to gillnets.
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Introduction

In the 1970s, Baltic Sea seal populations were on the brink of extinction, but have since recovered to viable population densities (Hårding and Härkönen, 1999; HELCOM, 2010). Today the population of the grey seal (Halichoerus grypus) in the Baltic is stable, with an estimated abundance of between 47 600 and 63 500 individuals (Bäcklin et al., 2016; Swedish Agency for Marine and Water Management, 2019), with a particularly pronounced growth in southern the Baltic Sea (Galatius et al., 2020). With increasing seal populations in the Baltic Sea, has come growing interaction between seals and coastal fishers (Lunneryd et al., 2003; Lunneryd et al., 2005; Bruckmeier and Larsen, 2008; Varjopuro, 2011; Blomquist and Waldo, 2021). Seals can damage fishing gear and eat fish caught in the nets, causing loss of catch (Fjalling, 2005; Königson et al., 2009). Seals also occasionally entangle and drown in fishing gear (Vanhatalo et al., 2014; Königson et al., 2015b; Lyle et al., 2016). Seal-fisheries conflicts are present not only in the Baltic Sea (Bruckmeier et al., 2013), but also in other regions across the globe, such as the eastern and western coasts of North America (Nelson et al., 2006), Scotland (Butler et al., 2011), Australia (Hume et al., 2002), Chile (Sepúlveda and Oliva, 2005), and Japan (Hui et al., 2017).

In the Baltic Sea, it is predominantly grey seals interacting with fishing gear (Jounela et al., 2006; Königson et al., 2013). In the southern and central Baltic Sea, cod fisheries primarily use gillnets, a type of passive fishing gear (Bergenius et al., 2018; Blomquist and Waldo, 2021). The motivation for seals to interact with gillnets is high because they are stationary, often left in the water for several hours or days, and thus offers easily accessible food. Between 2006 and 2017, catch rates in the cod fishery in this region have declined by 80% (Königson, unpublished data). Over the same period, seal-induced damage to gear and catches in the Baltic cod fisheries have increased by 100–150% (Swedish Agency for Marine and Water Management, 2019).

To minimize seal bycatch and mitigate the seal-fisheries conflict, various mitigation strategies have been developed and implemented, with varying degrees of success (Mate et al., 1986; Yurk and Trites, 2000; Königson et al., 2007; Forrest et al., 2009; Königson et al., 2015a; Ljungberg et al., 2020; Lehtonen et al., 2022). One long-lasting and sustainable mitigation measure is to develop and implement seal-safe fishing gear. Seal-safe gear makes it hard for seals to access the catch and will consequently minimize reward, decreasing motivation to raid fishing gear for food (Königson, 2007). To reduce seal impacts in passive gear, pots, traps and trap-nets can be made seal-safe by being designing closed and solid compartments for fish gathering, where seals cannot access the catch.

Trap nets are commonly used within Baltic Sea coastal fisheries targeting salmon (Salmo salar) and white-fish (Coregonus lavaretus). However trap nets tend to provide access to high densities of prey for seals (Nelson et al., 2006). To reduce seal impacts in trap-net fisheries, one successful method is the introduction of a modified seal-safe trap net, the pontoon trap (Lunneryd et al., 2003; Lehtonen and Suuronen, 2004; Hemmingsson et al., 2008). The pontoon trap is a stationary passive fishing gear, in which fish are guided by a leader net and a system of gradually narrowing chambers into the fish holding chamber. The holding chamber is designed to prevent fish escaping. The holding chamber is also equipped with inflatable pontoons to deploy and retrieve the trap. Thus, the trap included the following components: a leader net; wings; adapter; and a seal-safe, pontoon-equipped, rigid-frame fish chamber.

Compared to pots, pontoon traps and other trap-nets are not typically baited, but rely on the fish to follow the leader net into the trap. Pontoon traps are included in the category of low impact and fuel efficient (LIFE) fishing gears and have minimal benthic impacts (Suuronen et al., 2012; Uhlmann and Broadhurst, 2015). The pontoon trap was introduced as a seal-safe alternative in the late 1990s/early 2000s and was originally developed to replace traditional traps nets for salmon and trout (Salmo trutta) (Lunneryd et al., 2003; Suuronen et al., 2006; Hemmingsson et al., 2008; Calamnius et al., 2018), which are susceptible to seal damage. Since then, specific pontoon trap models have been developed for vendace (Coregonus albula), herring (Clupea harengus), and perch (Percha fluventalis) (Lundin et al., 2011; Lundin et al., 2015). This implies that pontoon traps can be made both species and size selective.

With Baltic cod being a predominantly benthic species (Gregory and Anderson, 1997; Grant and Brown, 1998), the pontoon trap was modified to be bottom set. Although traps are excluded from the landing obligation (EU regulation 1380/2013), it is necessary for the sustainability of cod fisheries to reduce the bycatch of cod under minimum conservation reference size (MCRS, EU regulation 1241/2019), which is done by increasing the escape and survival of undersized individuals. This outcomes are important ecologically, to improve long-term prospects for cod populations, and commercially, to reduce handling times for fishers.

This study aimed to determine whether or not modified pontoon traps are a viable gear in coastal cod fisheries in the Baltic Sea. The objective was to maximize cod catch rates along with evaluate the level of seal-induced fish damage in modified pontoon traps. The pontoon traps evaluated included: (1) different leader net mesh size, (2) bottom standing or floating fish chamber, and (3) different leader net length. Finally, a catch rate comparison between the pontoon trap and the commercial landings of cod in gillnet fisheries, was conducted.



Methods


Study area and design

Trials were conducted between 2015 and 2018 off Ystad, Sweden, a town located in the southwestern Baltic Sea (Figure 1). In the study area, the shoreline is relatively straight, with a gently sloping bottom, which is generally sandy and partly covered with gravel and rock structures at depths less than 10 m. The trials were performed in collaboration with a commercial fisher contracted by the Swedish University of Agricultural Sciences. Trap deployment depths ranged from 5.5 to 8.0 m along the length of the trap. In salmon fisheries, where similar pontoon traps are used, the leader net and trap net typically stretch from the bottom to the surface, with the buoyed fish chamber floating just below the surface. With cod as target species in this study, the pontoon trap construction was redesigned so that the fish chamber could be placed on the sea floor. This was achieved by removing the buoys from the fish chamber, allowing it to completely sink to the bottom when the pontoons were deflated.




Figure 1 | Map of the southern Baltic Sea and surrounding waters. Green circles indicate the port of Ystad and the position of the pontoon trap. Dashed line is the 5 m, thicker grey the 10 m and thinner grey the 20 m depth curve.



The fish chamber used was 1.5 m in diameter a size previously evaluated within perch fisheries (Lundin et al., 2015). One additional, smaller inflatable pontoon was placed on top of the fish chamber so that it could be easily lifted to the surface. At the surface the larger pontoons were inflated to raise the fish chamber above the surface for catch collection. Further, the traditional aluminum chute used for catch collection was replaced with a hose net (Lunneryd, 2018).

The hose net, similar to a trawl codend, is a fine-meshed netting tube with a length of 10 m, in which the fish are lifted from the surface into the boat. Hose nets allow catches to be handled in a selective way, because the fish can be divided by grids into size classes before they are lifted up into the boat or released. Additionally, the hose net is made from knotless net, which minimizes scale loss, and increases the value of collected fish and the survival of discards (Lunneryd, 2018).

Both the trap net/wings and the adapter were equipped with roof netting, because the trap height was less than the water depth at the fishing location (Figure 2). Additionally, the leader net was positively buoyed, allowing it to rise from the bottom, unlike traditional leader nets, which typically hang from the surface.




Figure 2 | Schematic representation of pontoon-trap leader net, trap net (wings), adapter linking the trap net, pontoon fish chamber and hose net, from Hemmingsson et al. (2008), with measures used in traps parts within this study. The figure illustrates how the adaptor allows the fish chamber to be raised to the surface without requiring the trap net to be raised. Dashed sketch illustrates design of the floating fish chamber pontoon trap, used in trial two.



In the Baltic Sea, gillnets with a 55-mm center-knot to center-knot (CTC) mesh size are commonly used to catch cod above the MCRS of 38 cm TL (Madsen, 2007). Size selectivity, however, functions differently in gillnets than in passive gear with stretched square-mesh panels. Experiments using cod pots have shown that a 40-mm square-mesh panel generally excludes cod under 35 cm TL (Ovegård et al., 2011), which is now the MCRS in Baltic Sea cod and why a selection panel (0.5 x 0.5 m) with a mesh size of 40 mm ± 0.2 mm SE was used within the trials. However, for leader nets, it has been shown that larger than predicted mesh sizes can be used without fish swimming trough the leader net, but rather follow it towards the fish chamber (Lunneryd et al., 2002). Mesh sizes in each part of the trap and for the different trials are presented in Table 1.


Table 1 | Parameters for the different trap parts and running title used in the trials. Mesh sizes indicate the distance between center-knots.



Three separate trials were conducted to evaluate the pontoon trap for cod (Table 1). The first trial evaluated differences in catch rates as a function of leader-net mesh size. The second trial evaluated the position of the fish chamber using both a bottom-set and a traditional surface-set fish chamber. The third trial evaluated the effect of leader net length on catch rates. All within-trial comparisons were done in a pairwise fashion, using either one or two traps (Table 1). The numbers of cod and total catch weights, divided into commercial size classes, for every pontoon trap collection were recorded, along with the date and time. The catch was pooled into commercially sized (> 35 cm TL) and undersized fish (< 35 cm TL). The depth of deployment was kept constant within each trial. Only cod above MCRS (35 cm TL) were kept, while cod below 35 cm TL were immediately released after weighing. If present, dead fish or bites and scratch marks on fish caused by seals were recorded, either by personnel from the project group, or the fisher to evaluate the extent of seal interference with the traps. For all trials, catch rates were measured as weight per unit of effort (WPUE), which was calculated as the total catch weight of cod day-1 trap-1, for both commercial and undersized catch. Finally, catch rates from the pontoon trap were compared to landing data from the commercial gillnet fishery conducted in the same area.



Catch rate comparison depending on leader net mesh size

In 2015, two traps were used. The traps were identical in their configuration except for the leader-net mesh size, with the first trap being equipped with a 60 mm ± 3 mm SE (CTC) leader net and the second trap with a 100 mm ± 5 mm SE (CTC) leader net (Table 1). The two traps were set towards each other, with each of the fish chambers positioned on the outer ends. The traps were set with the 60-mm leader towards the shoreline, with the fish chamber at a depth of 5.5 m. The trap with 100-mm leader net was set towards the sea, with the fish chamber at a depth of 8.0 m. The trial ran between 18 April and 19 July, 2015, with both traps being simultaneously used between 18 April and 9 May, and only the 100-mm trap being used from 10 May to 19 July. The pontoons of the 60-mm trap were damaged, and so the trap could not be deployed for the full duration of the experiment. For the same reason, we were unable to switch the position of the traps throughout the trial. Predicted means of catch rates are presented in the Supplementary Table 1.



Catch rate comparison between bottom standing and floating fish chamber

In 2016, two traps were set (Table 1). The first trap was the same bottom-set trap used for the trials in 2015 (equipped with the 100-mm leader net). The second trap was equipped with a traditional floating fish chamber where the trap net was constructed in a way that fish had to swim up the water column to enter the fish chamber. The reason for using a floating trap was due to the breakdown of one trap the previous year. The breakdown was induced by the trap pontoons being perforated against the rocky bottom.

In the floating trap, the top of the fish chamber was 0.5 m below the surface (with the distance to the sea floor below the fish chamber being 6 m). The trap net had been redesigned so that the fish had to swim at an upward 45° angle to enter the fish chamber (Figure 2). Also, like in traditional pontoon traps, the trap net lacked roofing as it was designed to stretch trough the water column from the bottom to the surface, being bouyed by floats. Both traps where deployed with fish chambers facing the deeper water, with the bottom-set trap having its fish chamber a depth of 7.0 m. The trial period was between 22 March and 21 October, 2016, with both traps being used simultaneously between 5 April and 10 September. Predicted means of catch rates from the two trap models are presented in the Supplementary Table 1.



Catch-rate comparison depending on leader-net length

In 2017 and 2018, one trap was deployed, which was the same bottom-set trap used during previous years, with a 3 m high trap net and leader net with mesh size of 100 mm. Further, an additional 100-meter leader net section with 100-mm mesh size was added to the original 100-m leader net section using carabineers, increasing the total length of the leader from 100 to 200 m (Figure 2). The carabineers allowed the leader net to be divided in the intersection of the two 100 m sections, to evaluate the potential effect of leader net length on catch rates. The division included unhooking the carabineers to fold away and down the intersection-end of the inner leader arm section, hindering fish from the outer section following into the inner section. Leader net length was randomized throughout the trial period and was changed after catch collection. The evaluation of leader net length on catch rate was done for three time periods: spring 2017, autumn 2017 and spring 2018. The first time period, in 2017, was between 9 May and 15 June while the second was between 27 October and 4 December 2017. The third time period was between 26 March and 18 May, 2018. Predicted means of catch rates are presented in the Supplementary Table 1.



Catch rate comparison between trap net and commercial gillnet fishery

With gillnets traditionally being used within the coastal fishery for cod in the Baltic Sea, an evaluation of catch rates of the pontoon trap in relation to the commercial landings of cod in the coastal fisheries was conducted. For licensed commercial Swedish fishers, there is a requirement to report catches in accordance with the official EU logbook system and national requirements. For fishing vessels > 8 m fishing for cod, catches have to be reported daily, along with information on gear type, gear length, and fishing location. For comparison, catch data from gillnet fisheries conducted in the same ICES statistical rectangle (ICES, 2022) as the study area (39G3, total area 3540 km2) were collected from the official EU logbooks, organized in Sweden by Swedish Agency for Marine and Water Management (SwAM).

An estimate of mean daily landings per vessel (kg day-1, WPUE) month-1 were calculated for the same time periods in which the pontoon trials were conducted. Vessel- and day-specific catch estimates were pooled together for all vessels giving a mean catch (WPUE, kg) for each day and month. Since 2017, the amount (WPUE, kg day-1) of seal damaged catch has also been included in the logbook data. For the pontoon trap data, catches from the highest catching gear in each trial period were used; the trap with 100-mm leader net for 2015, the 3-m bottom-set trap for 2016, and for catch data from both 100 and 200 m leader net length in 2017 and 2018 (Table 1). The same time intervals was used also in the gillnet comparison. Mean WPUE of daily catch from the pontoon trap was used to calculate the potential catch day-1 and month-1 in a full-scale commercial pontoon trap fishery. Pontoon trap catches were extrapolated under the assumption that a fisher would be able to handle and collect the catch from five traps within a day based on the time required to collect catch from one trap and using catch data based on soak times from the three conducted trials.



Statistical analyses

All statistical analyses were performed using R (v.4.1.3), (R-Development-Core-Team, 2008) with data analysis included the use of additional R packages ‘psych’ and ‘dplyr’. To evaluate the effects on catch rates of different trap characteristics (mesh size, chamber position and leader net length) on WPUE, linear mixed models (lmm) were fitted using the ‘lmer’-function in the lme4 package (Bates et al., 2015), with separate models for each of the three trials. In all models, the response variable was either WPUE of collected catch (kg day-1) or WPUE of undersized catch (kg day-1). The main predictor variables (fixed) in each three trial base-models were mesh size (60 and 100 mm), chamber position (bottom standing, 3-m and floating), and leader net length (100 and 200 m), respectively. Each model also included soak time (days) as predictor (fixed) variable. In the models with mesh size and chamber position, month were included as random factor. In the model with leader net length, sub-trial period were used as random factor. For the comparison between gillnets and pontoon trap, WPUE of collected catch (kg day-1) was used as predictor (fixed) variable along with month and year as random factors. A Gaussian error distribution was used in all models because WPUE data are continuous. Parameter estimation and inferences were performed on the full model, i.e. including all variables (both fixed and random). Statistical significance of explanatory variables was tested according to Satterthwaite’s method using the ‘lmerTest’-function in R (Kuznetsova et al., 2017).




Results


Catch rate comparison between differing leader net mesh size

In total, 32 catch collections were recorded during 2015. Catch data for the 60- and 100-mm traps, used the trial are presented in Table 2 and Figure 3. Taking in regards only the time period between 18– 04–2015 and 15–05–2015, when both traps were used, mean observed WPUE in the 100-mm trap was 50.20 ± 38.48 kg day-1 (n = 9, max = 104.0, min = 0). When evaluating the time period both traps were used, the catch was higher in the 100 mm trap in compared to the 60-mm leader-net trap (β = 46.80 ± 12.02 SE, df = 15, p < 0.01). However, there was no effect on catch by soak time (number of days between catch collections) (β = -16.54 ± 9.01 SE, df = 15, p = 0.086). For the complete trial period, catches were higher in the 100-mm trap then the 60-mm leader net trap (β = 37.98 ± 9.97 SE, df = 24.77, p<0.001). There were also declining catches with increasing soak time, and number of days between catch collections trap (β = -7.13 ± 2.44 SE, df = 15.73, p < 0.05). There were no difference in the proportion of undersized cod between the 60 and 100 mm trap (β = 0.08 ± 0.43 SE, df = 27.00, p = 0.074), but there was an effect of soak time (β = -0.19 ± 0.09 SE, df = 27.0, p < 0.04).


Table 2 | Number of deployments for each trap in each trial, range and mean soak time, fish chamber depth (bottom set in all trials except 8 m trap in 2016) mean observed catch (WPUE) of commercial sized cod along with observed maximum and minimum catch and observed catch rates (WPUE) of undersized cod.






Figure 3 | Mean WPUE (kg day-1) of commercial sized and undersized cod (Gadus morhua) in the two traps tested for difference in leader net mesh size. Black circles represent the pontoon trap equipped with 100 mm leader net, while grey squares represent the pontoon trap equipped with 60 mm leader net. Green background indicates the time period when both traps were simultaneously used.





Catch-rate comparison between bottom-standing and floating fish chambers

In total, 81 collections were recorded within the second trial. Catch data for the bottom-set fish chamber and floating fish chamber traps used in the trial are presented in Table 2 and Figure 4. The greater maximum soak time for the bottom-standing trap both in relation to the floating fish-chamber trap in this trial and the soak times used in the two other trials were mainly due to weather conditions at the end of the trial period, precluding trap retrieval. Taking into account the entire trial period, the catch was higher in the bottom standing, 3-m trap than the floating 8-m trap (β = 3.82 ± 1.02 SE, df = 72.95, p < 0.001). However, there was no effect on catch rate by soak time (number of days between catch collections) (β = -0.16 ± 0.17 SE, df = 70.09, p = 0.33). For the time period both traps were used, the results were similar, with a greater catch in the bottom-standing then the floating fish chamber (β = 3.77 ± 1.13 SE, df = 61.38, p < 0.01), with no effect on catch by soak time (β = -0.26 ± 0.24 SE, df = -1.10, p = 0.28). There was a difference in WPUE for undersized catches between the bottom standing and floating trap where the floating pot caught less (β = -0.04 ± 0.02 SE, df = 76.0, p < 0.05) or soak time (β = -0.0009 ± 0.005 SE, df = 76.0, p = 0.74).




Figure 4 | Mean WPUE (kg day-1) of commercial sized and undersized cod (Gadus morhua) in each of the two traps tested for difference in leader net mesh size. Black circles represent the pontoon trap with bottom set fish chamber, while grey squares represent the pontoon trap with floating fish chamber. Green background indicates the time period both traps were simultaneously used.





Catch-rate comparison between differing leader net length

In total, 37 collections were recorded during the three trial periods. Season-based leader net length dependent trap data are presented in Table 2 and Figure 5. There were no difference in catch rates by leader-net lengths (β = 1.29 ± 0.85 SE, df = 30.90, p = 0.14). Neither were there any effect on catch rates by soak time (number of days between catch collections) (β = -0.26 ± 0.24 SE, df = -1.10, p = 0.28) nor differences between the seasons. The WPUE of undersized cod was not affected by leader net length (β = 0.02 ± 0.05 SE, df = 30.51, p = 0.659) or soak time (β = 0.02 ± 0.01 SE, df = 29.99, p = 0.116).




Figure 5 | Mean WPUE (kg day-1) of commercial sized and undersized cod (Gadus morhua) when tested for leader net length. Black circles represent 100 m leader net, while grey squares represent 200 m leader net. Green background indicates the time period when both traps were simultaneously used. The black, vertical dashed line represent the division between 2017 and 2018.





Catch rate comparison between trap net and commercial gillnet fishery

The comparison between trap nets and commercial gillnet fisheries included 96 pontoon trap collections from 2015–2018. Gillnet landing data included 1,397 daily fishing reports in ICES rectangle 39G3, from a total of 27 commercial fishing vessels, with a mean daily (± sd) gillnet length of 7800 ± (2800). The highest amount of daily catch in gillnets was between 100 and 300 kg per day. Further, in 2017 and 2018 there was a high amount of seal damaged catch from gillnets, with this being included in the logbook since 2017 (Figure 6). For the pontoon traps, no seal damaged cod were recorded during any trial. Catches were higher in gillnets than to, the predicted catches using pontoon trap (β = 153.48 ± 21.08 SE, df = 1142.42, p < 0.001).




Figure 6 | Mean catch, WPUE (kg day-1), of commercial sized cod (Gadus morhua) in pontoon trap, extrapolated to the potential catch from five simultaneously used traps (black), mean commercial landings from the gillnet fisheries in the same area (light grey) and seal damaged catch (green).






Discussion

This study evaluated the effectiveness of pontoon traps for use in coastal cod fisheries. Initially, the pontoon traps where redesigned from being used to catch salmon so that they might be suitable for use in coastal cod fisheries. This included using of a 40-mm square-mesh panel in the fish chamber and of a hose net for releasing of unwanted catch. However, with the potential implementation of a new gear type in an existing fishery comes the need for evaluating gear specific parts that may influence catch rates of the target species. In cod fisheries, there is a need to understand the effect of leader net mesh size in order to lead fish into the fish chamber. With other fish species having shown to follow leader nets even with mesh sizes large enough for unobstructed passage (Lunneryd et al., 2002), the effect of leader net mesh size on catch rate was evaluated.

There were differences in catch rates between the larger, 100 mm mesh size and the smaller, 60 mm mesh size. Both mesh sizes tested were large enough for cod to swim through, but a static gear deployed and left for an extended time period in shallow water will eventually become overgrown and gather free-floating vegetation. An overgrown leader net may affect fish behavior, because it may be perceived as an obstacle so that the fish will be deterred from swimming nearby. The vegetation is also likely to affect the buoyancy of the gear and eventually cause it to sink it towards the bottom, ultimately affecting its effectiveness why the use of a larger mesh size would be beneficial over a smaller. The strong difference in catch rates between both traps types could however also be a result of the differing positions within the water. The two traps were placed with their trap nets and fish chambers on opposite sides, forcing fish to swim towards more shallow waters to be caught in the 60 mm trap, while the 100 mm trap was situated in a way that the fish were swimming to deeper waters before being trapped. To compensate for the setup with cod having to swim shallower, the two traps were to be switched during the trial. However, because the shallower set 60-mm trap broke before switching, this was not possible, consequently, the mechanism between cod specific mesh size dependent catch rates deserves further future attention.

The second trial evaluated the difference between traps with either bottom set (3 m trap) or floating fish chambers (8 m trap). To avoid confounding effects due to cod not following the trap net into shallower water, both traps were placed with the fish chamber facing deeper waters. The fish chamber was also positioned slightly above the bottom, as opposed to standing on the bottom, so that the stressors from waves and currents on the frame of the fish chamber could be reduced. With catch rates of cod in the bottom standing trap greater than those in the floating trap, indicates an unwillingness for cod to move up the water column. These results are consistent with conclusions from studies evaluating cod behavior in active gears, such as trawls, where conspecifics entering a trawl are known to mainly follow the lower netting panels unless they are stimulated to raise their vertical position (Ferro et al., 2007; Krag et al., 2009; Rosen et al., 2012).

The third trial evaluated the effect of leader-net length on catch rates. Traditional salmon traps are often equipped with a 100 to 120 m leader net, while 80 to 120 m leader nets have been used for herring and 60 m leader nets is commonly used for perch, (Lundin et al., 2011; Lundin et al., 2015). With pontoon traps traditionally being set from shore in limnic-marine transition areas to catch salmon, leader net lengths may affect catch rate when traps are deployed in an open environment. There were no difference in catch rates between the 100 and 200 m leader-net lengths. This indicates that catch rate is not regulated by leader net lengths in the interval of 100 to 200 m at least in non-estuarine coastal environments. Further studies are needed to conclude optimal leader net length. Pontoon traps are deployed and retrieved using smaller boats than those in gillnet fisheries, (which are typically between 5 to 8 m). As such, gear handling ease is an important factor in pontoon-trap fisheries. Apart from the lower gear costs, the use of shorter leader nets opens up for exchange of leader net within fishing periods, something that will lower the effect of buoyancy issues due to overgrowth and sinking due to increased weigh. Along with leader-net length, the positioning of the trap may be improved by optimal placement, such as near underwater pinnacles, which naturally attract more fish.

In the comparison between extrapolated catch in pontoon traps based on full-time fishery and traditional gillnet fishery, catch rates in gillnets exceeded those of pontoon traps throughout the study except during the initial period, when the extrapolated catch in the pontoon trap was expected to be greater than in gillnets (Figure 6). Therefore, bottom standing pontoon traps targeting cod are currently not an alternative to traditional gillnets. However, the advantages of the pontoon trap may be found in the comparison of seal-damaged catch and in a multi-species fishery. Since gear development is an iterative process, it is important to carefully evaluate the results of this study to be able to take the next step towards increasing pontoon catch rates when targeting cod.

One potential explanation for the lower catch rates in pontoon traps may be due to the positioning of the trap. Pontoon traps are large static gears with low potential to be moved within a fishery. Swedish fishing regulations stipulate that static gear with a height exceeding 1.5 m requires fishers to apply for a precise placement authorization. Therefore deployment positions are often limited to one or few spots. Further, pontoon traps can only be set in shallow waters, with a maximum deployment depth in these trials of 8 m. Shallow waters in the Baltic Sea are predominantly used as feeding grounds by cod during winter and early spring months, because both water temperature and food resources regulate their presence (Ljungberg, 2013). This probably leads to higher catch during these periods, as indicated by the greater catch obtained here in the spring. For the gillnet fishery, data for comparison were obtained for all fisheries performed in the current ICES statistic rectangle (39G3), independent of fishing depth. The comparison between pontoon and gillnets have to be put into perspective of a seasonality effect in catch rates because fishers target cod at various depth during the season in the evaluated area. With grey seal numbers and distributions increasing in the Baltic Sea, it is necessity to find alternative gears to gillnets, which are highly affected by seal inflicted damage. The amount of seal damaged catch during the trial period ranged between 20−100% of the catches in. For the pontoon trap there were no seal damaged catch during the trial period even though seal presence, visible through logbook data, was high. Fish caught in traps also have an increased probability of being of good quality, because they are live-caught with minimum stress (Uhlmann and Broadhurst, 2015; Meintzer et al., 2018). Other live-catching gear have however shown variation in catch quality and value, why this has to be further studied also in pontoon traps (Ovegård et al., 2012; Ljungberg et al., 2020).



Conclusions

Although the catch rates of cod was lower than the traditional gillnet fishery, the rigid construction of the pontoon trap helps to protect the catches whereas in gillnet fisheries catches remain unprotected. A rigid construction has been shown to be important to reduce seal damage. Even though seal damage is one of the main reasons for this fisheries decline, the poor state of the cod population also cause fisheries to decline (Casini et al., 2016). Due to this negative development, commercial fishing for cod in most of the Baltic Sea was banned in 2019 as the EU Commission announced emergency-measures to save the eastern Baltic cod stock from collapse. Although the current cod gillnet fishery is limited, there is an urgent need to develop and implement seal-safe and selective alternative fishing gear for a future sustainable coastal cod fisheries. In relation to this, bottom-set pontoon traps show the potential to catch large amounts of cod. The disadvantage is that the large rigid aluminum construction is inappropriate in an open coastline because wave and current actions strongly affect the gear. Also, the large construction makes the pontoon difficult to deploy and retrieve in an open sea environment, with increased difficulty with greater deployment depth. However understanding the catchability of bottom set pontoon traps may be used to improve the potential for a future coastal fishery using pontoon traps not only for cod but also in multi-target species fishery. The future perspective in gear development of leading gears in open coastal environment should focus on the use of rigid construction with less bottom contact along with the ability to move the gears depending on season to have them in the area where cod are currently located. There is also a need of further understanding about optimal leader net length depending on target species along with the potential of deploying the gear at various depth in order to target cod.
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Blue whiting (Micromesistius poutassou) is harvested in the Northeast Atlantic by a multinational fleet of pelagic trawlers. Occasionally, vessels take catches which exceed their remaining holding capacity and in extreme cases large catches cause codends to burst, resulting in spill of catch. To control catch quantity, a catch limitation system was developed and tested. The system consists of three components: 1) escape opening(s) in front of the codend to release excess fish, 2) a fish lock to prevent loss of fish through the escape opening(s) during haulback and at the surface, and 3) a choking unit to match codend capacity to the desired size of catch. Blue whiting escaped through both longitudinal slots and large (≥ 2 m) meshes in front of the codend. However, video observations showed that with large meshes in the upper panel, large amounts of blue whiting escaped long before the codend was full. Therefore, a design with large openings in the bottom was combined with longitudinal slots in the side and top panels. Two fish locks were tested: an oblique netting panel designed to seal off the codend when vessel speed reduce during haulback, and a cylinder of netting with a choking rope that closed it after the codend was filled. Both fish lock designs inhibited release of fish during haulback and at the surface, but the attachment of the constricting rope in the cylinder frequently broke. The choking unit consisted of a depth triggered releaser connected to a strap of rope wrapped around the codend. Mechanical releasers with factory-set depth trigger and electronic versions were tested. Both freed the choke point as intended, but occasionally at unpredictable depth. A reliable relationship (r2 = 0.94) was attained between codend choking position and catch amount, demonstrating that codend capacity could be adjusted to achieve target catch quantities. Our work shows that controlling catch quantity in the blue whiting pelagic trawl fishery can be achieved effectively through relatively simple modifications to the codend section Future work is needed to optimize the fish lock design and ensure the codend choking rope releasers trigger reliably and at the proper depth.
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1 Introduction

Blue whiting (Micromesistius poutassou) is the largest commercially exploited stock of mesopelagic fish in the Northeast Atlantic Ocean, with distribution from the Mediterranean Sea north to the Barents Sea and west to Greenland. It is managed as one stock, with northern and southern components. The stock is presently within safe biological limits (ICES, 2021). Historically, it has been difficult to reach agreement on the exploitation (Standal, 2006; Bjørndal and Ekerhovd, 2014). Overall TACs for the last years have been set in annual agreements between the European Union, the Faroe Islands, Iceland, Norway and the United Kingdom, based on advice by the International Council for the Exploration of the Sea (ICES). The individual states have, however, not agreed on each state’s share of the TAC and have therefore themselves set their national quotas, resulting in overall catches exceeding the agreed TAC. During the last years overall annual catches have been in excess of one million tons, more than 70% of which is fished by the Faroe Isles, Norway, Iceland, UK and Russia, all with catches exceeding 100,000 tons during the last years (ICES, 2021).

The multi-national fishing fleet mainly consists of large pelagic trawlers, some of which can process or freeze the catch on board for human consumption, but most of the catch is transported to land for reduction to fishmeal and oil (op.cit.). In 2022, a fleet of 55 Norwegian vessels (combined purse seiner/trawler vessels without on-board processing) ranging from 54 to 88 m in length (median 70 m) participated in the directed fishery for blue whiting. These vessels have hold capacities of approximately 1,500 – 2,500 tons and annual quotas are in the range of 5,000 tons per vessel. In a related project (present authors, unpublished data), five such vessels provided detailed logs of their 2019 blue whiting fishing season. Average catch per trip was 1,650 tons, with most vessels catching their quota over the course of three fishing trips (average 5 tows per trip).

The fishery mainly takes place on the spawning grounds along the continental slope west of the British Isles at depths of 400-600 m using large pelagic trawls, mostly 2,000 – 2,300 m in stretched circumference (Sæstad, A., Egersund Trawl, personal communication) with vertical and horizontal mouth openings exceeding 100 m. Large-opening trawls and dense aggregations of fish frequently result in catches of many hundred metric tons. When catches are hundreds of tons, codends sometimes burst, most likely because of dense packing of fish coupled with swim-bladder expansion during the ascent from the great fishing depth. Burst codends result in large amounts of spilled fish which cannot be recovered. This was visualized in the media in February 2022, when a large shoal of dead blue whiting was documented floating at the surface behind a large pelagic trawler in the Bay of Biscay, off the coast of France (France 24, 2022; The Guardian, 2022). The vessel explained the incident as an accident caused by the rupture of the trawl net due to an unexpectedly large catch. Large catches may also lead to discarding if the catch size for a haul exceeds the remaining holding capacity of the vessel. Long sailing distances to landing locations incentivize filling holds completely before sailing for port, however, it is challenging to ensure that the final haul fits the remaining capacity, and it may therefore be tempting to take too large catches and discard catch in excess of the holding capacity. This is a particular challenge when fishing in dense aggregations. Transfer of excess catch to other vessels is prohibited.

We are unaware of any studies quantifying the extent of unaccounted mortality in the directed fishery for blue whiting due to burst codends or insufficient hold capacity. The International Council for Exploration of the Sea (ICES) assumes the discards in the directed blue whiting fishery as small (ICES, 2021). The highest discard was reported by Ireland with approximately 2.4% of catches discarded. The four largest fishing nations (Faroe Islands, Norway, Iceland and Russia) do not report any discards. Despite a lack of formal documentation of burst nets and discards due to insufficient remaining hold capacity, the Norwegian blue whiting industry acknowledges a need to regulate catch volumes more effectively to address these challenges and has engaged with fisheries managers and researchers to develop solutions.

The issues were raised by the Norwegian fishing industry itself and by the Norwegian Directorate of Fisheries. Funding for the present study is also provided by the industry via the Norwegian Seafood Research Fund and by the Directorate of Fisheries. The topics studied are, however, highly relevant also to the other national fleets fishing for blue whiting, most of which have vessels and gear similar to that of the Norwegian fleet.

Previous work on catch limitation devices in demersal trawls include elastic meshes in front of the codend (Goudey and Randazzo, 2001), a self-closing codend (Pol and Chosid, 2012), a partially detached codend (Sistiaga and Grimaldo, 2012) and slots that open up as catch builds up in combination with a self-closing fish lock (Grimaldo et al., 2014; Ingólfsson et al., 2021a). Fish locks are used in some fisheries and surveys to trap fish in the codend and thereby inhibit escape of fast swimming species during haulback (Stewart and Robertson, 1985; Workman and Taylor, 1989). To prevent loss of fish through the slots at the surface, Grimaldo et al. (2014) and Ingólfsson et al. (2021a) used a fish lock with a constrictor rope, activated by the lateral expansion of the codend due to catch build-up. In addition, Ingólfsson et al. (2021a) used a choking rope on the codend so that the target quantity of fish could be adjusted. A related “sequential codend” system, without a fish releasing section, is described in greater detail in Brinkhof et al. (2018) and Ingólfsson et al. (2021b).

In the present study, we designed a system for the blue whiting fishery incorporating all three of these components: 1) A fish release section with openings in front of the codend where fish in excess of the holding capacity of the codend can escape. 2) A fish lock to prevent loss of fish from the codend during haulback and at the surface. 3) A depth-triggered releaser and choking rope placed at a preselected location on the codend. The holding capacity is then limited to a desired catch volume, and active release of the choking rope during haulback frees additional codend volume. This additional volume is intended to slow the ascent rate of the codend by allowing fish to freely decompress, releasing expanding gas from ruptured swim bladders and body cavities during ascent, and to dissipate buoyant lift from the catch over a large surface area in the ascending codend, increasing drag and decreasing ascent velocity. Previous studies have documented codend ascent rates of 4 m sec-1 as they break the surface, generating a wave visible at ~800 m distance (Rosen et al., 2019). Slowing ascent and the force at which the codend breaks the surface has been suggested to reduce the likelihood of ruptures. The system was tested onboard fishing vessels under normal fishing conditions and in the season and fishing grounds where excessive catches presently occur.



2 Methods


2.1 Fishing vessel and gear

The fishing trials were carried out during two different cruises: Cruise 1, conducted onboard FV “Vikingbank” from 9th to 24th March, 2021; and cruise 2, conducted onboard FV “Vikingbank” (new vessel, same name) from 23rd March to 10th April, 2022.

FV “Vikingbank” used in cruise 1 was built in 2000 and is 61.75 meters long and has a beam of 11.6 meters, with a gross tonnage of 1190 tons and a 2796 kW main engine. FV “Vikingbank” used in cruise 2 was built in 2021 has a length of 68 meters and a beam of 13 meters, with a gross tonnage of 2144 tons and a 3798 kW main engine.

For both cruises, the vessel was equipped with a 2016 meter stretched circumference “Capto” pelagic trawl (Vónin, Faroe Islands), fitted with a ~700 ton capacity codend (estimated volume of 1300 m3 assuming 50% mesh openings). Stretched lengths of the trawl and codend were 571 and 73.5 m respectively, overall distance from trawl doors to codend was approximately 875 meters. Thyborøn trawl doors (13.11 m2, 3.5 tons) were used to spread the trawl, using 220 m long bridles. The lower bridles were fitted with ~1.5 ton chain bundles and 11 m of chain setback.

On cruise 1, the geometry of the trawl was monitored in real-time throughout each haul using a Simrad FS 70 Trawl Sonar and depth sensor fitted to the headline and Scanmar door spread sensors. The catch in the codend was monitored using four Simrad PI 32 catch sensors and a Scanmar Trawl-Eye echosounder (see section 4 for more details).

On cruise 2, the geometry of the trawl was monitored using Furuno TS-331A Trawl Sonar and depth sensor, fitted to the headline, and Marport door spread and depth sensors. The catch in the codend was monitored using a combination of Marport Net Fill and Simrad PI 32 catch sensors, a Marport Catch Explorer (with echosounder) and two Marport Trawl Explorer echosounders (see section 4 for more details).



2.2 Catch limitation system

The catch limitation system (Figure 1) tested in the present trials consists of three key components: a fish release section between the trawl belly and codend, a fish lock at the front of the codend and a choking unit placed at different locations on the codend to adjust its capacity during active fishing and provide extra volume during haulback. The fish release section and the fish lock should permit free passage of fish into the codend during the normal fishing operation up until the codend is filled. The escape openings should therefore minimize escape up until the codend is full and the fish lock allow free passage of fish, but once the codend is full, any additional fish entering should escape freely with minimal risk of crowding and abrasive injury. Once the codend is full, the fish lock should prevent fish already in the codend from swimming forward and escaping through the openings in the fish release section. Different shapes and placements of escape holes were tested in the fish release section to balance the need to prevent fish from escaping before the codend filled while providing sufficient capacity for all incoming fish to escape once the codend was full. Two designs of fish lock were tested. For adjusting codend capacity, two styles of depth-triggered releasers were tested.




Figure 1 | Catch limitation system – general overview illustrating Rig 4 with fish lock 2: Consists of a four-panel cylinder of netting, 10-16 m long, inserted between the trawl and codend, that incorporates two key components: escape openings and a “fish lock”. The rig should allow free passage of the catch from the trawl into the codend during the fishing process, until the codend is full. The escape openings therefore should prevent escape during the normal fishing process, but once the codend is full should then enable fish to escape freely with minimal risk of crowding and abrasive injury. The fish lock should permit free passage into the codend during the normal fishing operation. But, once the codend is full and/or during heaving, the catch on the codend side of the fish lock should press against the fish lock netting, closing it, and preventing any loss of the catch retained in the codend through the escape opening. The catch limit release mechanism releases the retained catch into the residual codend during haulback (see section 4).




2.2.1 Fish release section

The fish release sections tested consisted of a four panel 80 mm netting section, 560 meshes in circumference (4 x 140 meshes), inserted between the trawl belly and codend (Figure 1), and incorporated one of three different types of release openings (hexagonal meshes, half-diamond meshes, slots) or a combination of openings. Height and width of the section during trawling was estimated at 5 m, based upon observations from codend echosounder (described below), and corresponds to ~45% lateral mesh opening. This estimate is used in calculating the theoretical area of the release openings in each rig tested:

Rig 1 was based on a 10 m long section with six 2.7 m long hexagonal meshes in the front of the top and bottom panels (Figure 2.1). The distance from the meshes to the forward edge of the codend was 6 m. This design went through three iterations:




Figure 2 | (1A) Section with hexagonal meshes in the front (top and bottom panels); (1B) Section with hexagonal meshes in the front (top and bottom panels), loose small-meshed netting covers the openings. (1C) Section with hexagonal meshes in the front, bottom panel only. (2) section with large meshes in the front (all four panels); (3) section with slots (all four panels); and (4) section with slots (top and side panels) and hexagonal meshes in the bottom.



1a – Initial design with meshes in both top and bottom panels. Theoretical combined area of release openings: 27 m2

1b – As above, loose netting cover panels (80 mm mesh size) were fitted to the outside of the trawl, covering the 2.7 m long hexagonal meshes in the top and bottom panels. The loose netting cover panels were attached to the forward end of the openings to form a visual barrier that would not prevent the release of excess catch (pressed fish and waterflow when the codend filled would force the sides and trailing edge of the cover panels open). Theoretical combined area of release openings: 27 m2

1c – Loose netting panels in Rig 1b removed and 2.7 m long hexagonal meshes on top removed leaving just 2.7 m long hexagonal meshes in bottom panel. Theoretical area of release openings: 13.5 m2

Rig 2 – A 10 m long section, with 2 m long diamond half-meshes in front of the four panels (Figure 2.2). The distance from the meshes to the codend was 8 m. Theoretical combined area of release openings, given 50% lateral expansion of meshes: 34 m2

Rig 3 – A 16 m long section, with four 2.6 m long slots, one in the aft of each of the four panels (Figure 2.3). The distance from the rear openings of the slots to the codend was 4 m. Theoretical area of each of the release openings, assuming elliptical shape and 50% lateral mesh opening (consistent with camera observation):1.8 m2, 7.2 m2 for all four openings combined.

Rig 4 – A 16 m long section with openings that were a hybrid of rigs 1 and 3, i.e. 2.5 m slots at the top and side panels and hexagonal meshes in the bottom panel (Figure 2.4). The distance from the openings to the codend was 6 m. Theoretical area of release openings: 18.9 m2.



2.2.2 Fish lock

A fish lock was installed just after the release section at the entrance of the codend. Like the release section, it should permit free passage of the catch into the codend during the normal towing operation but once the codend is full and/or during haulback the lock should prevent any loss of the catch retained in the codend. Two different fish lock designs were tested during the trials. In cruise 1 (2021), a single netting panel constructed of 80 mm mesh size with 210/96 nylon (PA) twine, 74.5 meshes long (6 m), was fixed across the top panel, approximately 0.3 m aft of the escape openings at the release section, and then fixed halfway down the side panels of the codend on the mesh bars of the fish release section on a diagonal line sloping towards the codend panels (Figure 3.1). When water flow is reduced during haulback, the lower/aft portion of the panel drops to the underside of the codend, preventing fish from moving forward.




Figure 3 | (1) fish lock consisting of an inclined net panel (Type 1, left); (2) fish lock consisting of a cylindrical net (Type 2, right).



In cruise 2 (2022) a cylinder of netting was used, with the leading edge fixed to the top, bottom and side panels of the release section 0.1 m behind the escape opening panels (Figure 3.2). A rope passed around the cylinder to serve as a choker (constrictor rope) and close the fish lock once the codend was filled. Thus, the fish lock closes based upon the amount of fish inside the codend rather than the stage of the fishing operation and waterflow inside the trawl. The fish lock cylinder had 60 mm mesh size and a total length of 8.6 m (5.6 m twisted 210/96 PA in front, 3 m braided polyethylene (PE) in rear). Plastic rings were attached to the outside of the netting, where the PA and PE nettings were joined, with a 11.0 m circumference circular strop of 18 mm diameter ultra-high molecular weight polyethylene rope threaded through, so that the rope could move more freely.

The stretched circumference of the outer fish release section was 44 m. Previous observations (unpublished) in front of the codend prior to catch build-up show less than 20% transversal mesh opening, corresponding to < 9 m circumference for 560 meshes of 80 mm mesh size. The length of the constrictor rope was 25% of the stretched circumference to allow the cylinder to expand fully before catch built up. In order to prevent the fish lock from extending forward into the fish release section, the two bottom “corners” where the 18 mm constrictor rope passed around the cylinder were attached to the lower selvedges where the fish release section and codend meet using 2 m long connecting ropes in 10 mm braided nylon (Figure 1).



2.2.3 Codend choking unit

The codend choking unit (choking rope and releaser) was placed at different locations along the length of the codend in order to limit the effective volume of the codend and consequently catch size (Figures 4, 5). The releasers were manufactured by Fosstech AS (Stokke, Norway). A sturdy housing contains the depth trigger and a mechanical release arm (Figure 4). Two variants of the releaser were tested: a mechanical version, where the release depth was factory-set at 120 or 150 m; and an electronic version, tested during cruise 2 only, which allowed the release depth to be programmed prior to each deployment. Both units are approximately 350 x 300 x 150 mm and weigh 11 kg in air.




Figure 4 | Depth triggered releaser mounted on codend with a choking rope. Camera in a steel frame facing towards the catch release unit.






Figure 5 | Artistic impression of the depth triggered releaser in operation. (1) catch is retained in the codend ahead of the closed releaser; (2) the trigger depth is reached, and the releaser opens; and (3) the retained catch dissipates into the residual component of the codend.



The 18 mm twisted choking rope is made of a polypropylene and polyethylene mix, with a nominal breaking strength of approximately 5500 kg, was wrapped once around the codend and linked to the release arm on the releaser. At a pre-determined depth during haulback, the release arm is designed to open, freeing one end of the choking rope and allowing the retained catch to move into the residual, empty rear end of the codend.

One releaser was fitted to the codend on all hauls. During cruise 1, its successful operation (i.e. opening and release of the choking rope) was confirmed visually when the codend was recovered after each haul and from an underwater camera during one haul to assess the release time and approximate depth (nearest depth sensor 12 m aft of the releaser). During cruise 2, a camera and time-referenced depth sensor were mounted adjacent to the releaser so that both time and depth of release could be confirmed.

The position of the codend choking unit was varied on each cruise according to the targeted catch size. On cruise 1, the positions were determined by the vessel’s skipper. The results from this cruise were then used to determine where the choking unit should be positioned for cruise 2, namely at 25, 35 and 45 m from the forward end of the codend, aiming for catch sizes of approximately 100, 200 and 400 tons, respectively (Figure 6).




Figure 6 | Positions on the codend of the depth triggered releaser and other instruments for cruises 1 (Top) and cruise 2 (bottom). Releaser positions for each haul in both cruises are shown in green (see also Table 2). Also shown are the relative positions of the “Trawl-Eye” echo-sounders (yellow), Catch Sensor units (orange) and depth-loggers (blue).



Following an observed leakage of fish past the choking unit on haul 02-6, a thin restrictor rope (10 mm braided nylon PA, breaking strength ~2080 kg) was placed 1 m ahead of the choking unit on hauls 02-7 to 02-11. The thinner restrictor rope could be tightened much more effectively than the 18 mm choking rope used in conjunction with the releaser, ensuring the codend could be more tightly sealed. A camera was also placed at the end of the codend on hauls 02-7 to 02-11 to verify that fish did not enter the reserve portion of the codend before the choking unit released.

The effect of choking unit position on catch size was assessed with a multiple linear regression model (analysis of covariance, Dobson, 2002), with “cruise” incorporated as a two-level factor (covariates) to investigate if there was a difference between the two cruises.

For assessing the performance of each component of the catch limitation sections, multiple cameras were mounted for visual observations. These provide information on whether fish was lost before catch was built up, direction of escape and confirmation of excess fish being released. They also provide information on the fish-lock effectivity, and in combination with time-synchronized depth sensors, the actual release depth Figure 7.




Figure 7 | Camera positions on the Catch control system and codend. Post-script F means the camera was forward facing (toward the mouth of the trawl) and post-script B means the camera was backwards facing (towards the codend). The red shaded triangles provide an approximate indication of the illuminating light field in some example positions. See Figures 1-3 for further explanation of the fishing gear components.





2.2.4 Cameras and sensors for observation

For filming the catch limitation system, up to five cameras were mounted in various locations (Table S1 and Figure S7). The cameras were deployed to provide information on fish behavior and the functioning and geometry of the various components of the catch limitation system (fish release section, fish lock, choking unit) but the study was not designed to collect camera data for quantitative analyses (repeated deployment in the same positions for replicate measurements across hauls). For filming the fish release openings and fish locks, the cameras were mounted on the top- and bottom panels both in front and behind the openings. Different camera systems were used: GoPro Hero, “TrawlCam” deep water camera (JT Electric, Fuglafjørður, Faroe Islands) and an in-house, bespoke, low-light sensitive programmable camera, “DarkVision”. Except for the TrawlCam system, which had its own integral housing and support frame, the cameras were encased in 1500 m rated water-proof housings and fitted into bespoke protective steel frames.

For 20 of the 22 hauls, red lights were used for filming. We used Brinyte DIV01V LED dive lights with 120° beam angles, placed inside aluminum houses to ensure they would tolerate the 500 m + fishing depths. The red lights had ~635 nm mean wavelength, ranging from approximately 590 to 660 nm (see Ingólfsson et al., 2021c for specifications). Blue whiting are monochromatic (i.e. have only one visual pigment) with a peak spectral sensitivity at 491 nm and none for wavelengths above ~600 nm (Douglas et al., 1995) and are therefore unlikely to detect the wavelengths used. White lights (wavelengths from 420 to 750 nm) were used on hauls 01-9 and 02-7. Although white lights are more likely to influence fish behavior, they provide wavelengths that have less attenuation, increasing visual range, and are therefore better suited for visual observations of the fishing gear.

Starmon TD depth and temperature loggers (Star-Oddi, Garðabær, Iceland), were mounted on the release section and at several locations along the codend. In 2022, a depth sensor was also mounted adjacent to the choking unit in order to calculate the release depth. The loggers recorded depth every second, clocks synchronized with all other recording instruments including the cameras.

To monitor the geometry and amount of fish in the fish release section and codend in real-time, the codend was equipped with at least one codend echosounder (CE-ES) (cruise 1: one Scanmar Trawl-Eye; cruise 2: two Marport Trawl Explorer echosounders and one Marport Catch Explorer catch sensor with echosounder). The CE-ES gives information about the density of the catch immediately beneath it, in this case in and below the release section. A full codend should be indicated by high densities inside the release section (i.e. red shading on the echogram image) and escaping fish should be seen as marks below the release section (Figure S6). In addition, four “catch sensors” that monitored the expansion in the meshes in the codend were used. In principle, as the codend filled, its expansion would trigger each catch sensor in turn. When the catch sensor that was furthest forward was triggered, this would indicate the codend was almost full, and any excess catch should soon be exiting via the escape openings in the release section.

For each valid haul, a qualitative analysis of the video observations was performed to verify if catch was lost before and after the codend was filled up, as well as monitoring the shape and openness of the escape openings throughout the haul.





3 Results


3.1 Sea trials

During the two research cruises, a total of 21 operational hauls (with catches) were conducted (Table 1). Most hauls (01-1 to 01-10 and 02-1 to 02-6) were conducted at the Porcupine Bank fishing grounds, west of Ireland while hauls 02-07 to 02-11 were taken west of St. Kilda, west of Scotland. The haul durations ranged from 58 minutes to 10.5 hours, with catch sizes of 45 to 412 tons (mean 201.9 tonnes) and catch rates of 12 to 234.6 tons h-1 (mean 57.2 tons h-1). Most hauls successfully reached their target endpoint (i.e. a full codend). However, during cruise 2 there were six hauls that were terminated before the codend was filled. Reasons for early termination included indication of premature release by the choking unit (hauls 02-2 and 02-3), poor catch rate (haul 02-4), bad weather (haul 02-9) or time limitations (haul 02-7). Haul 02-6 was terminated early as the CS-ES and backmost catch sensor indicated leakage of catch through the catch limitation system choke point. Indeed, the haul did have an excessively large catch (267 tons caught, 100 tonnes targeted).


Table 1 | Overview of the catch limitation system configurations used in the two cruises.





3.2 Catch limitation system


3.2.1 Performance of fish release sections

When fitted to the trawl, all four release section designs were stable and appeared to take up their designed geometry. The only exception was during haul 01-8, when the drag from attaching three cameras at the trailing edge of the bottom escape opening in Rig 4 distorted the bottom panel. The distortion was not evident when fewer cameras were attached.


3.2.1.1 Behavior and relative density distribution of the target catch in the release section

Throughout all of the reviewed video observations, blue whiting consistently congregated in the upper part of the release section as they passed through. For most of the time, densities observed in the upper part of the release section were low (≤1 fish m-3) to medium (2 - 10 fish m-3), with only very low densities of fish seen passing over the bottom panel (Figure S1). However, when high densities (>10 fish m-3) were observed in the upper part of the release section, there was a proportional increase in density in the lower part (Figure S2).



3.2.1.2 Retention of the target catch (blue whiting) during fishing

While fishing and before the codend filled, blue whiting generally passed through the fish release section and into the codend with only minor escapes through openings in the sides and bottom. However, the observed behavior of blue whiting concentrating in the upper part of the release section lead to a continuous and unacceptably high escape rate from large top escape openings of Rig 1a (periods with thousands of fish min-1), but with concurrently very low escape rates from the bottom escape opening (<10 fish min-1, Figure S3). To stem the escapes, loose netting cover panels were fitted to the forward end of the openings (Rig 1b), to form a visual barrier that would not prevent the release of excess catch. However, this also failed to prevent the unacceptably high escape rate from the top opening. Building on these observations, the top escape opening was closed (Rig 1c), and loose netting cover panel over the escape openings which had no apparent effect was removed from the bottom panel. There was no evidence of any substantial increase in the escape rate of fish from the bottom opening as a result. The same excessive escapes from the top opening, with very low escape rate from the bottom panel, were also observed in Rig 2 (2.5 m long half-diamond meshes on all sides), but again losses through the top panel were deemed excessive. Rig 3 had a substantially smaller top opening than Rigs 1 and 2 (one 2.6 m long slot), so the escape rate from the top panel was substantially reduced in hauls 01-6 and 01-7, but remained higher in comparison to the very low escape rate from the bottom panel prior to the codend filling (Figure S4).

Based on these observations, Rig 4 was constructed using a hybrid design of Rigs 1c and 3; where the 2.6 m long slots of Rig 3 were placed in the top and side panels, with the large hexagonal mesh escape opening from Rig 1c inserted in the bottom panel.

In Rig 4, escapes from both the top panel (slot) and bottom panel (hexagonal meshes) were minimal prior to the codend filling (Figure S5). At low to medium densities in the upper part of the release section, which were the most prominent catch densities observed, the typical escape rate was 0 to 15 fish min-1. At high densities, escape rates of between 23 and 65 fish min-1 were observed. No camera observations were made of the slots in the side panels.

The slots in the upper panel usually remained closed for most of the haul, only opening during the haulback phase when there was a reduced flow in the release section and increased tension applied on the fish lock (Figure S4). Therefore, no attempt to estimate escape rate through the release slots was attempted.

Assuming all the escaping fish counted from video were blue whiting with mean weight ~150 g, loss prior to the codend filling is estimated at approximately 117 kg h-1 for medium density catches with escape rates of 13 fish per minute and up to 585 kg h-1, for high density catches where escape rates of up to 65 fish per minute were observed. This represents a loss of approximately 0.2% of the catch, assuming catch rates of 57.2 tons h-1 (mean observed catch rate) for medium density catches, and 234.6 tons h-1 (maximum observed catch rate) for high density catches.



3.2.1.3 Release of excess catch once codend was full

When the codend is full, the release section should allow any excess catch in and ahead of the release section to easily escape. This was evident for Rigs 1 and 2, with massed escapes occurring at approximately the same time that the catch sensors and/or the Trawl-Eye indicated that the codend was full (see section 3.2.4). For Rig 3, as the catch in the codend began to approach the capacity of the choked codend and fish began to accumulate in the fish release section, the slots in both the top and bottom panels opened, forming almost circular escape openings (Figure S4). This facilitated a substantial increase in escapes from the top panel. However, at very high densities, it was suspected that these openings would not allow release of sufficient numbers of fish to avoid excessive crowding and/or abrasive injury.

Rig 4 combines release opening in the bottom panel and release slots in the top and side panels. The slots in the top and side panels provided escape opportunities in the top panel and side panels without leading to substantial loss of fish before the codend filled (Figure S4), while the main route of release was via the large hexagonal meshes in the bottom panel. No hauls with substantial excess catches were observed in either cruise, however unrestricted releases of large numbers of fish were observed during haulback (Figure S6), when the fish lock failed to function correctly (see section 4).




3.2.2 Fish lock

The operation of the panel-type fish lock was observed on video once, in haul 01-3 where this visual observation indicated it worked successfully. During haulback, the catch in the codend moved forward and started to collect at the top of the fish lock. This build-up of catch progressively pushed the panel down, eventually sealing it closed on the bottom panel, thus preventing any substantial loss of catch from the codend during haulback (Figure S7).

The cylinder-type fish lock appeared to be stable during normal fishing operations in cruise 2. However, whenever the codend was known to be full (see section 3.2.4, i.e. hauls 02-1, 02-5, 02-8, 02-10 and 02-11) the ropes connecting the constrictor rope of the fish lock to the selvedges of the fish release section broke, and the fish lock was noted to have spilled forward and at least partially extruded through the bottom escape opening in the release section.



3.2.3 Codend choking unit

The mechanical releasers used on the codend were open upon retrieval after all 13 hauls during cruise 1. However, a camera was only positioned once to film the release event. During cruise 2, all releases were filmed and depth-referenced in order to determine the depth of release. This documented failures of both the electronic and mechanical releasers during the cruise (Table 2). The electronic releaser opened at or near the specified depth on four of the five deployments (including two test hauls without catches). For the deployments where it released as expected, the maximum discrepancy was 6 m (set to release at 120 m, released at 114 m), average discrepancy just 2.5 m. During haul 02-2, the electronic releaser prematurely opened at a depth of 461.5 m while the target release depth was 120 m. This was suspected during the haul from the early triggering of catch sensor in the reserve section of the codend (see section 3.2.4) and later confirmed from the video and depth sensor data downloaded after the haul.


Table 2 | Haul summary, including details of towing times and duration, haulback duration, release opening design, codend choking unit position and release depths and both target and actual catch weights.



The one haul from the first cruise with video documentation of mechanical releaser function (haul 01-9) indicates it released at approximately the correct depth, between 126 and 150 m compared with a factory-set release depth of 150 m. Precise depth could not be determined because the nearest depth sensor was mounted 12 m aft of the releaser, meaning the releaser could have been 12 m shallower or deeper than the 138 m recorded by the depth sensor when it released. Tested during cruise 2, the mechanical releasers consistently failed to open at the factory set release depths of 150 m and 100 m. The addition of the 10 mm nylon restricting rope 1 m ahead of the choking point from hauls 02-7 onward could affect the performance of the releasers, although video of a 10 mm nylon restricting rope placed 2 m ahead of the choking point during haul 01-9 shows it broke at ~380 m depth, more than 25 minutes before the releaser opened at ~138 m depth. Unfortunately, the video collected from cruise 2 does not provide clear enough view to determine when the 10 mm restricting rope broke. Thus, only hauls 02-5 02-6 provide reliable information on actual release depth (release depth is unknown for haul 02-4 because the camera battery was exhausted before haulback during this unusually long haul of >11 hours). In both these cases, releases occurred much shallower than the 150 m depth the releaser was set at. During haul 02-5, the releaser opened at 69 m depth and during haul 02-6 at just 23 m depth. During haul 02-6, in addition to releasing late, there was a leakage of fish through the choke point formed by the choking rope, and 267 tons of fish were caught, compared to a target of 100 tons. During haulback on hauls 02-5 and 02-11, the releaser again failed to open at its target depth and the 18 mm diameter choking rope broke at depths of 69.3 m and 34.9 m respectively, presumably due to the force of the expanding swim-bladder gases in the catch.

From cruises 1 and 2, there were 15 hauls that provided informative data on the relationship between codend choking position and catch size and between catch size and calculated codend volume for the chosen releaser position (Table 2). All hauls during cruise 1 were fished to completion (haulback initiated because the skipper believed the target catch was achieved), however six hauls during cruise 2 were not fished to completion due to indications of releaser malfunction (catch registered in the reserve codend before the releaser should have opened; hauls 02-2, 02-3 and 02-6), poor catch rate and other time limitations (hauls 02-4 and 02-7) and bad weather (haul 02-9).

There was a clear relationship between choking rope position on the codend and the actual catch in tons (t = 5.41, p < 0.001, R2 = 0.64 in cruise 1 and 0.95 in cruise 2, Figure 8), with no significant difference between the relationships for the two cruises (t = –0.40, p = 0.70). As anticipated, the resultant catch volume (and weight), generally increased the further aft the releaser was positioned on the codend, as the theoretical volume of the receiving codend increased (Figure S8). However, the resultant valid catch volumes only represented a small proportion of the corresponding theoretical codend volumes (range 0.075 – 0.39, Table 3), indicating packing density in the codend was not 100%. Larger catches generally occupied a higher proportion of the corresponding theoretical codend volume (Figure S8).




Figure 8 | The relationship between targeted catch size (tonnes) and the position (in meters) of the catch limitation releaser relative to the forward edge of the codend. Multiple linear regression analysis determined that catch size increased significantly the further aft the catch limitation releaser was positioned on the codend (t = 5.41; p < 0.001), while there was no significant difference between the relationships for either cruise (t = -0.40; p = 0.699). Blue dots show results from the first cruise and red dots the second cruise. Open circles show hauls where problems with the releasers were experienced and are not included in the regression analysis.




Table 3 | Overview of the Catch Volume and weight for each haul, with respect to the position of the catch limitation releaser.





3.2.4 Real-time monitoring codend fullness

In general, the catch sensors triggered as expected (in reverse order, ahead of the releaser position). A positive and constant signal from the forwardmost catch sensor, along with indications from the CE-ES images that catch was accumulating in, and possibly escaping from, the release section was taken as a definitive signal that the catch limit had been reached. Some catch sensor units failed to trigger in some hauls when catch should have been accumulating at that location (i.e. hauls 01-4, 01-5, 01-6 and 01-7) and/or some sensors triggered apparently prematurely, when no catch should have been accumulating at that location (i.e. hauls 01-3, 01-6 and 01-9). This list of stations includes all of the designs of the catch release section (large hexagonal meshes, large diamond half-meshes, slots, hybrid hexagonal meshes and slots), suggesting performance of the catch sensors was not related to design of the release sections. In three hauls in cruise 1 (01-4, 01-5 and 01-7), haulback was started before a positive consistent signal had been received from the forwardmost catch sensor because the Trawl-Eye indicated that high densities of fish were accumulating in the release section.

The aftmost catch sensor was always positioned aft of the releaser, so it should never trigger before the releaser had opened (i.e. typically >20 minutes after haulback). However, early triggering events were observed on six hauls (i.e. 01-6, 02-1, 02-3, 02-4, 02-5 and 02-6), suggesting some catch was leaking past the choke-point formed by the releaser choking rope and accumulating at the end of the codend. This was confirmed during haul 02-6, when a camera was positioned to view this catch sensor to assess its functionality and observed catch collecting at that position, as well as the catch sensor becoming tensioned at a time corresponding to when the trigger signal was received by the vessel.

The CE-ESs consistently provided interpretable information on the density of catch in the release section and when excess catch appeared to be escaping beneath the release section, as well as the height of the release section itself. During cruise 1, it was realized that this information was potentially very informative about when the catch limit had been reached. Therefore, in cruise 2, it was systematically recorded and demonstrated that information about the height of the release section was particularly informative and reliable (Table 3). In all catches that reached their end point (i.e. the catch limitation limit), the height of the release section was substantially greater than the baseline height range (2.0 to 2.7 m), with heights before hauling ranging from 2.9 to 5.0 m. The other consistent signal from the CE_ES systems was an occluded signal from the CS no. 4 unit, because of the very high density of catch behind the release section (Figures S10 and S11). Indications that excess catch was passing out of the release section were less consistent and reliable. Although camera observations indicated that escape rates increase just prior to haulback, in association with high catch densities inside the release section (e.g. Haul 02-5 39-42 fish min-1 compared to 14 fish min-1 at periods of lower catch density earlier in the haul; Figure S11), it was difficult to differentiate these signals as a definitive increase on the CE-ES echogram. Finally, the strength of the echogram density signal at the release section was also inconsistent across the five hauls that did reach endpoint. However, it is notable that the two hauls with high density echogram signals (haul ID 02-5 and 02-8) did have catches closer to their target (Table 3), suggesting that maybe waiting a little longer for the catch density in the release section to increase before beginning to haulback would have increased the catch in hauls 02-1, 02-10 and 02-11.

This section describes e.g. how the standard catch sensors performed. They were not being tested per-se during the experiment but provided real-time feedback on the trawl’s fullness. The purpose of describing them here is to describe their sometimes unreliable performance, but how they were used in conjunction with the trawleye sensors to decide when to stop fishing because the target catch had likely been caught.





4 Discussion

This present study has demonstrated the successful operation of a novel catch limitation system for the deep-sea blue whiting pelagic trawl fishery. The system can effectively limit the volume of the catch to the level set by the skipper, allowing excess catch to escape freely at the fishing depth and during ascent. The study demonstrates the practical application of escape openings, fish lock and adjustable codend capacity to achieve targeted catch sizes in a fishery operating at a much greater scale of fishing gear, fishing depth, and catch sizes than previous studies (Grimaldo et al. (2014); Ingólfsson et al. (2021a)). The full-scale field tests indicate that the developed system may be a practical solution to avoid excessively large catches that lead to discard as a result of burst codends in the NE Atlantic blue whiting pelagic trawl fishery, and thereby contribute to a more sustainable and responsible fishery. The present study demonstrates the practical application of escape openings, fish lock and adjustable codend capacity to achieve targeted catch sizes in a fishery operating at a much greater scale of fishing gear, fishing depth, and catch sizes than previous studies.

The first, and most critical component of the catch limitation system presented is the fish release section, which must minimize the loss of target catch up until the codend is full, but then ensure any excess catch freely escapes. Designs with panels of large meshes in the top and side panels released much fish before the codend filled, and would lead to decreased catch rates, higher consumption of fuel per kg of fish caught, and in general poor uptake by the fleet. A section relying just on slot openings, on the other hand, is likely to have limited capacity to release the necessary quantity of fish and the slots opened fully only during heaving. In order to be successful, catch limitation must be achieved at the fishing depth when fish are actively entering and passing back in the trawl. Our final and most promising design, Rig 4, incorporated large hexagonal meshes in the bottom panel and slots in the sides and top to conform with these criteria. This functionality was facilitated by exploiting a behavior pattern that we observed consistently for blue whiting: predominantly congregating in the upper part of the release section. This minimized the escape of this target species through the large release opening in the bottom panel, while the smaller escape slots in the upper and side panels remained closed preventing any escapes from these routes until the codend was full and the catch built up around the fish lock.

The successful and unrestricted release of excess catch from both the top and bottom release openings when codend was full was confirmed (Figures S4 and S6). However, these cruises have not observed the massive catches sometimes achieved in this fishery (catch rates of >500 tons h-1), so we have no empirical evidence of how effective the release section would be at expelling excess catches in such circumstances.

All information we have indicates discards due to fish being damaged are rare in this fishery. All fish captured during this study were destined for industrial production of fish oil and fish meal, therefore, physical damage sustained as a result of compression in an over-full codend does not affect the value of the fish landed to any significant extent. No attempts are made to sort out and discard damaged fish at sea. In fact, it would be extremely difficult to grade fish at sea as they are pumped directly on board and into holding tanks at rates of more than 5 tons per minute (roughly 500 individuals per second, assuming 150 g average weight).

Both tested designs of fish lock successfully permitted free passage of the catch into the codend during the normal fishing operation. However, only the inclined panel lock was observed to consistently prevent loss of fish from the catch once the codend was full. The ropes connecting the constrictor rope of the cylinder design fish lock frequently broke, allowing the front of the lock to come forward into the fish release section. Due to the expected large catch sizes in the blue whiting fisheries, we applied a weak link of 10 mm ropes to connect the constrictor rope to the selvedges of the fish release section in order to circumvent the risk of bursting the netting. Frequent breakage of the ropes, however, causes concern. If type 2 fish lock is to be used, the necessity of a weak link must be reconsidered. One reason for the great force may be the late release of the codend choker on most hauls, which subjected the catch being held by the fish lock to greater expansion than the fish lock had been designed for, The reason for changing fish locks between cruise 1 and 2 was due to promising results with the cylinder design, and problems associated with the inclined panel design in another study (Ingólfsson et al., 2021a), where inclined panels, proved unsuccessful for inhibiting loss of fish at the surface. In that study, involving Atlantic cod (Gadus morhua), the surface loss of fish was likely a consequence of catch-volume increase due to swim-bladder expansion, causing the panel to protrude through the escape openings of the catch limitation device. Since we expect a similar challenge in the blue whiting fishery, we have greater faith in a cylinder-type fish lock similar to what Grimaldo et al. (2014) and Ingólfsson et al. (2021a) have used with catch limitation devices in fixed-volume codends. This type of fish lock utilizes the expanding forces of the codend to choke the fish lock cylinder so that the codend is closed in front. Another benefit of using a cylindrical fish lock is that the distance from the fish lock to the escape opening is negligible, which in turn minimizes the risk of surplus fish accumulating between the openings and the fish lock. When using the releaser, however, the catches are displaced further back in the codend, away from the escape openings. This releases pressure on the fish lock, and the simpler inclined panel solution may be preferable. In further experiments with the catch limitation system, the work needs to focus on the fish lock design to avoid spillage of fish during haulback.

In combination with the other components of the catch limitation system, the releaser has been demonstrated to enable controllability over catch size. Moreover, the skipper reported anecdotally that haulback was generally far more controlled with the releaser in place, with less tendency for an uncontrolled buoyant ascent. Studies have shown that blue whiting codends may become highly buoyant on ascent with ascent rates of more than 4 ms –1 and the codend orientated vertically (authors; in prep.). This buoyancy is likely caused by trapped swim-bladder gas. By opening the choking strap during ascent, the catch is transferred to the residual codend space and during that process, trapped gas escape, reducing the buoyancy of the codend. However, there were some issues that would need to be resolved before the releaser could be routinely used in a commercial fishery. Firstly, the releaser and choke point have the potential to prematurely release and/or leak catch into the residual codend. This is potentially hazardous for the vessel and wasteful of the living resource, if the catch taken is far greater than planned. Secondly, late release of releaser could undermine the benefit of release at depth for avoiding uncontrolled buoyant ascent of the codend and explosive decompression of the catch. The electronic releaser tested in 2022 appears to have resolved this, assuming that issue of premature release can be resolved. After the second cruise, the mechanical releaser prototypes were inspected by the developer. A fault was found, and modifications made to ensure stable release at correct depth. Further work is required to develop and test this functionally, including determining the optimal release depth for minimizing the codend ascent rate. Assuming that both releaser versions can be improved so that consistent release depth is achieved, they have their pros and cons. While the mechanical releaser needs no recharging, we have no means to verify release depth after retrieval. Also, due to technical constraints, maximum release depth is 150 m, and only during ascent. While the electronic releaser requires charging before each trip, it can be programmed to release at whatever depth upon ascent or descent, release depth can be verified at the end of each haul. In addition, with further developing work, direct two-way communication to vessel can be made possible.

The relationship between releaser position on the codend and resultant catch size was far more consistent for the valid hauls from cruise 2 than for the cruise 1 data (R2: 0.95 and 0.64, respectively), likely because known problems with catch control were deliberately removed from the dataset for cruise 2. Indeed, the spread of the invalid hauls (open circles in Figure S8) are at least as variable as the cruise 1 data. This suggests that the greater variation in cruise 1 may be the result of catch leakage and prematurely terminated hauls, which were not appreciated at the time.

This study also demonstrated that with respect to determining when the catch limit had been reached, and excess catch was likely escaping via the release openings, the combination of both the catch-sensors and the codend echosounders (CE-ES) proved to be highly informative. Although there were some inconsistencies with the correct triggering of catch sensor units, it was demonstrated that with careful positioning and maintenance of the units, the progressive build-up of catch inside the codend could be monitored relatively reliably. In particular, the importance of locating at least one catch sensor on the residual codend (i.e. aft of the releaser) was highlighted for identifying the occurrence of leakage of catch from the releaser choke point. It is recommended that this should be standard practice when using the catch limitation system in the future, to avoid unintended excessively large catches, which would not only be wasteful of a living resource but could prove potentially hazardous for the vessel and its crew.

The codend echosounders consistently provided interpretable information on the density of catch in the fish release section, the vertical dimensions of the release section and, most informatively, when excess catch appeared to be escaping beneath the release section. In general, as a definitive signal that the catch limit had been reached was determined by a positive and constant signal from the forwardmost catch sensor, along with indications from the CE-CS that the diameter of the release section had expanded, that it contained a high density of fish, and that catch was escaping beneath the release section. Such information enables the skipper to end the haul in a timely fashion and thus improves the efficiency of the fishing operations with respect to time and fuel usage. Furthermore, by minimizing the number of fish that encounter the trawl before escaping via the release openings as excess catch, the risk of collateral/unaccounted mortality resulting from injurious contact and other capture related stressors is also minimized (Broadhurst et al., 2006; Breen et al., 2020).

All the behavioral observations were made using cameras and red (590 nm – 660 nm) or far-red (>660 nm) lights. Although blue whiting spectral sensitivity (~400-600 nm; peak: 491 nm; Douglas et al., 1995) suggests this species was unable to see these artificial lights, there is potential for a small overlap in sensitivity at the 590 – 600 nm range. In general, our behavioral observations supported the assumption that the blue whiting were unable to see the illuminating light, with frequent occurrences of individual fish failing to avoid obstacles in their path. However, on some occasions there was evidence that the light may have been affecting behavior. For example, during haul 03 (Rig 1c), when a camera and red light was placed looking forward over the bottom release opening (position 2iF), we observed unusually high escape rates (up to 65 fish min-1, Figure S2). It can therefore not be ruled out that the forward-facing lights inside the release section may have affected the escape behavior. To be certain of the utility of the catch limitation system, it should be tested in a commercial fishing scenario without cameras and lights on the trawl. Rudimentary observations of escape behavior could be made using appropriately positioned codend echo-sounders to confirm that fish are only escaping en masse when the codend is full.

While blue whiting is the only pelagic fishery in the region for which excessive catches are presently a problem, the concept and aspects of the design can, in theory, be applied to other pelagic fisheries. The trawls that are used in the blue whiting fishery are of similar design as trawls used in other pelagic fisheries, e.g. for capelin (Mallotus villosus, mackerel (Scomber scombrus), herring (Clupea harengus) and redfish (Sebastes spp.). They differ in sizes, since smaller trawls (1500-1600 m circumference) are used to be able to obtain greater towing speed for e.g. mackerel and herring than required for blue whiting (A. Sæstad, Egersund Trawl and T. Hemnes, Åkrehamn trålbøteri, personal communication). Therefore, the catch limitation concept developed and tested in the present study should in theory work in other fisheries, given that it could be adapted to the behavior of the targeted fish.

In conclusion, the catch limitation device, Rig 4, successfully limit catches, releasing excessive fish with negligible loss during the fishing operation before the codend was full. We believe that the solution can significantly reduce the risk of burst codends and discarding of excess fish, thereby making the fishery more sustainable and profitable by ensuring certification of the fishery. Avoidance of extreme catches and controlled codend ascent also enhance the safety of fishermen. Further work, however, is needed on the design of fish lock, as well as the depth triggered releasers for reliable release of the codend choker. Determination of the optimal release depth for the choker also need further investigation.
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Fisheries have important impacts on marine biodiversity. In this work, combined information on the abundance, species richness, diversity indices, species composition, trophic level and vulnerability index were examined for the first-time to detect differences in five units related to trawl fishing: the fish assemblage entering the trawl codend, and the escaping, retained, discarded and landed fractions, derived by the gear and fisher selection practices. The work was based on a case study conducted in the Mediterranean Sea, using three different meshes in the trawl codend (40mm-40D and 50mm-50D diamond meshes, and 40 mm-40S square meshes) and a cover of the codends with small mesh size. In general, trawl fishing produces an escaping fraction that was always lower in abundance, richness, and vulnerability index, similar in diversity indices and trophic level, and different in species composition compared to the fish assemblage entering the codend. In almost all cases, fishers selected as landings a fraction that was the lowest in diversity indices, and the highest in trophic level. In contrast, fishers discarded a fraction that was the highest in diversity and vulnerability index, and the lowest in trophic level. Although the three codends did not differ significantly in the fraction of escapees in terms of diversity indices, trophic level, and vulnerability index, the 40S codend showed a significantly higher percentage in the escaping number of species and individuals, and less differences in the species composition; in addition, lower percentage in abundance of discards and higher of landings in the retained catch (0.6:1) than did the other two codends (0.9:1). It was suggested that an urgent modification of the trawl for the elimination of the discarded highly vulnerable species (e.g. Elasmobranchs) is needed, and that trawl species-selectivity should be improved by allowing escape or avoiding catch of the discarded fraction to minimize biodiversity losses.




Keywords: bottom trawl, selectivity, escapees, discards, biodiversity impacts, trophic level, vulnerability, Mediterranean



Introduction

Biodiversity is a key element in ecosystem functioning and viability, and in guaranteeing that nature will continue to provide the essential services that we depend upon. It is defined in a broad sense as “the collection of genome, species and ecosystems occurring in a definite region” (Boehlert, 1996). It is widely recognized nowadays that fisheries may have a severe impact on target and non-target species, lead to changes in the structure of marine habitats, influence diversity, composition, biomass and productivity of the associated biota, trigger indirect effects in marine populations and communities, and alter the structure and functioning of marine ecosystems (Boehlert, 1996; Jennings and Kaiser, 1998; Pauly et al., 2002; de Juan et al., 2007; Coll et al., 2008a; Coll et al., 2008b; Zhou et al., 2010; de Juan et al., 2020; Trindade-Santos et al., 2020). An example of this is the decline in Elasmobrach species in the Mediterranean and worldwide, and the high risk of their extinction due to fishing activities (Bradai et al., 2018; Dulvy et al., 2021; Walls and Dulvy, 2021); and similarly, the effects on benthic species and communities (de Juan et al., 2007; Coll et al., 2010; Clark et al., 2016). Fishing, even at sustainable levels, may cause significant biodiversity losses if compared to the status of unexploited conditions (Jennings, 2007; Collie et al., 2013 and references therein). Thus, overfishing is considered as one of the main threats to global biodiversity (Zhou et al., 2010; Trindade-Santos et al., 2020).

Biodiversity maintenance is very important for fisheries since there are positive relationships between diversity and ecosystem functions and services, while biodiversity loss decreases the resiliency of species, communities, and ecosystems to respond to and recover from perturbations, impairing the ocean’s capacity to provide food. It is evident that the long-term sustainability of fisheries is dependent on the diversity that these fisheries are changing (Boehlert, 1996; Worm et al., 2006), and it is critical to design management strategies that will improve the ecological status. The need for ecosystem-based fishery management has been recognised over the years and the Ecosystem Approach to Fisheries (EAF) has been adopted and included in fisheries policy and governance worldwide (FAO, 2003) as well as more specifically in Europe under Common Fishery Policy (COM, 2008).

Under the framework of EAF, several theoretical studies have dealt with the impact of fisheries selectivity on communities, suggesting that moderate fishing mortality across a wide range of species and sizes may better conserve biodiversity (Garcia et al., 2012 and references therein). However, further studies, suggested that neither selective nor non-selective fishing can be proposed to be preferable for conserving biodiversity since community responses depend on fisheries selectivity, but also on the particular species composition and size structure of the community under study (Rochet et al., 2011; Rochet et al., 2013). Furthermore, Coll et al. (2008a), based on selectivity data and an Ecopath modelling approach, predicted positive changes for the top predators in the Catalan Sea (W. Mediterranean) due to enhanced trawl selectivity. Based on a similar approach, Saygu et al. (2020) found that the improvement in trawl codend selectivity by using the currently legislated mesh sizes for the EU Mediterranean countries, would have a positive impact on the ecosystem as a whole and on some stocks status in Mersin Bay (E. Mediterranean). Positive effects have also been predicted by the use of a bycatch reduction device (BRD) in Colombian waters (Criales-Hernandez et al., 2006).

It is recognized worldwide that the bottom trawl is a low-selective fishing gear with large fractions of bycatch, causing habitat and benthic community disturbance and altering the ecosystem structure and functioning (Coleman and Williams, 2002; Collie et al., 2013; de Juan et al., 2020 and references therein). To the best of our knowledge, no previous study, based on onboard selectivity directed research, has evaluated the changes that take place in the total fish assemblage, which after entering the trawl codend will end up initially as two fractions (escapees and retained catch) due to the trawl selectivity; and subsequently, two further fractions due to the fisher selection (landings and discards). In the past, Tsagarakis et al. (2008) compared the diversity and the trophic level between landings and discards, but this was in relation to the retained catch, and with a historical small codend mesh size.

To quantify the effects of fishing on biodiversity at the levels of population, fish assemblage, community or ecosystem, a plethora of indices have been proposed and used (Bianchi et al., 2000; Pauly et al., 2000; Rochet and Trenkel, 2003; Blanchard et al., 2004; Coll et al., 2008b; Rochet et al., 2011; de Juan and Demestre, 2012; Rochet and Benoît, 2012; Collie et al., 2013; Shannon et al., 2014; de Juan et al., 2020; Trindade-Santos et al., 2020). In this work, to detect the effects of trawl fishing (gear and fisher selection processes), various properties of the fish assemblage entering the trawl codend and the derived fractions (escapees, retained catch, landings and discards) were studied. The properties encompassed abundance, species richness, diversity indices (entropy, evenness and dominance) and species composition. Additional descriptors related to functional characteristics of the communities in terms of trophic level (Pauly et al., 1998; Pauly et al., 2000) and vulnerability (de Juan et al., 2020) were also studied. Different trawl codends relevant to current management strategies were also tested. The case study included important trawl fishing grounds in the South Aegean Sea (Eastern Mediterranean). The overall aim was to understand the effects on, and consequences for, biodiversity related to the interaction of trawling with the encountered fish assemblage and the consequent implications in the Mediterranean trawl fishery and relevant current policies.



Materials and methods


Data collection

Data were collected during an experimental fishing survey conducted in the fishing grounds of the South Aegean Sea (E. Mediterranean) (Figure 1) during May and June 2015. The survey focused initially on the study of the selectivity of the bottom trawl codend, however, data for the present work were also collected, using the two currently in-use codend meshes, 40 mm square mesh (40S) and 50 mm diamond mesh (50D) (REC.CM-GFCM/33/2009/2; Council Regulation (EC) No  1967/2006; Regulation (EU) 2019/1241). The historical 40 mm diamond mesh (40D) codend was also tested although this is prohibited in the EU Mediterranean countries, but similar or smaller diamond meshes are still in use in other Mediterranean countries (Ragheb et al., 2019; Saygu et al., 2020). A total of 60 hauls were carried out with the three different codends (20 alternating hauls per codend in the same locations). Each haul lasted 1 h, with trawling speed 2.8 knots. Trawl performance was checked with a SCANMAR trawl monitoring system. All the hauls were located in commercial fishing grounds, mainly targeting hake (Merluccius merluccius), red mullet (Mullus barbatus), stripped mullet (Mullus surmuletus), and rose shrimp (Parapenaeus longirostris). Fishing depth ranged between 50-310 m, a good representation of the depths for the South Aegean Sea commercial trawl fishery. A commercial trawler, equipped with a commercial gear set-up, was chartered. The actual size of the mesh used in each tested codend during the experimental fishing was: (i) 40S: 43.2 6 ± 0.6 mm (mean mesh size ± standard error), (ii) 50D: 51.1 ± 0.7 mm, and (iii) 40D: 43.2 ± 0.6 mm. The three knotless codends were similar in dimension (5.6 m in length in all cases) and in material (single twine multifilament nylon-polyamide (PA), 2.8 mm thickness), and in circumferential length at sea (almost 4.3 m in all cases). For the selectivity study purposes, the cover-codend method (Wileman et al., 1996) was applied, using a net of small mesh size (20 mm) around each codend to collect the escapees as designed by Sala et al. (2015) (for details see Mytilineou et al., 2018a).




Figure 1 | Map of the study area indicating the hauls of the experimental fishing.



Sampling was based on the three-fractions design including escapees, discards, and landings as described in Mytilineou et al. (2018a); Mytilineou et al. (2021a). In each fraction, all specimens were identified to the species level or the lowest possible taxonomic level (taxon namely as species hereafter), counted, and weighed. In cases of numerous individuals of a particular species, in any of the three fractions, a random subsample was used to calculate its total number. The three different codends were comparable as the alternating hauls approach was used (with the three codends used alternatively in each location), and with the same trawling duration at each sampling location.



Data analysis

All analyses were performed for five units of analysis: the total entering the trawl codend fish assemblage (T), escapees (E), retained catch (R), landings (L) and discards (D) of each tested codend. Based on the 3-fraction sampling scheme, landings (L) and discards (D) allowed the estimation of the retained catch (R= D+L), while the use of the cover provided the data for the escapees (E), and in sum the data for the total fish assemblage entering the codend (T= E+L+D). T was assumed to be a representative sample of the community in the sea, even if the mesh of the cover allowed very small individuals/organisms to escape. Although pelagic species are not generally representatively caught during bottom trawling, the pelagic species encountered were also included in the analysis since a part of their populations are affected by this practice (some of them escape or are caught in important quantities). In addition, since these species were incorporated in all the units of analysis of this study, we assumed that no particular bias was encountered in the analysis.

Various indicators targeting the assessment of fisheries effects on several components of the ecosystems can be found in the literature. Nevertheless, it is recognized that, the complex and multidimensional concept of biodiversity make the effectiveness and suitability of each index highly dependent on each particular case study (Daly et al., 2018). This study was based on the key diversity features for fish assemblages: abundance (N), species richness (S), entropy by means of Shannon-Wiener Index H (Shannon, 1948), evenness by means Pielou Index J (Pielou, 1966), dominance by means of the Simpson Dominance Index SDI (Simpson, 1949). The ratio of the abundance or species richness of each unit to the total assemblage entering each codend (T) (expressed as percentages: PN-T or PS-T) and the ratio of the abundance N and species richness S of the discarded or landed fractions to the retained catch (R) (expressed as percentages: PN-R or PS-R) were also examined. The indices and their formulas used to quantify these features are described in detail in Appendix A.

The interpretation of the indices mentioned above always requires looking in detail at species composition, which is another straightforward measure of a fish assemblage (Rochet and Trenkel, 2003). Because of the high number of species included in the units of analysis (Table S1 in the Supplementary Material), the results presented refer to those species with >2% contribution in abundance. This resulted in a total of 25 species from all the units of analysis, which represented >85% of the total assemblage entering each codend (T). These 25 species are shown in Table 1. Furthermore, although the contribution of all Elasmobranch species in the fish assemblage entering the codend as percentage of abundance was negligible, their exceptional vulnerability and the critical ecological status of many of them (Dulvy et al., 2021, Table S2 in the Supplementary Material) make their study of particular importance. As a result, the total Elasmobranch percentage in abundance in each unit of analysis was also reported. Similarly, the percentage in abundance of the non-commercial benthic species, including Porifera, Annelida, Echinodermata, Brachiura, Stomatopoda, Bivalvia and Gastropoda, known also for their high presence in the bycatch of trawl fishing and their vulnerability (de Juan et al., 2020), was also examined in each unit of analysis. The formulas for the percentages in abundance of each species Pi, the Elasmobrachs PElasm, and the benthic species Pbenth are also presented in Appendix A.


Table 1 | Name code, FAO code, and scientific name of the 25 most abundant taxa in the three tested codends.



Although the work focussed on the species diversity, a study of other properties of biodiversity and ecosystem status, related to more functional features of a community, was also undertaken. Many researchers have pointed to the importance of trophic interactions in communities and ecosystems as mediators in the complex responses of communities to biodiversity losses (Pauly et al., 2000; Worm and Duffy, 2003; de Juan et al., 2007; Coll et al., 2008b; Rochet et al., 2013; Shannon et al., 2014). Furthermore, mitigation of trawling effects on the ecosystem needs to be underpinned by detailed information on vulnerable species, and understanding vulnerability as the susceptibility of either an individual, species, population, community, habitat or ecosystem (de Juan et al., 2020). The present work uses the trophic level of each species as defined by Pauly et al. (1998); Pauly et al. (2000), and the vulnerability index of each species as defined by de Juan et al. (2020), to describe, respectively, the mean trophic level and the mean vulnerability index of the units of analysis of this study (T, E, R, L, D). The trophic level (TL) of many species is available in FishBase (Froese and Pauly, 2021) and SeaLifeBase (Palomares and Pauly, 2021), while the Vulnerability Index (VI) of many species is available in de Juan et al. (2020). Since these measures are not available for all the species-taxa identified in the present work, the analysis was based on the 25 most abundant species-taxa, defined by the analysis of species composition. The trophic level and vulnerability index values of each of the 25 species are shown in Table 1. In the case of absence of the TL or VI for a species (taxon), the value of a similar species (taxon) was used (e.g. VI for Dentex maroccanus as VI for Pagellus erythrinus). The formulas for the mean trophic level (TLm)and the mean vulnerability index (VIm) are also presented in Appendix A.



Estimating the uncertainty and difference Δ

To estimate the uncertainty (Efron percentile 95% confidence intervals; Efron, 1982) of the above-mentioned indices the method presented by Herrmann et al. (2022) was used (see Appendix A for details).

The difference Δ (Herrmann et al., 2022) was applied for pair-wise comparisons of each index, i) between the various units of analysis (T, E, R, D, L) of each codend, and ii) for the same unit of analysis between the tested codends (see Appendix A for details).




Results

From the 60 hauls conducted in this study using the three different trawl codends (40D, 40S, 50D) with cover, a dataset of 25032 specimens was collected, which included 300 taxa in total. These taxa comprised 253 identified Species, 200 Genera, 155 Families, 80 Orders, and 18 Classes that belonged to 10 Phyla. They included 103 Osteichthyes, 16 Elasmobranchii, 56 Crustacea, 27 Cephalopoda, 7 Ascidiacea, 25 Echinodermata, 10 Bivalvia, 15 Gastropoda, five Annelida, two other Invertebrata, nine Cnidaria, 20 Porifera, one Angiospermae, and five Algae. The taxa and their taxonomic classification are presented in the Supplementary Material (Table S1).


Indicators

The results for the various biodiversity features used in this work, described separately for the three tested codends (40D, 40S, 50D) and for the five units of analysis (T, E, R, L, D), are presented in detail below.


Abundance N

In each tested codend, the total abundance N of the fish assemblage entering the trawl codend (T) was always statistically significantly higher than the derived fractions (Figure 2A, Table 2), as a result of the gear and fisher selection processes. The lowest N was found for the discards (D). No statistically significant differences were identified for the T between the three tested gears in terms of abundance N (see Table S3 in the Supplementary Material).




Figure 2 | Abundance N (A), Species Richness S (B), Shannon-Wiener (C), Pielou (D) and Simpson Dominance (E) indices for the total assemblage entering the codend (T), escapees (E), retained catch (R), landings (L) and discards (D) for each tested codend (40D, 40S, 50D). The 95% CI are also shown with bars.




Table 2 | Significance of the difference Δ in Abundance, Richness, Shannon-Wiener, Pielou, and Simpson Dominance indices between the total assemblage entering the trawl codend (T), escapees (E), retained catch (R), landings (L), and discards (D) for each tested codend (40D, 40S, 50D).



The abundance N of the escapees (E) was significantly higher compared to that of the retained catch (R) only in the case of the 40S codend (Figure 2A, Table 2). The results for the percentage PN_T  of the escapees (E) revealed that more than 73% and 61% of the total assemblage (T) entering in the 40S and 50D codends, respectively, escaped; <43% for the 40D (Figure 3A). The percentage PN_T of the retained catch (R) in relation to the total assemblage (T) was ~27%, 38% and 58% in 40S, 50D and 40D, respectively (Figure 3A). The percentage of escapees (E) was statistically significantly higher than that of the retained catch (R) in both the 40S and 50D codends, with the 40S exhibiting a higher than 30% difference, while the 50D lower than 5% (see Table S4 in the Supplementary Material). Comparison between the three codends revealed statistically significant higher percentage PN_T for the escapees (E) in the 40S or 50D than the 40D, while no difference was found between the 40S and 50D codends; in contrast, higher PN_T of the retained catch (R) in the 40D (Table S3 in the Supplementary Material). Thus, depending on the codend used, a considerable part of the total assemblage entering can escape, with higher values for the 40S codend.




Figure 3 | Percentage in Abundance PN_T (A) and Species Richness PS_T (C) in relation to the total assemblage entering each codend (T), and percentage in abundance PN_R (B) and Species richness PS_R (D) in relation to the retained catch (R) for the escapees (E), retained catch (R), landings (L) and discards (D). 40D, 40S, 50D: tested codends; the 95% CI are also shown with bars.



The N of the landings (L) and discards (D) showed higher values for the former fraction in all the tested codends, but without significant differences (Figure 2A, Table 2). For the 40S, 50D and 40D, the percentage PN_T for the L and D was 17%, 20%, 32%, and 10%, 18%, 27%, respectively (Figure 3A). Significantly higher was the PN_T of the 40D than that of the 40S for both the discards and landings (Table S3 in the Supplementary Material). In relation to the retained catch, fisher almost consistently selected about 60% as landings, while they discarded 40% (Figure 3B). No significant difference was found in the percentage PN_R between the three codends for both the L and D (Table S3 in the Supplementary Material). However, in the case of the 40S, the discards showed significantly lower percentage (D: 37%) than the landings (L: 63%) (Figure 3A, Table S4 in the Supplementary Material).



Species richness S

In each tested codend, the species richness S of the total fish assemblage entering the codend (T) decreased significantly in all the derived fractions, with lower values in the escapees (E), and much lower in the landings (L) (Figure 2B, Table 2). The S of the total assemblage (T) ranged between 219 and 232 species depending on the codend; that of the escapees (E) between 138 - 150, the retained catch (R) between 182 - 193, the landings (L) between 48 - 56, and the discards (D) between 173 - 185 (Figure 2B). No statistically significant differences were identified for T between the three tested gears in terms of species richness S (Table S3 in the Supplementary Material).

The S of the escapees (E) was in all the cases significantly lower compared to that of the retained catch (R) and discards (D), whilst higher than that of the landings (L) (Figure 2B, Table 2). The percentage of S in relation to T (PS_T) in the escapees was estimated at 69%, 63% and 61% for the 40S, 50D and 40D codends, respectively (Figure 3C), with statistically significant higher percentage for the 40S compared to the 40D codend (Table S3 in the Supplementary Material). Thus, it seems that in general, the trawl codend let escape a low percentage of the number of species entering depending on the codend used, with higher value for the 40S than the 40D codend. The majority (84%) of the species of the fish assemblage entering the codend (T) was retained independently of the type of the codend (Figure 3B, Table S3 in Supplementary Material).

The landings (L) always showed the lowest S in all the codends (Figure 2B). From the total number of ~220 species entering each codend a very low number of them (~50) was finally exploited (Figure 2B). The S (and the percentages PS_T or PS_R) of the discards (D) was always higher than that of the landings (L) in all cases (Figures 2B, 3C, 3D; Table 2, and Table S4 in the Supplementary Material). In relation to the total number of species entering, the percentage PS_T for the number of species landed was ~23% and for the number of species discarded ~80% (Figure 3C). In relation to the retained catch, the percentage PS_R for the number of species landed and discarded ranged between 26-30% and 93–97%, respectively, depending on the codend used (Figure 3D). Thus, almost all species of the retained catch were included in the discards, and species richness was always higher in the discards than in the escapees and the landings; the latter including a very low number of species.



Shannon-Wiener index H

The estimated Shannon-Wiener Index H for the five units of analysis in each codend is presented in Figure 2C. The H values of the escapees E was lower than that of the total assemblage entering the codend T (but not significantly different in 40D) (Table 2). No significant differences in H were found between the retained catch R and the total assemblage entering T. The H value was significantly higher in the discards D than all other units (but no significantly different in 50D in T) (Table 2). The landings (L) always presented significantly lower H than all other units of analysis (Figure 2C, Table 2). No statistically significant differences were identified for the same unit of analysis between the three tested gears in terms of entropy H (Table S3 in the Supplementary Material). Thus, the escapees showed lower entropy than the total fish assemblage entering except in the 40D codend. The landings always exhibited the lowest entropy, while the discards almost always the highest compared to all other units of analysis.



Pielou index J

The estimated Pielou Index J values for the five units of analysis in each codend are presented in Figure 2D. There was no difference in J between the total assemblage entering T, the escapees E, and the retained catch R in each tested codend (Figure 2D, Table 2). This index was higher in the discards D than in other units (but not significantly different than the T and E in 50D). The landings L exhibited lower J values than the other units of analysis, but not always with statistically significant differences (Figure 2D, Table 2). For the same unit of analysis, no differences were identified between the three tested gears in terms of evenness J (Table S3 in the Supplementary Material). Thus, the escapees and the retained catch presented the same evenness with the total fish assemblage entering the trawl codend. Higher evenness was almost always exhibited for the discards and lowest for the landings in all tested gears.



Simpson dominance index SDI

The Simpson Dominance Index SDI for the five units of analysis in each codend is presented in Figure 2E. The SDI of the total entering assemblage T was always similar to that of the escapees E. The SDI was higher in the discards D than all other units of analysis (but no significantly different from T in the 50D). The landings L showed the lowest SDI (Figure 2E, Table 2), indicating higher dominance of some species. No statistically significant differences were identified for the same unit of analysis between the three tested gears in terms of dominance (Table S3 in the Supplementary Material). Thus, the escapees presented the same dominance values with the total fish assemblage entering the trawl codend in all cases. Higher dominance values were always apparent in the landings, while lower in the discards in almost all cases.



Species composition

The results for the 40D codend indicated that from the 232 species of the fish assemblage entering the codend (T), 25 species represented ≥90.0% in abundance, with the rose shrimp Parapenaeus longirostris (33.9%) and the silvery pout Gadiculus argenteus (13.1%) dominating the total assemblage (Figure 4). The 90.0% of the escapees (E) included 16 species, which showed that less species, and in different proportions, escaped from the 40D codend compared to what is entering. Although the same dominant species were found in the total assemblage entering T and the escapees E, these changed their contribution, with G. argenteus being the principal species (29.0%), followed by P. longirostris (19.8%) (Figure 4). The pairwise comparison of their percentages between the E and the T revealed very high differences, being positive for the former and negative for the latter species (~ ± 15.0%) (Table S5 in the Supplementary Material). The comparisons between the rest of the 25 studied species showed significant difference (>1.0%) for 10 of the species. These differences and those between the retained catch (R) and the total assemblage entering (T) showed that the small-sized species had a significantly lower percentage in the R, but higher in the E, compared to the T (Table S5). This indicated that they benefit in their escape probability because of their body traits (Table S5: e.g. Gobiidae, G. argenteus). Only six species of the landings (L) constituted ≥90.0% of the abundance of this fraction; the most dominant being P. longirostris (65.4%) followed by the picarel Spicara smaris, red mullet M. barbatus, hake M. merluccius, and the shortfin squid Illex coindetii (Figure 4). Finally, from the 185 species of the discards (D), 33 species represented ≥90.0% of their abundance, with P. longirostris showing the highest value (18.7%) (Figure 4). In the discards, 44.3% of the abundance corresponded to commercial species, but probably because of their small non-marketable size, these were discarded. This was obvious for hake, for which its percentage in the landings (L) was comparable to that in discards (D) (Table S5). Similar results were found for the shortfin squid (I. coindetii), while the blue whiting (M. poutassou) presented significantly higher percentage in the discards than in the landings (Table S5).




Figure 4 | Percentage in Abundance (Pi%) of the most abundant species for the total assemblage entering the trawl codend (T), escapees (E), retained catch (R), landings (L), and discards (D) for each tested codend (40D, 40S, 50D). The 95% CI are also shown with bars.



The analysis for the 40S codend showed that from the 218 species of the total fish assemblage entering the codend (T), 18 species represented ≥90.0% of the total abundance. G. argenteus (29.3%) and P. longirostris (23.6%) dominated the T (Figure 4). The 90% of the abundance of the escapees (E) included 14 species, with the same dominant species, but in different proportions (G. argenteus: 39.4%, P. longirostris: 15.7%) (Figure 4). The pairwise comparison of their percentages between the E and T revealed large differences, being positive for G. argenteus (~10.0%) and negative (~-8.0%) for P. longirostris (Table S5 in the Supplementary Material). From the 25 studied species only five species showed a substantial difference >1.0% (Table S5). The small-sized species entering in this codend also benefited in escapes (e.g. G. argenteus) as well as squat lobsters Munida spp. (Table S5). Only five species of the landings (L) of the 40S constituted ≥90.0% of the abundance of this fraction; the most dominant being P. longirostris followed by S. smaris, I. coindetii, M. barbatus, and M. merluccius as was in the case of the 40D, indicating a consistent fisher behaviour (Figure 4). Finally, from the 176 species of the discards (D), 33 species represented ≥90.0% of their abundance, with S. smaris presenting the highest value (11.7%), followed by P. longirostris (9.8%) (Figure 4). About 48.4% of the discards (D) corresponded to commercial species. Among them hake showed similar percentage in the discards (D) and landings (L) (Figure 4, Table S5). Finally, the two flatfish, Citharus linguatula and Arnoglossus thorii, presented significantly higher percentages in the discards (D) than in the escapees (E) in the case of the 40S codend (but no difference in the 40D, and lower in the 50D codend) (Table S5).

The results for the 50D codend showed that from the 218 species entering this codend, 25 species represented ≥90.0% of the total abundance, with again P. longirostris (22.6%) and G. argenteus (14.0%) dominating the whole assemblage (Figure 4). The 90.0% of the abundance of the escapees (E) included 19 species; G. argenteus being the most dominant followed by P. longirostris (Figure 4). The pairwise comparison between their percentages in the escapees (E) and the assemblage entering the codend (T) revealed positive difference for the former (6.0%) and negative for the latter species (~-4.0%) (Table S5 in the Supplementary Material). From the 25 studied species, eight showed significant differences >1.0%). In this codend, it was also obvious that the small body-sized species presented a higher percentage in the escapees (E) and a lower in the retained catch (R) compared to the fish assemblage entering (T) (Tale S5). Only seven species in the landings (L) constituted ≥90.0% of the abundance of this fraction; the most abundant being P. longirostris (47.9%), followed by S. smaris, I. coindetii, and M. merluccius (Figure 4). Finally, from the 173 species of the discards (D), 32 species represented ≥90% of the abundance of this fraction with higher percentage for Lepidotrigla cavillone (15.1%) (Figure 4). In the discards (D), 35.4% of the abundance corresponded to commercial species. Hake showed no difference between landings (L) and discards (D), but higher percentage in the discards than in the escapees (Table S5). In contrast, the two flatfish C. linguatula and A. thorii benefit in their probability to escape through this codend with a percentage higher in the escapees (E) than in the discards (D) (Table S5).

In all codends, among the five units of analysis, the percentage in abundance of all Elasmobranch species PElasm was negligible in the escapees (E) and highest in the discards (D) (Table 3, and Table S6 in the Supplementary Material). Similarly, the percentage of the benthic non-commercial species Pbenth presented the highest values in the discards (19.48-26.21% depending on the gear) (Table 3 and Table S6 in the Supplementary Material). It should be noted, that from the 13 species of Elasmobranchs in total only two were found in the escapees, and almost all were included in the discards; similarly, from the 95 non-commercial benthic species in total, the majority (74) were included in the discards. In general, from the whole number of species entering in each codend, the most small-body sized cephalopods, shrimps, polychaetes, and fish commonly escaped, while most of the Elasmobranchii, Asteroidea, Echinoidea, Ascidiacea, Crinoidea, Anthozoa and Porifera were commonly retained in the trawl codend (see Table S7 in the Supplementary Material).


Table 3 | Percentage in abundance (%) of Elasmobranchs (PElasm) and non-commercial benthic species (Pbenth) with their 95% confidence intervals (95% CI) in the fish assemblage entering the codend (T), escapees (E), retained catch (R), discards (D), and landings (L) in each of the tested codends (40D, 40S, 50D).



Comparisons among the three tested gears revealed a significantly lower escape probability for hake, the small-sized fish Serranus hepatus, and the small-sized shrimp Plesionika heterocarpus for the 40D codend (Table S8 of the Supplementary Material).



Trophic level and vulnerability index

The estimated mean Trophic Level TLm and mean Vulnerability Index VIm of each unit of analysis for the most abundant 25 species (taxa) are shown in Table 4. No statistically significant difference was detected for the TLm between the fish assemblage entering the codend (T) and the escapees (E) for each tested codend, although this was lower in the E for the 40D and 40S codends; similarly, no significant differences were identified between T and the retained catch (R) and between E and R (Table S9 in the Supplementary Material). In most of the cases, the TLm of the landings (L) was significantly higher than that of all other fractions indicating the higher proportion of organisms of higher trophic level in this fraction (e.g. P. longirostris, I. coindetii, M. merluccius, M. barbatus, etc.). In most of cases, the discards (D) showed a significantly lower TLm than all other fractions (Table 4), indicating the higher contribution of organisms of lower trophic level in this fraction (e.g. Munida spp., Centrostephanus longispinus etc.).


Table 4 | Mean Trophic level and mean Vulnerability Index (Efron percentile 95% confidence intervals in parenthesis) of the total fish assemblage entering the codend (T), escapees (E), retained catch (R), discards (D), and landings (L) for the most abundant 25 taxa* of the total assemblage entering each of the tested codends (40D, 40S, 50D).



The VIm (Table 4) was always lower in the escapees (E) and higher in the retained catch (R), and particularly in the discards (D), which indicated that the most vulnerable taxa were retained and discarded. However, it seems that there were no statistically significant differences among the units of analysis of the 40D codend, while in the case of the 40S and 50D codends the VIm in the escapees E was lower than in the total assemblage entering T; higher in R than T (Table S9 in the Supplementary Material). This indicated the escape of less vulnerable species through these two codends, probably related to the higher escape of small-sized species and individuals (e.g. G. argenteus, S. hepatus).

No statistically significant differences were detected for the same unit of analysis between the three codends, although the TLm of the escapees (E) was lower in the 40D codend and that of the discards (D) was lower in the 40S codend (Table 4). Similarly, no significant differences were found in the VIm between the three codends. Some differences observed seemed to be related more to the fish assemblage entering each gear than to differences between the codends.





Discussion

In this work, various indicators were investigated to identify the ecological footprint related to trawl fishing. Combined information on the abundance, species richness, entropy, evenness, dominance, species composition, trophic level and vulnerability was used to detect, for the first time, the sequential effects of gear and fisher selection practices on diversity: from the total fish assemblage entering the trawl codend, to the escaped, retained, discarded and landed fractions. The diversity features were quantified based on a case study conducted in the Mediterranean Sea, and using different meshes in the trawl codend.

The results of this work clearly showed the high multispecies feature of the Mediterranean bottom trawl fishery. However, from the large number of species entering (>200) and retained (~180, >80% of the species entering) in the trawl codend, only a small fraction (~50,<30% of species entering) was selected by the fisher as landings. With a constant fisher pattern, almost all of the retained species were represented in the discards, and so, species richness was always higher in this fraction than in the escapees and the landings. In terms of abundance, fishers selected as landings about 60% of the retained catch, which corresponded to a small part of the entering assemblage (17-32% depending on the gear). These results lead to questions about the effectiveness of the trawl in the Mediterranean ecosystem as only a few of the large number of species and individuals entering the trawl codend are utilizable and marketable and even if a large part escape, particularly with 40S, survival is unknown.

Comparison between the three tested codends showed that the 40S presented the highest percentage of escapees, but not statistically different from that of the 50D codend. The 40S retained significantly less discards and less landings (10% and 17%, respectively) than the 40D (27% and 32%, respectively) in relation to what is entering in each codend. It is suggested that the 40D higher percentage in landings was related to the higher retained part of the low economic value picarel (as also shown by the findings of Ordines et al., 2006, and those of Mytilineou et al., 2021a), and to illegal undersized individuals of species such as hake included in the landings (as also shown by Mytilineou et al., 2018a; Mytilineou et al., 2020). It should also be noted that the difference between the proportion of the landings and discards in the retained catch (an indication of the discard ratio) was in favour of the landings (1:0.6) only in the 40S codend, whereas no difference was detected for both diamond mesh codends (1:0.9). Thus, it seems that the 40S codend produced a retained catch with less discards and more legal landings, as has also been shown for some species in the published literature (e.g. Mytilineou et al., 2018a, Mytilineou et al., 2021a; Mytilineou et al., 2021b), and which is more in line with the current regulations on discard mitigation (Regulation (EU) No  1380/2013), and the legislated minimum reference conservation sizes of some species (Regulation (EU)  2019/1241).

With respect to the diversity indices, the escape and the retained by the trawl codend fractions seemed to be quite similar in diversity to the total assemblage entering. Therefore, in general, trawl fishing did not seem to release a statistically significantly less diverse fraction compared to what was entering the codend. However, the always lower values of all the diversity indices of the escapees in all codends may indicate a gradual and long-term effect on the total entering assemblage, not easy to presently detect. To test this, it would be necessary to know the diversity from when the fishing grounds were in a pristine condition in the past or to compare with the diversity over a long-term period using the same methodology as this study. Tsagarakis et al. (2008), investigating data from a 10-year period, found a decreasing trend in the species richness and other diversity indices for the discarded fraction, but not for the whole retained catch, which may be explained by the shortness of the time-period. In the present study, it was also surprising that the Shannon-Wiener index in the escapees of the 40S and 50D, the two more selective codends (Mytilineou et al., 2018a; Mytilineou et al., 2021a; Mytilineou et al., 2021b), presented significantly lower values than the total assemblage entering, which was not the case for the less selective 40D codend. This could be explained by the fact that more individuals of some species can escape through the 40S and 50D codends, which may reduce their entropy. However, we would also expect in this case a decrease in evenness and an increase in dominance that was not evident from the results. It seems that no very clear conclusions can be drawn based on the diversity indices, and this confirms the comments of Rochet and Trenkel (2003) that diversity indices are not such adequate indicators to assess the effects of fishing on communities.

Besides the above-mentioned inconclusive findings, the results of the diversity indices for the landings and the discards were very clear. In all the cases, landings showed the lowest diversity compared to all other units of analysis, and discards the highest (except in some cases of the 50D codend), even significantly higher than the total assemblage entering. This is in accordance with the findings of Tsagarakis et al. (2008), using a diamond 28 mm mesh. It is evident that the fraction of the fish assemblage with the highest diversity is being discarded. Taking also into account that the discards have a very low survival rate, even if thrown back to the sea (Tsagarakis et al., 2018), it is clear that the part with the highest diversity is damaged without being used for any marketable reason. Managers and fishing technology engineers should therefore critically consider the processing of this highly diverse fraction, if biodiversity conservation in the Mediterranean is a target under the EAF. It should also be noted that among the diversity indices of the three codends, no statistically significant differences were identified for the same unit of analysis. Thus, another inference was that the change of the codend mesh size from the less selective 40D to the more selective 40S or 50D did not improve the diversity of the escaping fraction. It is suggested that in the future, investigation should not focus on just increasing the codend mesh size but more on gear modifications that support the escape or avoid catching the discarded fraction.

The results for the species composition showed a considerable change between the total assemblage entering the codend and that of the escapees for several species. Most small-body sized organisms (G. argenteus, Gobiidae, shrimps, polychaetes) escaped, while most large-sized organisms or organisms with specific characteristics (Elasmobranchii, Echinodermata, Anthozoa, Porifera) were retained in the trawl codend. This indicated that small-sized species benefit against the large-sized species. Furthermore, it is already known that trawl fishing retains the largest individuals of the species entering the codend as a result of the size-selection of this gear (Wileman et al., 1996), which has also been shown in the area by several selectivity studies of Mytilineou et al. (2018a); Mytilineou et al. (2021a); Mytilineou et al. (2021b). This constant escape of small-sized species and small-sized individuals of some larger species, along with the simultaneous removal of the large-sized species and individuals, which are potential predators of the small-sized ones, firstly may support the dominance of the latter, changing community species composition and functionality, and secondly, may produce increased food requirements for them, which, if not available, may result in a ecological cascade (Coll et al., 2008b). These processes may affect biodiversity at the genetic, species or ecosystem level (Boehlert, 1996). More pronounced changes (> ± 1%) in the species composition from the total assemblage entering the codend to that of the escapees were detected in the case of the 40D; less in the 50D and even less in the 40S codends.

The estimated mean trophic level did not show statistically significant differences between escapees, retained catch and total fish assemblage entering the codend, as was also found for the diversity indices. It should be noted that the trophic level used in this study was unique for each species, but not available for different size groups for the studied species in this work. It is therefore expected that the trophic level of escapees maybe overestimated. In contrast, landings always exhibited the highest values, indicating that they consisted mostly of high trophic level species. This is in line with the findings of Tsagarakis et al. (2008).

The study of the vulnerability index indicated the lowest values for the escapees and the highest for the discards, with statistically significant differences mainly detected in some units of analysis of the 40S and 50D codends. It is important to note here, that the Elasmobrach species caught in the present study (known for their vulnerability; Dulvy et al., 2021) indicated almost zero escape, which was also shown by the findings of Mytilineou et al. (2018b). Their highest percentage was found in the discards. Similarly, the non-commercial benthic species (including various vulnerable species; de Juan et al., 2020), also showed the highest percentage in the discards. Thus, although the vulnerable species, and particularly some of them (such as the Elasmobranchs Mustelus mustelus, Oxynotus centrina, Raja radula, the gastropod Tonna galea, and the echinoid Centrostephanus longispinus) need protection, these are removed and eliminated from the community. This requires an urgent action, since this effect is currently very pronounced.

The present study had the advantage of identifying and enumerating all organisms caught under conditions very close to those of the commercial fishing, resulting in a great number of identified taxa for each unit of analysis. Some weaknesses in our approach can be related to the one-hour hauls, single vessel, and single sampling period with a lack of time-series data. However, our results were in line with those derived from observations on commercial fishing vessels (Damalas and Vasilopoulou, 2013; Tsagarakis et al., 2017; Damalas et al., 2018).

In summary, by using various indicators, this work tried to gather several estimates to support general patterns and more holistic approaches on the effects of trawling on the fish assemblage entering the trawl codend. The following inferences can be concluded:

Trawl fishing in the Mediterranean does allow escapes through the codend that have been shown always to be lower in abundance, species richness, and vulnerability index, similar in diversity indices and trophic level, and different in species composition compared to the total fish assemblage entering the codend, all of which have implications on the local biodiversity. Fishers select a landing fraction that was always the lowest in species richness and diversity indices and the highest in trophic level, whilst discarding a fraction that was always the highest in diversity and vulnerability index, and the lowest in trophic level. The results suggested an urgent need for trawl modifications for the mitigation of the catch of highly vulnerable species. The comparison of the three codends did not reveal significant differences. However, the 40S codend showed a significantly higher percentage in the number of escaping species and individuals, and less differences in species composition compared to the total assemblage entering the codend. It also exhibited a lower percentage in abundance of discards. It has been found that this codend can only ensure the sustainability of some species (Mytilineou et al., 2018a; Mytilineou et al., 2021a; Mytilineou et al., 2021b), but if the whole fish assemblage is considered (this study), no improvement in diversity is expected in its use. It seems that modifications should focus principally on the release or avoidance of the discards. Attempts in this direction have been made by some researchers focusing on the escape of sea turtles or Elasmobranchs (Sala et al., 2011; Brčic´ et al., 2015; Fakioğlu et al., 2018; Lucchetti et al., 2019), but more studies are needed to verify their suitability and applicability and the mitigation of the impacts on the total fish assemblage. Other management measures may also be suggested (e.g. protection of VMEs) including stakeholders involvement and participation in management (Santiago et al., 2015). Historical data to establish reference points or at least future studies to allow comparisons to be made are also important. Size spectrum and biomass data could also help the outcome of conclusions. Finally, the effectiveness of this fishing gear in the Mediterranean environment is under question. These are all issues for further investigation since size-selectivity improvements, a mainstream feature in research and policy to date, seem insufficient to fully support biodiversity conservation.
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Appendix A

This section provides a description of the different indices used for the study of the biodiversity in each unit of analysis. All these analyses were implemented using the software tool SELNET (Herrmann et al., 2012; Herrmann et al., 2013; Herrmann et al., 2022).


Abundance N

In this study, let Q denote the total number of species considered in each haul. For each haul j, the abundance of all species i is:



where Nij is the abundance of the species i in the haul j.

For each haul, the fishing duration was 1 hour, thus, the abundance index corresponded to the abundance per fishing hour (named abundance in the text). Let Z be the total number of hauls. The total abundance N summed for all the hauls is estimated as follows:





Species richness S

Species richness is the number of species that are present in each unit of analysis, which is the most straightforward component of diversity, being a simple enumeration of the different entities present in a community (Daly et al., 2018). This definition is underlined by the assumption that for the classification into classes, each class (species or taxon in our case) is equally distinct. In our study, in some cases, we combined taxa of similar characteristics, which could not be easily identified onboard the survey, into a major group (such as Plesionika spp., Munida spp., Gobiidae, Cidaridae etc.), considered in the analyses as distinct taxa (namely species) (see Table S1 in the Supplementary Material for the list of the identified organisms).



Entropy-Shannon-Wiener index H

The index H (Shannon, 1948) is a measure of entropy or disorder, meaning uncertainty in the outcome of a sampling process in the unit of analysis (Daly et al., 2018). The index equals zero in the case of only one species, but generally varies between 1.3 and 3.5 (Kanieski et al., 2017) with higher value indicating higher entropy and therefore higher diversity. In a unit of analysis of our study, for each haul j, the Hj was estimated as follows:



[for Nij and Nj see the above-mentioned formula (1)].



Evenness-Pielou index J

The index J (Pielou, 1966) is a measure of the evenness, equity or uniformity of the unit of analysis, and shows how the number of individuals is distributed among the species (Kanieski et al., 2017); when 1, this indicates that all species are equally abundant. It is based on the Shannon-Wiener index, and in a unit of analysis of our study, for each haul j, the Jj was estimated as follows:



where Sj the richness of the haul j; for Hj: see the above-mentioned formula (3).



Dominance-Simpson Dominance Index SDI

The index  SDI (Simpson, 1949) is a measure of the dominance of some species within the unit of analysis, since its formulation gives more weight to common species than to rare ones, as it is the reciprocal of Simpson’s original index (i.e. 1/Simpson index) (Daly et al., 2018). Higher values of SDI imply lower dominance among the species (the opposite of what is indicating the original Simpson index), and thus higher diversity. In a unit of analysis of our study, for each haul j, the SDIj was estimated as follows:



[for Nij and Nj see the above-mentioned formula (1)].



Species composition

The study of the species composition of each unit of analysis was based on the percentage in abundance of each species Pi in all the hauls j of the group Z of each unit of interest.



where Nij is the abundance of the species i in the haul j, and N is the abundance of all species in the group Z of hauls j [see the above-mentioned formula (2)].

The total Elasmobranch percentage in abundance PElasm in each unit of analysis was also reported as follows:



where Nij is the abundance of all the Elasmobranch species i of a group of Elasmobranchs (i ∈ [K1,…, K2]) in a haul j, and Z a group of hauls j in the unit of analysis.

The percentage in abundance of the non-commercial benthic species Pbenth, including Porifera, Annelida, Echinodermata, Brachiura, Stomatopoda, Bivalvia and Gastropoda, was also reported as follows:



where Nij is the abundance of all the non-commercial benthic species i of a group of non-commercial benthic species (i ∈ [F1,…, F2]) in a haul j, and Z is the group of hauls j in the unit of analysis.



Trophic level and vulnerability index

In each unit of analysis, the mean value of the Trophic Level TLm and Vulnerability Index VIm was based on the weighted contribution of each one of the 25 species examined i.e. the relative abundance Pi of each one of them, and the total abundance of these 25 species in each unit of analysis as follows:





where TLi is the trophic level of the species i, VIi is the vulnerability index of the species i, Pi is the percentage in abundance of the species i in each unit of analysis, and i ∈ [G1,…, G2].



Estimating uncertainty

To estimate the uncertainty of each index according to the method presented by Herrmann et al. (2022), in each haul, the uncertainty of the finite number Nj [see equation (1)] was estimated by using a resampling method with replacement (Chernick, 2008) and by performing 1000 resamplings, which gave a population of 1000 values for each indicator. These values can be used to estimate the Efron percentile 95% confidence intervals (Efron, 1982) for each indicator for each haul j.

To estimate the uncertainty of an index for a group of hauls, accounting for between and within haul variation, an “outer” (among the hauls) resampling method with replacement was applied that resamples Z΄ new hauls over the Z hauls initially considered. For each haul selected, an “inner” resampling was conducted accounting for the finite Nj of the specific haul as described above. This nested resampling technique (bootstrapping technique) was applied 1000 times, leading to 1000 sets of data that gave the estimates of the indicators and their Efron 95% percentile confidence intervals (CI) for the group of Z hauls.

The same nested bootstrapping technique was used for the estimation of the uncertainty of the diversity indices S, H, J and SDI as well that of the percentages Pi, PElasm, Pbenth and the estimates of the TLm or VIm of the formulas (3) – (10).



Estimating the difference Δ

For the pair-wise comparison of an index O, the difference Δ for an index between two units x and y was estimated as presented by Herrmann et al. (2022):

	

The 95% confidence intervals for Δ were predicted based on the uncertainties of Ox and Oy, estimated as described above by applying the nested bootstrap method. Since these uncertainties were obtained independently for each index, a new bootstrap population of results for each Δ was created with 1000 repetitions, as described by several researchers (Larsen et al., 2018; Melli et al., 2018; Herrmann et al., 2019; Mytilineou et al., 2020; Mytilineou et al., 2021a; Mytilineou et al., 2021b; Santos, 2021), to obtain the Efron percentile 95% CI for the difference Δ. If the value 0.0 is not included within the predicted 95% CI of the difference Δ, then the difference Δ is statistically significant.
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Small-scale fisheries are economically and culturally important throughout the world’s coastal waters. These fisheries, however, often have high bycatch rates of protected marine species. Bycatch in small scale gillnet fisheries is thought to be a major driver behind the declines of several sea turtle populations. Recent studies addressing this issue have identified net illumination as a potentially effective bycatch reduction technology (BRT) to reduce sea turtle interactions with gillnet fisheries. In Southeast Asia, small-scale gillnet fisheries make up a large components of fishing effort often in areas that overlap with important sea turtle habitat. We conducted controlled experiments of net illumination as a potential BRT to reduce sea turtle bycatch in a coastal gillnet fishery based in Paloh, West Kalimantan, Indonesia. Results indicated that net illumination significantly reduced multi-species sea turtle bycatch by 61.4% and specifically green sea turtles (Chelonia mydas) by 59.5%, while the CPUE of total catch and target species remained similar. Moreover, this study suggests that Indonesian fishers can increase their overall market value when using net illumination as the market value per unit effort (MVPUE) of both the total catch and target catch showed significant increases. These results suggest that net illumination could be an effective sea turtle conservation tool for small-scale coastal gillnet fisheries in Indonesia and potentially throughout Southeast Asia. In addition, data from the control treatments of this study also provided the first observer based sea turtle bycatch estimate for a small-scale gillnet fishery in Southeast Asia. Challenges to the broad scale implementation of net illumination to reduce this bycatch of sea turtles include the cost, availability of the technology, socialization of the BRT to fishers, and government interest and support for net illumination as a tool for bycatch reduction.
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Introduction

Small-scale fisheries (SSFs) are found throughout the world’s coastal communities and make up the largest segment of the global fishing fleet (Rousseau et al., 2019). These fisheries contribute to a significant portion of the world’s catch while providing critical employment, income, and food security to large segments of fishers and their communities (Teh and Sumaila, 2013; Béné et al., 2016; Teh and Pauly, 2018; Watson and Tidd, 2018). SSFs are often diverse, decentralized, and highly dynamic, all of which makes them inherently challenging to manage (Chuenpagdee et al., 2003; Finkbeiner, 2015; Smith and Basuro, 2019). These fisheries are often characterized by vessels lacking in significant mechanization and technology, such as net reels or winches, GPS, depth gauges, or fish finders. They are, however, associated with large numbers of individual vessels that cumulatively contribute to sizeable fishing effort in productive coastal waters (Chuenpagdee et al., 2003; Alfaro-Shigueto et al., 2010; Alfaro-Shigueto et al., 2011; Rahmantya et al., 2015; Halim et al., 2019). As such, SSFs can be a significant source of incidental catch, or bycatch, of many marine taxa which may contribute to the declines of sea turtle, cetacean, elasmobranch, and seabird populations (Soykan et al., 2008; Mangel et al., 2010; Anderson et al., 2011; Žydelis et al., 2013; Lewison et al., 2014). In particular, studies indicate that small-scale coastal gillnet fisheries are a major threat to certain sea turtle populations (Peckham et al., 2007; Wallace et al., 2010; Alfaro-Shigueto et al., 2011; Wallace et al., 2013; Senko et al., 2014b).

In Indonesia, small-scale fisheries are characterized by fishing vessels that operate either without engines, utilize outboard engines, or have less than 10 gross tonnage (GT) in capacity (Rahmantya et al., 2015; CEA, 2018; Halim et al., 2019). This segment of Indonesia’s fisheries makes up the largest proportion of the nation’s fishing fleet and is estimated at over 550,000 vessels operating in near-shore, coastal waters (Rahmantya et al., 2015; CEA, 2018). While the fishing gear varies and changes throughout the year, gillnets are often a common gear type in these coastal fisheries (Rahmantya et al., 2015).

There are six sea turtle species in Indonesia’s coastal waters - green (Chelonia mydas), hawksbill (Eretmochelys imbricate), olive ridley (Lepidochelys olivacea), leatherback (Dermochelys coriacea), loggerhead (Carreta carreta), and flatback (Natator depressa) (Dermawan et al., 2009; Dermawan et al., 2015b). Sea turtles in this region use coastal waters and beaches as important foraging areas, migratory routes, and rookery sites (Dermawan et al., 2015b). Despite being protected by Indonesian Law since 1999, several sea turtle populations show declines due in part to the degradation of nesting beaches, illegal harvesting of eggs and individuals, and bycatch in fisheries (NMFS, 2013; Tapilatu et al., 2013; Casale and Matsuzawa, 2015; Seminoff, 2015; Dermawan et al., 2015a; NMFS, 2016; Senko et al., 2022a). Bycatch poses a serious risk in Indonesian coastal waters because substantial fishing effort from small-scale fisheries overlap with sea turtle habitats (Dermawan et al., 2015a; Gautama et al., 2018). As such, reducing sea turtle bycatch in these fisheries is as a key priority in Indonesia’s National Action Plan for the Conservation of Sea Turtles (Dermawan et al., 2015b).

Bycatch reduction technologies (BRTs) have been developed and successfully implemented to mitigate sea turtle interactions for several fishing gear types. These include the use of circle hooks in longline fisheries (Watson et al., 2005; Swimmer et al., 2017) and turtle excluder devices (TEDs) in shrimp trawl fisheries (Jenkins, 2012). Potential gear-based solutions for reducing bycatch in gillnet fisheries include buoyless nets, low profile nets, tie-downs, and the use of mid water nets (Gilman et al., 2010; Peckham et al., 2016).

One strategy for developing BRTs in gillnet fisheries is to utilize the sensory capacities (e.g., auditory, chemosensory, electro-sensory, or visual physiology) of bycatch species as a foundation for solutions (Southwood et al., 2008; Dawson et al., 2013; Jordan et al., 2013; Schakner and Blumstein, 2013; Martin and Crawford, 2015). Recently, studies have used LEDs (light emitting diodes) with wavelengths that are in the sensitivity range of sea turtle vision to illuminate gillnets fished at night to create a visual cue. These illuminated nets have been shown to decrease sea turtle bycatch while maintaining target catch rates (Wang et al., 2010; Wang et al., 2013; Ortiz et al., 2016; Virgili et al., 2018; Kakai, 2019; Bielli et al., 2020; Darquea et al., 2020; Allman et al., 2020). Subsequently, net illumination has also been shown to reduce seabird (Mangel et al., 2018), small cetacean bycatch (Bielli et al., 2020), and total discarded biomass (Senko et al., 2022b). The use of net illumination as a BRT, however, has not been tested in Indonesia nor in any Southeast Asian coastal gillnet fishery.

The goal of this study is to examine the efficacy of net illumination with green LED lights as a potential sea turtle BRT in an Indonesian gillnet fishery off the coast of western Kalimantan. The fishery is a surface driftnet fishery that occurs immediately offshore adjacent to a sea turtle nesting beach and in important foraging grounds for several species of sea turtles (Dermawan et al., 2015a). A secondary objective is to quantify sea turtle bycatch rates, with onboard observers, in a region where there is a lack of sea turtle bycatch data (Wallace et al., 2010; Wallace et al., 2013). Taken together, this study provides a unique opportunity to test an emerging BRT and assess sea turtle bycatch in Southeast Asia, a suspected global bycatch hotspot region where both assessments and bycatch solutions are conspicuously lacking (Wallace et al., 2010; Wallace et al., 2013; Lewison et al., 2014).



Materials and methods

Fishery observations and experimental trials with net illumination were conducted along the Northwest coast of Paloh, Sambas District, West Kalimantan (Figure 1). Trials utilized standard fishing operations and were part of regular fishing trips from vessels departing the port of Liku, Paloh District, West Kalimantan from April 2014 to June 2017. These fishing boats were wooden vessels of approximately 5 to 7 GT with lengths of 12 - 15 m. The nets used in this fishery were surface drift gillnets made of polyethylene ropes and composed of monofilament net panels that had mesh with a stretched diagonal of 203 mm (8 inches). When deployed, each net panel was 8 m high and 23 m long. Small poly-vinyl chloride (PVC) floats were incorporated in the float line while lead weights were tied into the (bottom) lead line. The number of net panels set each night varied slightly for each gillnet with the total net length ranging from 1.17 km to 1.38 km. Following the standard practice of this fishery, nets were deployed during late afternoon, soaked overnight, and retrieved by hand during early morning (Damora et al., 2018).




Figure 1 | Location of gillnet sets in Paloh waters, West Kalimantan, Indonesia. Control nets are shaded in orange and experimental, illuminated nets are shaded green. The level of catch is shown by the size of the circles. (A) Location and quantity of sea turtle bycatch for each net set. (B) Location and quantity of marketable catch for each set.



Onboard observers were trained to identify, handle, and collect data on target species, commercially valuable non-target species retained for sale, and bycatch species. Observers collected operational fishing data, gear characteristics, information on each net set (e.g. vessel size, location, time of setting and hauling, net length), and catch information). The primary target species in this fishery included the pomfret species Pampus chinensis, Pampus argenteus, and Parastromateus niger (Damora et al., 2018). The fishery also captured several commercially valuable non-target species, which included Lutjanus griseus, Caranx sexfasciatus, Arius thalassinus, Chinocentrus dorab, Myliobatis tobijei, Himantura gerrardi Gymnura poecilura, Eletheronema tetradactylum, Chorinemus tala, and Scomberomorus commersonii, that were retained and sold (Damora et al., 2018). When possible, observers followed the catch to the fish buyers and noted the market value of the total catch, the target catch, and the commercially valuable, non-target catch. For sea turtles, the species was recorded and the curved carapace length (CCL) was measured. Turtles caught alive were released according to technical guidelines issued by Indonesia’s Ministry of Marine Affairs and Fisheries (MMAF, 2015) (Dermawan et al., 2009; Dermawan et al., 2015a) and the National Oceanic and Atmospheric Administration (NOAA) (Epperly et al., 2004).

To determine the effects of net illumination on sea turtle bycatch and target catch, we used a paired experimental approach in which control nets were traditional nets using standard fishing practices, while experimental nets were equipped with green spectrum LEDs fishing lights (Centro Power Light, Model CM-1) that produced constant illumination (i.e. these were not the flashing LED lights). The experimental nets were fished identical to control nets (Wang et al., 2010; Wang et al., 2013; Ortiz et al., 2016; Mangel et al., 2018; Bielli et al., 2020; Senko et al., 2022b). Lights had a peak wavelength of 500 nm and were placed every 10-m on the floatline of the experimental net. During paired experimental trials, both a control and an experimental net were deployed on the same night and in the same area (i.e. within 1 km to 2 km of each other) as in other comparable study designs (Wang et al., 2010; Wang et al., 2013; Ortiz et al., 2016; Mangel et al., 2018; Bielli et al., 2020; Senko et al., 2020).

For each net, the catch-per-unit-effort (CPUE) for all the target fish species, all the commercially valuable, retained non-targeted species, and all sea turtles were calculated as the number of individuals captured/([net length/1 km] X [net soak time/12 h]) (Wang et al., 2013). In addition, when market data was available, we calculated the market value-per-unit-effort (MVPUE) in Indonesian rupiah (IDR) for each net as the market value of the catch/([net length/1 km] X [net soak time/12 h]). We used the Wilcoxon matched-pairs signed-rank test paired by net to determine the p-value for the difference in CPUE for each catch type between control and experimental nets (Wang et al., 2010; Mangel et al., 2018; Senko et al., 2022a). All analyses were performed with GraphPad Prism (ver 8.3.0).



Results


Fishing effort

A total of 70 pairs of control and illuminated nets were deployed during the trials (Figure 1). The overall fishing effort for the control treatment was 86.8 (km X 12 h) while the total illuminated net treatment effort was 84.5 (km X 12 h) (Table 1). Control nets averaged (mean ± SE) 12.4 ± 0.5 h of soak time and illuminated nets averaged 12.1 ± 0.4 h, while net length for both control and illuminated nets was a mean of 1.20 ± 0.01 km (Table 1). The mean fishing effort for control nets was 1.24 ± 0.05 (km X 12 h) and 1.21 ± 0.04 (km X 12h) for illuminated nets (Table 1).


Table 1 | Summary of fishing effort by net type (control = nets without LED illumination, Illuminated = nets with LED illumination) for paired gillnets.





Effects of net illumination on fish catch and value

Control nets captured a total of 2,176 individual finfish and elasmobranchs, of which 1,124 (51.6% of the total catch) were bycatch that were either discarded at sea, consumed by the crew, or utilized as bait for other fisheries. The total marketable catch consisted of 1,052 fish (48.3% of the total catch) with 507 individuals as the primary target species and 545 as commercially valuable retained non-targeted catch (Table 2). Experimental nets had a catch of 2,368 of which 1,286 (53% of the total catch) was bycatch (Table 2). The marketable catch was 1,100 (46.5% of the total individual pieces) of which 611 were primary target species and 489 were commercially valuable non-targeted species (Table 2).


Table 2 | The amount of total catch, bycatch, total marketable catch, target catch (Parastromateus niger, Pampus argenteus, and Pampus chinensis), marketable non-target catch, and sea turtle bycatch for the paired control and illuminated net treatments.



Comparisons between the CPUE in control nets and illuminated net for total marketable catch, target catch, and non-target catch with the Wilcoxon matched-pairs signed-rank test detected no significant differences (Table 3; Figure 2). While not statistically significant, illuminated nets had increases in total catch by 9.3% and target CPUE by 17.1% (Table 3). When possible, observers followed the catch to the fish buyers. Market data for the target catch was collected for 67 paired sets, while market data of the non-target catch was recorded for 48 paired sets. For only 45 net pairs, the market data for both target and non-target catch was obtained. Analysis with the Wilcoxon matched-pairs signed-rank test showed that there was a significant (p-value = 0.023, Table 4) increase of 20.2% in the MVPUE of the total catch and a significant (p-value = 0.013, Table 4) increase of 15.0% in the target catch MVPUE when illuminated nets were used (Figure 2).


Table 3 | Comparisons between the mean CPUE for control and illuminated nets for the total marketable catch, the target catch (Parastromateus niger, Pampus argenteus, and Pampus chinensis), the marketable non-target catch, and the total sea turtle bycatch.






Figure 2 | Comparison of total sea turtle mean CPUE [catch per unit effort = number caught/(1km of net X 12 hrs soak time)], mean target catch (Parastromateus niger, Pampus argenteus, and Pampus chinensis), and mean MVPUE (market value per unit effort) of the total catch between control nets and illuminated nets. Error bars are standard error (SE), NS, not significant, ** indicates p < 0.01, * indicates p < 0.05).




Table 4 | Comparison of the mean market value per unit effort (MVPUE, value in thousands (K) of Indonesian rupiah, SE=standard error) between control and illuminated net treatment for the total market value of the catch, the target catch (Parastromateus niger, Pampus argenteus, and Pampus chinensis), and commercially valuable retained non-target catch.





Effects of net illumination on sea turtle bycatch

A total of 33 sea turtles were caught in the 70 paired net trials, with 24 turtles caught in the control nets and 9 in the experimental nets (Figure 1B, Table 2). Most sea turtles caught were green turtles, with 14 in control nets and 6 in illuminated nets. Eight olive ridley turtles were caught, with 7 in control nets and one in an illuminated net. Five hawksbill turtles were also caught, with 3 in control nets and 2 in illuminated nets. Sea turtles caught in these trials were all released alive. Of the 33 sea turtles captured, only 13 had CCL measurements (9 green, 1 hawksbill, 3 olive ridley sea turtles). For the CCL measurements taken from green turtles, 8 were from control nets and one was from illuminated nets. The mean CCL for the 9 green turtles caught from both net treatments was 47.1 cm ± 1.9 SE. For hawksbill turtles, the CCL measurement from the one turtle from the control net was 42.0 cm. For olive ridley turtles, all 3 CCL measurements were made on turtles caught in the control net and the mean CCL was 51.3 cm ± 5.0 SE.

All species of turtles were pooled together to compare the total sea turtle CPUE between control and illuminated nets. For the 70 pairs of nets, the mean total sea turtle CPUE in the control nets was 0.28 ± 0.06 SE and a mean total sea turtle CPUE in the illuminated net treatment was 0.11 ± 0.04 SE for the illuminated net treatment (Figure 2; Table 3). Analysis with the Wilcoxon matched-pairs signed-rank test showed that the sea turtle CPUE was significantly (p = 0.006; Table 3) lower in illuminated nets by 61.4%. The mean green sea turtle CPUE in the control nets was 0.18 ± 0.05 SE and a mean green sea turtle CPUE in the illuminated net treatment was 0.07 ± 0.03 SE for the illuminated net treatment (Figure 2; Table 3). Analysis with the Wilcoxon matched-pairs signed-rank test showed that the green sea turtle CPUE was significantly decreased (p = 0.039; Table 3) in illuminated nets by 59.5%. As the catch of olive ridley and hawksbill sea turtles were much fewer, comparisons between nets were not conducted.




Discussion

This study examines the efficacy of net illumination to reduce sea turtle bycatch in coastal small-scale gillnet fisheries in Southeast Asia, a suspected sea turtle global bycatch hotspot (Wallace et al., 2010; Wallace et al., 2013). Results revealed that net illumination significantly reduced total sea turtle bycatch by 60.7% and specifically, green sea turtle bycatch, by 59.5% in the coastal drift gillnet fishery off the coast of Paloh in West Kalimantan, Indonesia. Moreover, this study suggests that Indonesian fishers can increase their overall market value when using net illumination. Being able to maintain or even increase the overall market value is an important aspect for the adoption of this bycatch reduction gear (Jenkins, 2012; Senko et al., 2014a; Ortiz et al., 2016; Bielli et al., 2020) as it reduces the burden placed on fisheries. In addition, by reducing sea turtle interactions (Figure 3), fishers can avoid the time-consuming and potentially hazardous process of dis-entangling large sea turtles, reduce damage to their gear caused when cutting out turtles from the fishing nets, and limit the subsequent time and expense needed to repair that damage (Panagopoulou et al., 2017). Senko et al. (2022a) also found that the use of net illumination helped significantly increase the efficiency of fishing operations through reducing net retrieval times. These benefits of net illumination, coupled with a cultural taboo in the region for catching and harming sea turtles, are especially important to Indonesian fishers in the Kalimantan region and are further incentives for the adoption of this BRT.




Figure 3 | Sea turtle bycatch often results in extensive tangling of the nets which reduces the fishing efficacy of large portions of the net. Removing sea turtles from these tangles require substantial effort and time from fishers and can result in significant damage to the fishing gear.



The coastal waters of Indonesia support a sizeable small-scale fishing fleet estimated to be over 550,000 vessels which constitutes a majority of Indonesia’s national fishing vessels (Rahmantya et al., 2015; CEA, 2018). As these small-scale fisheries play important socioeconomic and cultural roles in Indonesia’s coastal communities, their long-term stability and sustainability requires taking into consideration the needs of protecting endangered, threatened, and protected resources such as sea turtles (Dermawan et al., 2015a; Dermawan et al., 2015b). With gillnets as one of the more common gear types in coastal fisheries (Rahmantya et al., 2015), net illumination is a potentially useful tool to help balance the economic livelihood of Indonesian fishers with a sea turtle bycatch mitigation measure that helps the nation safeguard its protected resources. Similarly, thousands of small-scale coastal gillnet fisheries operating throughout Southeast Asian waters (Pomeroy, 2011; Teh and Sumaila, 2013; Teh and Pauly, 2018) may find this BRT applicable to their fisheries and it could be a much-needed sea turtle conservation tool for the broader region (Wallace et al., 2010; Wallace et al., 2013). Consequently, further studies will be needed to understand the effectiveness of net illumination as a conservation tool throughout Southeast Asian gillnet fisheries.

The 61.4% reduction in total sea turtle bycatch and 59.5% reduction in green sea turtle bycatch rate found in this study corroborates reductions from Bielli et al. (2020), which reported a 74.4% decrease in green sea turtle bycatch probability in a Peruvian surface drift gillnet fishery. Our results are also in line with sea turtle bycatch reductions found in previous studies that tested illuminated bottom-set gillnets (Table 5). Despite being conducted in disparate fisheries with different target catch species, all these studies showed no change in target catch (Table 5). In our study, we found no change in both total and target catch CPUE, but significant increases in total catch value and target catch MVPUE in illuminated nets. Illuminated nets did have non-significant increases in both total catch and target catch. It is not known whether this was due to increased attraction of target species to the illuminated nets or whether less entangled turtles resulted in less damage to nets leading to better fishing efficiencies of untangled nets. In addition, it is not known whether net illumination had a greater effect on larger, more valuable size classes of target fish species. Regardless, as net illumination reduces sea turtle bycatch in both drift and bottom-set gillnet fisheries while also maintaining target catch across a spectrum of target species from different regions (Table 5; Wang et al., 2010; Wang et al., 2013; Ortiz et al., 2016; Virgili et al., 2018; Allman et al., 2020; Bielli et al., 2020; Darquea et al., 2020; Senko et al., 2022a), there is the potential for broad applicability of net illumination as a sea turtle BRT. It will, however, be important to test this BRT in other gillnet fisheries to understand the effects of net illumination to a specific fishery and discern the nuances necessary to adopt this BRT in that fishery’s particular management scheme.


Table 5 | Published studies testing net illumination as a bycatch reduction technology.



Global assessments of marine megafauna bycatch indicate that gillnet fisheries are often associated with comparatively high rates of sea turtle bycatch (Wallace et al., 2010; Wallace et al., 2013; Lewison et al., 2014). Such assessments, however, draw attention to Southeast Asian small-scale fisheries and gaps in their data on bycatch (Wallace et al., 2010; Wallace et al., 2013; Lewison et al., 2014). This study is the first to report sea turtle bycatch rates estimated from onboard observers in a Southeast Asian small-scale fishery, which provides an opportunity to estimate the approximate sea turtle bycatch for this fishery. Surveys of the gillnet fishery in Paloh characterizing this fishery indicate that there are at least 48 active vessels based in the villages of Liku, which operate eight months of the year (March through October) (Ernawati, 2013; Gautama et al., 2018). Vessels typically conduct 3-4 trips per month with nets being deployed between 3-5 nights (Ernawati, 2013; Gautama et al., 2018). Using the minimum number of active vessels (48), the smallest number of operating months (8), the fewest number of trips per month (3), the least number of deployments per trip (3), the minimum fishing effort (1 km X 12h) for a set, and the mean sea turtle CPUE from control nets of 0.28 ± 0.06 (sea turtles captured per (1 km X 12 h)) (Table 3) for a simple extrapolation, we conservatively estimate that the drift gillnet fishery in Paloh interacts with approximately 967 sea turtles each year.

This estimated sea turtle bycatch is comparable with other coastal gillnet fisheries that incur high sea turtle bycatch (Peckham et al., 2007; Alfaro-Shigueto et al., 2011). However, it is unknown how bycatch might be spatially distributed across the Paloh fishing grounds, how bycatch rates might change throughout the fishing season, and how individual fisher’s operational behaviors might influence bycatch rates. In addition, it is unknown how representative this interaction rate may be for other Indonesian coastal fisheries, or whether this bycatch rate is considerably higher due to the extensive use of the coastal waters by sea turtles in the region. While all sea turtles captured in this study were released alive, the level of post-interaction mortality (Swimmer et al., 2013; Swimmer et al., 2017; Fahlman et al., 2017) is unknown, whether other gillnet gear types such as bottom set gillnets (i.e. nets anchored below the water’s surface) have a different bycatch mortality rate, and how such bycatch interactions might disrupt sea turtle behaviors, especially those caught during sea turtle nesting season. These unknowns highlight the need to further characterize sea turtle bycatch and post-interaction mortality rates in coastal gillnet fisheries within Indonesia and throughout the Southeast Asian region.

While net illumination has been tested to determine its efficacy in reducing sea turtle bycatch (Table 5), recent studies are also showing that it represents a potential multi-taxa bycatch solution (Table 5). Mangel et al. (2018) found that net illumination reduced guanay cormorant (Phalacrocorax bougainvillii) bycatch by 85% in Peruvian bottomset fisheries, while Bielli et al. (2020) showed that the probability of small cetacean bycatch was reduced by 70.8% in surface drift nets. In addition, recent studies showed that the overall bycatch biomass decreased by 63%, with elasmobranch bycatch being decreased by 95% (Senko et al., 2022a). Having a multi-taxa bycatch solution could help further prompt the broader adoption of this BRT as it might simplify gear recommendations for conservation, streamline management requirements, and potentially increase the cost efficiencies for overall bycatch reductions in a fishery (Mangel et al., 2018; Bielli et al., 2020; Senko et al., 2022a).

For net illumination to be broadly adopted in Indonesia, several key challenges remain. These include ensuring that the cost of net illumination is manageable for fishers, increasing exposure and availability of the technology to managers, fishing communities, and fishers, and engaging government agencies to support this BRT. The costs of LED lights used in this study range from $7 USD to $10 USD per light and required battery changes every 30-45 days. While other LED fishing lights, however, can be purchased at lower costs, Ortiz et al. (2016) indicates that the current cost structure for net illumination will likely require support from national ministries, international non-governmental organizations and the broader fisheries industry. However, Bielli et al. (2020) highlights how the cost for this multi-taxa BRT is relatively low compared to other BRTs aimed at only one bycatch taxa (e.g. acoustics deterrent devices or pingers). Nonetheless, only some Indonesian fishers may be able to adopt net illumination with the current price structures, but the majority will find the expense a barrier for adoption that will likely require government or international NGO support.

Due in part to the continued engagement with Indonesia’s Ministry of Marine Affairs and Fisheries (MMAF, 2015) throughout all the stages of net illumination testing, MMAF has been supportive of net illumination as a fisheries bycatch reduction technology that could potentially be included in their management of gillnet fisheries. Collaborations between MMAF have also resulted in outreach activities aimed at socializing net illumination to provincial level fishery managers as well as supporting gear trial programs for fishers. These programs allow fishers to try out lights on their nets, become familiar with the benefits of net illumination (e.g. less entanglement with sea turtles, less damage to fishing gear, less net repair time, better fishing efficiencies), and allows fishers the opportunity to adapt net illumination in their individual fishing operations. In addition, outreach to Indonesian manufacturers has indicated interest in domestically manufacturing LED fishing lights. Domestic production of fishing lights has the potential to increase their availability and to hopefully help foster an Indonesian made bycatch reduction technology that does not have the additional burden of import tariffs.

As new net illumination technologies (e.g. less expensive lights, lights designed specifically for gillnets, lights that have lower power consumption, solar powered LED lights) become available (Senko et al., 2020), existing collaborations make it easier to continue further outreach and testing. Such testing will likely focus not only on the efficacy of net illumination to reduce bycatch, but also on operational efficiencies (e.g. faster haul back times and less net repairs). The combined engagement with MMAF at both the national and provincial level, cooperation with domestic industries to manufacture lights, and continued involvement of fishing communities and individual fishers, can serve as a potential template for other regions in Southeast Asia in order to further expand our understanding of how net illumination could be a useful sea turtle BRT in the region’s coastal gillnet fisheries.
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Small-scale fisheries along the Swedish west coast are often operated by using small vessels, targeting multiple species by means of pots and gillnets. Fisheries using pots targeting shellfish such as European lobster (Homarus gammarus), and edible crab (Cancer pagurus) along the Swedish west coast have a relatively high economic value. However, gillnet fisheries targeting demersal fish are currently diminishing primarily due to depleted fish stocks and increased seal depredation. Small-scale fisheries are considered sustainable fisheries due to the use of selective gears and low energy consumption. To be able to retain and promote a sustainable small-scale fishery, there is a need to develop an economically viable fishery, where selective, seal-safe and sustainable gear is utilized. One potential way forward could be to develop a pot to be used for multiple target species traditionally caught in pots and gillnets. Since both shellfish and cod (Gadus morhua) can be caught in pots, the objective of this work was to develop a multispecies pot targeting lobster, edible crab and cod. Seven multi-species pots were developed and tested off the west coast of Sweden between 2015 and 2017. The catch rate, defined as catch per pot per day (CPUE) of lobster, edible crab and cod, was evaluated taking into regard fisheries-related variables such as pot type, bait, soak time, seal damage and abundance of species in the pot. The relative CPUE of lobster and cod was highest in larger pots with two chambers and three open entrances. The highest CPUE for lobster was 0.24 individuals per pot and the highest CPUE for cod was 0.17 individuals per pot. Pots with entrances equipped with funnels, preventing cod from escaping, also had a high cod CPUE (0.23 individuals per). The CPUE of crabs was not affected by pot type. For cod, lobster and crab, the CPUE significantly decreased with increasing soak time. Seal damage only occurred when cod were trapped in the pots and the CPUE of cod was higher in pots subjected to seal damage, indicating that seals raid pots specifically when cods are trapped inside.




Keywords: pot fishery, sustainable fishery, Atlantic cod, edible crab, European lobster, catch rate, Generalized Additive Model (GAM), Catch per unit effort CPUE



Introduction

The small-scale fishery along the west coast of Sweden has been subjected to major changes during the past 30 years. Atlantic cod (Gadus morhua) used to be one of the major species targeted by fisheries along the coast. However, since the late 20th century, the cod stocks have declined (Hentati Sundberg, 2017; Bergenius et al., 2018). Nowadays, the main target species in small-scale fisheries include European lobster (Homarus gammarus), edible crab (Cancer pagurus), Norway lobster (Nephrops norvegicus), mackerel (Scomber scombrus), plaice (Pleuronectes platessa), witch flounder (Glyptocephalus cynoglossus) and to a certain extent cod. Small-scale fisheries along the Swedish west coast are often described as a fishery where boats are operated individually, using vessels (vessels less than 12 meters), targeting multiple species and where the catch is sold directly to the customer or it is refined, thereby increasing its value. Smallscale fisheries primarily use pots and gillnets. Pot fisheries targeting shellfish such as crab and Norway lobster, have increased along the Swedish west coast over the past 15 years. In contrast, the small-scale gillnet fishery mainly targeting cod has decreased (Bergenius et al., 2018), primarily due to depleted fish stocks but also increased seal depredation which adds economic costs to the fishers. The pot fishery targeting European lobster is important along much of the coast of Europe (De Wit et al., 2021). In Sweden along the west coast, European lobster is the species with the highest annual landing value (10,000,000 SEK) followed by mackerel, labrids, edible crab (landing value of 5,000,000 SEK) and cod (landing value of 3,750,000 SEK) (Bergenius et al., 2018).

Pots are a potential alternative to gillnets targeting cod. Pots are considered to be a fuel-efficient type of gear that has a minimal impact on the bottom substrate (Suuronen et al., 2012) and can also be made species and size selective, decreasing bycatch of non-target species or undersized target species. Cod, similar to lobster and edible crab, can be lured into and thereafter retained in baited pots. In the southern Baltic Sea, cod pots have been successfully developed as an alternative to the seal damaged gillnet fisheries for cod (Königson et al., 2015). The main reason for this pot development in the Baltic Sea is the severe depredation, mainly by grey seal (Halichoerus grypus) but also to some extent by seabirds, in gillnet cod fisheries. Pots that can be made seal-safe because the catch is kept in a closed compartment framed by a solid construction and in materials withstanding seal damage. In recent decades, the grey seal population in the Baltic Sea has increased significantly, resulting in a growing conflict between seals and small-scale fisheries (Lunneryd et al., 2005; Varjopuro, 2011). On the west coast of Sweden, the most common seal species is harbor seal (Phoca vitulina) and their abundance has also increased dramatically to a population size that is larger or equivalent to that in the beginning of the 20th century (Havs och Vattenmyndigheten, 2014; Lunneryd and Königson, 2017). As in the Baltic Sea, the increasing harbor seal population has led to an increasing seal and fisheries conflict, with mainly gillnet fisheries along the west coast being subjected to depredation by harbor seal (Lundström et al., 2010).

Even though the small-scale fisheries off western Sweden are diminishing due to low fish stock biomasses and increased seal depredation (Lunneryd and Königson, 2017), there is a need for finding sustainable and seal-safe gear for a future small-scale fishery, as this provides valuable income to coastal communities. Small-scale pot fisheries are considered to be more sustainable than net fisheries, as they are more selective with regards to reducing the amount of bycatch of mammals and birds and have smaller catches, rather than excessive catches that can be associated with net fisheries (Suuronen et al., 2012). Therefore, developing small-scale pot fisheries as an alternative to net fisheries could have positive benefits for both the exploited stocks and fishers. However, a sustainable small-scale fishery also needs to be economically viable and the effectiveness of an alternative pot gear needs to be demonstrated.

Small-scale fishers are dependent on fishing for multiple target species, having different fishing seasons with different fishing gear. Since both shellfish and cod can be caught in pots, there is a potential to develop gear that can target both shellfish and fish. A multispecies pot fishery would also potentially be a more cost-effective fishery as the same gear can be used to catch different target species, which in turn can eventually prolong the fishing season. If the fishing season is prolonged, there are greater possibilities for adaptive management, taking into account the species life cycle as part of a sustainable fishery. Therefore, to further improve the small-scale fisheries, efforts should be set on developing a pot that can be used for fishing multiple target species such as European lobster, edible crab and cod.

The most common index of abundance in fisheries work is catch per unit effort (CPUE) and it is often assumed that CPUE is proportional to overall population abundance (Stoner, 2004). However, variation in CPUE is affected by multiple factors, including fish availability to the gear (distribution over time and space), the catchability of the gears (intended as the fraction of an available resource that is captured by one unit of effort) and fishing effort (Engås and Løkkeborg, 1994; Arreguín-Sánchez, 1996; Chiarini et al., 2022).

Biotic and abiotic factors influence the catchability of baited gears (He, 2010). Biotic factors can include the abundance of both target species and suitable prey. Abiotic factors include water current speed and direction, water temperature, underwater topography, soak time, stimuli provided to attract the fish, and various features of the pot design. All of these factors may impact pot catchability through their impact on the target species´ behavior, activity levels, feeding motivation and ability to detect, locate or consume the bait (Stoner, 2004). Cod behavior in relation to pots and factors affecting the pot catches have been studied in the southern Baltic (Hedgärde et al., 2016; Ljungberg et al., 2016). Cod catchability in pots can also be explained by cod entry and exit rate (Hedgärde et al., 2016; Ljungberg et al., 2016). Hedgärde et al. (2016) found that the entry rate decreased with an increasing number of cod already in the pot, and the exit rate also increased with the number of cod in the pot. Observations carried out off the coast of New Hampshire, United States, on American lobster (Homarus americanus) behavior around pots, showed that only 6% of the American lobsters that entered the pot were retained and the rest of them escaped mainly through the entrance, suggesting that the design of the pot entrance is important to be able to retain the catch of lobster (Jury et al., 2002). Lobster catch in pots is affected by pot size, bait quantity and quality, soak time, and preventing escape through the entrance (Miller, 1990). However, the highest lobster catches have been observed by facilitating entry and preventing the effect of gear saturation (animals inside traps preventing those outside from entering) (Miller, 1990). A saturation effect occurs when the present catch in a gear reduces its potential for additional catch including both escapement (increased exit rate) and reduced entry (Ovegård et al., 2011). One way of preventing saturation is to include a fish holding chamber within the pot, a so called parlor, keeping the catch away from the entry chamber where the bait bag is most commonly situated. Modifying pots with selection panels or escape vents enabling small fish and lobsters to escape can also prevent saturation since it will only keep the large individuals inside the pot (Ovegård et al., 2011).

The aim of the present study was to compare the catch rate of traditional and newly developed pot design targeting multiple species (i.e European lobster, edible crab and cod), as well as to evaluate biotic and abiotic factors affecting the catch rate. The main question of interest regarding the catch rate (defined as catch per pot per day, CPUE) of the different pots whether CPUE was affected by: i) the type of bait (salted/fresh), ii) the effects of the abundance of one or other of the target species (lobster/edible crab) in the pot on the CPUE of the other target species (lobster, cod and crab), iii) the soak time of the pots, iv) the length (in consecutive days) of the fishing season. Additionally, the analysis seeks to understand whether seal interactions with the pots were related to higher CPUE of one or multiple target species. Quantitatively understanding the variables related to higher catch rates could inform the management of the fishery, in regard to fishing gears to be used and fishing practices.



Methods


Pot types

The pot types used during the trials carried out in 2015, 2016 and 2017 included a traditional lobster pot and seven newly developed multispecies pots. Three of the new pot types were used in 2015 and the remaining four in 2016 and 2017. The new multispecies pot types were developed in collaboration with fishers, researchers at Swedish University of Agricultural Sciences, Department of Aquatic Resources, and a fishing gear manufacturer. The characteristics of the pots are described in Table 1. The names of the pots are based on the characteristics of the pot types (Table 1). The traditional lobster pot (C22OW) was from the Swedish manufacturer Carapax, with a volume of 166 dm3. This pot was used in all areas and in all trials. The frame is made of galvanized round steel covered with a polyethylene black net material with a mesh size of 33 mm. It has two open entrances and a parlor to prevent escapement. The volumes of the newly developed multispecies pots vary from 198 dm3 to 621 dm3. Frames are constructed of galvanized round steel with a covering net material of polyethylene. Mesh size varies from 22 mm to 35 mm between knots. Pot entrances are either open or closed. The closed entrances include a funnel placed vertical or horizontal (Figures 1A–D). Pots with open entrances were equipped with a parlor, which is a second chamber in the pot with entrance from the entrance chamber. None of the pots was equipped with escape openings, in order to allow for analysis of the total unselected catch.


Table 1 | The different characteristics of the pots evaluated in the study.






Figure 1 | (A) From the left in figure A there is a traditional lobster pot C22OW, the newly developed multispecies pots B123O, B223O and B323O, used in 2015. (B) Pot T13CHW with a closed funnel entrance in white net material. (C) Pot T23OW that has three open entrances. (D) Pot T14CHW, which have four closed, green, vertically placed funnel entrances.





Experimental set up

The study was carried out in two areas along the Swedish west coast (Figure 2). In one of these areas (Northern [N] Bohuslän), fishing was conducted by researchers from the Swedish University of Agricultural Sciences, Department of Aquatic Resources, an area just south of the islands of Koster (58°49’ N, 11°02’ E). The second area (Southern [S] Bohuslän) is situated outside the island of Hamburgö (58°32’ N, 11°14’ E), an area with similar conditions as in N Bohuslän in regard to bathymetry and bottom substrate (Figure 2). In this area, the study was undertaken in collaboration with commercial lobster fishers willing to test the newly developed multi-species pot types targeting European lobster, edible crab and cod. The fishing was conducted with the aim of maximizing lobster catch as is normally done in commercial lobster fisheries.




Figure 2 | A bathymetric map of the study areas along the west coast of Sweden including the fishing positions. Dots on the map represent the majority of locations where pots were set out.



In N Bohuslän, test fishing started in late September in 2015 and 2016 and continued for two months. In S Bohuslän, the trials also started in late September in both 2015 and 2016 and continued into spring 2016 and 2017, respectively. In 2015, fishing was carried out using four types of pots (one traditional lobster pot and three multispecies pots, Table 1 and Figure 1A). In 2016, four newly developed pot types and a traditional lobster pot were used (Table 1 and Figures 1B–D).

Since fishing was not conducted by commercial fishers in N Bohuslän, the number of pots allowed was restricted to 15 pots (of four different types) in 2015, and 14 (of four different types) in 2016.

In S Bohuslän, in 2015, one of each type of pot was placed in the vicinity of each other. In 2016, five pots of at least four different types were placed in the same area. At every fishing occasion, two traditional lobster pots were placed in the same area.

To increase lobster CPUE, single pots were placed in the zone between soft and hard seabed sediment types as well as on irregular hard bottom types, at an average depth of 20.3 m (95 C.I ± 0.32). All pots were baited with 400 g of cut fresh or salted herring and crushed edible crab. The pots were emptied on average every fourth day (95% C.I ± 0.15). The catch of all cod and lobster was counted and each lobster carapace and cod length was measured to ensure they could be legally retained. Only cod of 30 cm or more in length can be legally retained and for European lobster the minimum carapace length is 90 mm. In addition, female lobster with roe cannot be landed. Since lobster, cod and edible crab constituted the main part of the catch (79% of the catch in N Bohuslän) and were the commercial species of interest, they were the only species reported in S Bohuslän, whereas in N Bohuslän, all caught species were counted and reported. Female lobsters and those smaller than 90 mm in carapace length were released after measuring. Seal damaged fish were also counted; however, only cod was found damaged by seal except for one observation of a damaged sculpin (Cottoidea). Soak time, position, type of bait and seal damage evident on gear or caught fish were noted.



Statistical analyses

A Generalized Additive Model (GAM) approach was used to analyze the catch rate (CPUE) of different pots in relation to environmental and fisheries variables. GAM is a nonparametric method that allows investigating non-linear relationships between dependent and independent variables (Zuur et al., 2007). GAMs employ a class of equations called smoothers: algorithms which attempt to generalize data into smooth curves by local fitting to subsections of the data (Beck and Jackman, 1998). GAMs have been successfully applied to analyze environmental effects using both categorical and continuous variables (Barton et al., 2020). Similarly, the approach was used in previous studies to explain the variability in catches of cod (Königson et al., 2015) and for investigating the effect of pot type (as a categorical variable) on the pots’ CPUE (Hedgärde et al., 2016)

In our models, the response variable was the mean CPUE of European lobster, cod, or edible crab, and it was treated as a function of several explanatory variables. The explanatory variables chosen were pot type, area where fishing was carried out, soak time, number of days after the experiment started and number of crabs or lobsters in the pot. Different pot designs can affect catches of both target species; soak time has been shown to influence catches and the variation in abundance in different areas can also affect catches (Bennett, 1974; Miller, 1990; Addison, 1995; Königson et al., 2015; Hedgärde et al., 2016). The number of days after the experiment started was chosen to reflect seasonal changes. The number of days after the experiment started can also indicate if there is a possibility to decrease abundance of resident species by continuous fishing in the area. Number of lobster and/or edible crab were included because they are known scavengers and in other studies intraspecific as well as interspecific interactions in pots have shown to affect catch (Addison, 1995). Edible crab are numerous in the area and can potentially fill up the pots.

Multicollinearity of covariates were checked first through the examination of correlation matrix and then by the Variance Inflation Factor (VIF) of the variables. Correlation value above 0.7 (Pallant, 2010; Aminu and Shariff, 2014) and a VIF level above 2.5 (Johnston et al., 2018) were suggested as a threshold for multicollinearity among covariates. In the first step, only temperature was excluded from the model due to its high VIF value that caused multicollinearity (see results). The number of days after the experiment had also a high VIF value but it was preferred to use in the model rather than temperature (see above).

In the next step, for each species, CPUE was modelled as a function of pot type (categorical factor, eight levels), bait (categorical factor, two levels: fresh bait/salted bait), seal damage (only for the cod model, categorical factor, two levels: occurred/not occurred), area (categorical factor, two levels: S Bohuslän/N Bohuslän), and sampling period (categorical factor, four levels: fall 2015/fall 2016/spring 2016/spring 2017), as well as the smoothing function of soak time, number of days after the experiment started, and number of lobster and/or edible crab in the pot.

CPUE data for each species contained many zero observations. Thus, a GAM with a Tweedie distribution was used in our study (Dunn and Gordon, 2005) since this distribution is a potential candidate to suppress the over dispersion of many occasions with zero catch (Shono, 2005). To avoid overfitting the models and to obtain ecologically relevant responses that were easier to interpret, the final models were kept simple (Lehmann et al., 2002; Sandman et al., 2008), with the maximum number of knots for each of the smoothers limited to four (k = 4), allowing the smoother to divide the response from each explanatory variable into a maximum of three parts. A subset of predictors that provided the best fit to the observed data was identified with the Akaike information criterion (AIC; Quinn and Keough, 2002).

Smaller values of AIC indicate more parsimonious models (Quinn and Keough, 2002). The differences in AIC (ΔAIC) among candidate models (Burnham and Anderson, 2004); was computed and the best model will have a ΔAIC of zero (Burnham and Anderson, 2004). For the final model, the percentage of deviance explained by a single smoothing parameter was extracted(xi) (i.e. each covariate) by calculating the difference in deviance explained between models with s(xi) (for example for the first smoothing item, m < gam (y ~ a + s(x1) + s(x2) + s(x3) + s(x4)), and without it (m1 < gam (y ~ a + s(x2) + s(x3) + s(x4), sp=m$sp[-1])), provided that the model parameters in both models are identical. A generalized linear model (GLM) was also performed to test the factors that best predicted the catch efficiency of different pots. For each species, the GLM and GAM models were then compared using adjusted R2, the amount of deviance explained, and plot of the residuals of the each model. The analyses were performed using the mgcv package (Wood, 2001) in the software R (R-Development-Core-Team, 2008).




Results

A total of 2,395 pot emptyings were undertaken during four periods (Table 2). In S Bohuslän, most pots were emptied during the trials in the fall. The mean CPUE was also the highest during these trials for all three species. Edible crab was the most commonly caught species in the pots and thus had the highest mean CPUE (mean 1.05 SD ± 1.70 edible crab per pot) while the mean CPUEs for cod were particularly low in both areas (Table 2). Catches of cod were generally low (mean 0.11 SD ± 0.29 cod per pot) and 65% of the cod were released and had a length less than 30 cm (mean length 26.8 95% CI ± 1.1) length. With regard to European lobster (mean 0.16 SD ± 0.39 lobster per pot), 40% of the catch consisted of individuals over the minimum carapace length of 90 mm and 23% of the catch were females with roe.


Table 2 | CPUE of species caught per pot type for each area and period.



Because the correlation value among covariates was below the threshold value of 0.7, there was no concern about the observed correlation (Table 3). Nevertheless, both temperature and number of days after the experiment had high VIF levels (VIF > 2.5) indicating the existence of multicollinearity. After excluding temperature, VIF values were smaller than 2.5 suggesting that there was weak collinearity among covariates (Table 4).


Table 3 | Correlation among covariates. Soak time, Number of days after the experiment, Number of European lobsters in the pot, Number of Edible crabs in the pot, Temperature, n = 2395.




Table 4 | Multicollinearity test based on Variance Inflation Factor (VIF).



GAM yielded 8-10 models with different subsets of predictors for CPUE of lobster, cod or edible crab (Table 5). The models with the following predictors had a ΔAIC of zero and provided the best fit to the observed data for each of the target species (Table 5):


Table 5 | Best-supported generalized additive models for factors affecting CPUE of cod/European lobster/edible crab.



CPUE of lobster ~ pot type + sampling period + s(soak time)+ s(number of days after the experiment) + s(number of crabs in the pot) (model 1-1)

CPUE of cod~ pot type + bait + seal damage+ sampling period + s(soak time) + s(number of days after the experiment) + s(number of lobsters in the pot) + s(number of crabs in the pot) (model 1-2)

CPUE of crab ~ pot type + area + bait + sampling period + s(soak time) + s (number of days after the experiment) + s(number of lobsters in the pot) (model 1-3)

CPUE of European lobster slightly decreased with increasing number of days after the experiments, soak time, and number of edible crabs in the pot (Figures 3A-C). Both area and bait were excluded from the final model (Table 5). The highest catch rate of European lobster was observed for the T23OW pot (Figure 3D). CPUE of European lobster for B123O was very close to that for T13CHW, T14CHW, and T14CVG but lower than that for T23OW, B223O, B323O, and C22OW (Figure 3D). European Lobster CPUE in fall 2015 was similar to CPUE in spring 2016 but was significantly higher than CPUE in fall 2016 (p < 0.001) and spring 2017 (p < 0.001) (Figure 3E). CPUE in the sampling period of spring 2017 was lower than that in the other three sampling periods (Figure 3E). The final model with selected explanatory predictors, the explained deviance in CPUE data for lobster was 24% (Table 6). Among covariates, the percentages of soak time and number of days after the experiment were higher than “number of crabs in the pot” in explaining the variation in European lobster CPUE (Table 7).




Figure 3 | Generalized additive model (GAM) partial dependence plots for European lobster. (A-C) Partial response curves: the x-axis represents the value of the model independent variable whereas the y-axis represents the additive contribution of the variable to the nonparametric GAM smoothing function. Values below zero indicate a negative effect of the variable on the CPUE. (D, E) Partial effects of pot type and sampling period on the CPUE. The dotted line (A–E) represents the 95% confidence interval. The black lines on the x-axis represents sample size.




Table 6 | Results of the best generalized additive model for CPUE of European lobster, cod and edible crab.




Table 7 | Percentage of deviance explained by each covariates in the final generalized additive model for CPUE of lobster, cod, and crab.



Catch rate (CPUE) for cod decreased with increasing number of days after the experiments, soak time, and number of edible crabs and lobsters in the pot (Figures 4A-D). Area was dropped from the final model (Table 5). Among pots, cod CPUE was the highest in T23OW. Pot B123O had significantly lower cod CPUE than all pots except T14CHW (Table 6 and Figure 4E). Catches of cod was higher in pots with fresh bait than in pots with salted bait (Figure 4F). Seal damage to the pot occurred more often when there were more cod in the pot (Figure 4G). Cod CPUE was significantly higher only in the fall of 2015 than the fall of 2016 (Figure 4H). The final model with selected explanatory predictors, the explained deviance in CPUE data for cod was 28% (Table 6). Among covariates, soak time explained the highest percentage of the variation in cod CPUE (Table 7).




Figure 4 | Generalized additive model (GAM) partial dependence plots for cod. (A–D) Partial response curves: the x-axis represents the value of the model independent variable whereas the y-axis represents the additive contribution of the variable to the nonparametric GAM smoothing function. Values below zero indicate a negative effect of the variable on the CPUE. (E–H) Partial effects of pot type, bait, seal damage, and sampling period on the CPUE. The dotted line (A–H) represents the 95% confidence interval. The black lines on the x-axis represents sample size.



There was a strong decreasing trend in CPUE for edible crab with the number of days after the experiment, soak time, and number of lobster in the pot (Figures 5A–C). The T14CHW pot caught the highest number of edible crabs and had a significantly higher CPUE than B123O, B223O and B323O (p < 0.001; Table 6 and Figure 5D). Also, T23OW and T14CVG had a significantly higher CPUE than B123O. The CPUE of edible crab was higher in S Bohuslän than in N Bohuslän (Figure 5E) and higher for pots with fresh bait than the pots with salted bait (Figure 5F). CPUE of edible crab was lower in spring 2017 than during other periods (Table 6 and Figure 5G). The final model with all explanatory predictors, the explained deviance in CPUE for edible crab was 30%. Among covariates, the percentages of soak time and number of days after the experiment were higher than “number of lobsters in the pot” in explaining the variation in edible crab CPUE (Table 7).




Figure 5 | Generalized additive model (GAM) partial dependence plots for edible crab. (A-C) Partial response curves: the x-axis represents the value of the model independent variable whereas the y-axis represents the additive contribution of the variable to the nonparametric GAM smoothing function. Values below zero indicate a negative effect of the variable on the CPUE. (D-G) Partial effects of pot type, area, bait, and sampling period on the CPUE. The dotted line (A-G) represents the 95% confidence interval. The black lines on the x-axis represents sample size.



In the GLM model, adjusted R2 and amount of deviance explained were 0.115 and 12% for European lobster, 0.165 and 17% for cod, and 0.162 and 17% for edible crab, respectively. These values were lower than the corresponding values in the GAM model for all three species (Table 6). In addition, residual plots of each model for each species indicated that the data deviated drastically from the line (unhealthy residual plots) in the GLM model compared to the GAM model (Appendix 1). These results revealed that GAM was a better suited modelling approach than GLM for this dataset.



Discussion

Commonly, the development of new fisheries focuses on a single target species using one type of gear. However, this study investigated the potential to develop a sustainable commercial pot fishery targeting multiple species such as European lobster, cod and edible crab. Results from this study show that European lobster, cod and crab can indeed be caught in the same gear when the gear is properly designed. Moreover, this study also revealed information on environment and fisheries related parameters that affect the catch of European lobster, cod and edible crab, providing vital information, which is needed when developing a sustainable pot fishery.

The catch of European lobster and cod is affected by pot size, bait quantity and quality, and prevention of escape through the entrance (Miller, 1990). The pot with highest catch rate of European lobster and cod (T23OW) is larger than many of the other pots tested and the parlor of the pot seems to prevent European lobsters from escaping. However, this pot indeed has an open entrance, in contrast to the funnel entrance which effectively prevents escape. Results showed that the pot with open entrances and a parlor increased catch rates compared to similar pots with no parlor. This indicates that there can be a saturation effect, as defined in the introduction. Parlors do not only prevent caught individuals from escaping, but they also prevent species from taking up space in the entrance chamber of the pots. Lovewell et al. (1988) also showed that using two-chambered pots increase the catch efficiency of lobster.

In the pot with highest catch rate of European lobster and cod (T23OW), the open entrance is much smaller than open entrances in the pots used in 2015 (B123O, B223O, B323O) where the entrance had a diameter of 150 mm compared to 120 mm. The participating fishers hypothesized that the entrances in the pots used in 2015 were too large and that the catch easily escaped even though all pots had a parlor. The results also showed that the smallest pot used in 2015 (B123O), with a 150 mm diameter open entrance, had lower catches than a majority of the other pot types with smaller entrances. Furevik and Løkkeborg (1994) found that when pots are equipped with a wider entrance, the entry rates of cod increases but so does also the escape rate.

The medium sized pot with high catches of cod and edible crab has funnels in the entrances preventing the catch to escape (pot T14CVG). Ljungberg et al. (2016), demonstrated that funnel entrances caused cod to hesitate when entering the pot by turning before the funnel. However, the same study also showed that pots equipped with funnel entrances increased catch by preventing escape. The funnel but also the mesh size of the net used in the gear can thus prevent not only the target catch but also undersized catch from escaping.

Munro (1974) showed that the size of a pot can affect the catch with an escape rate being inversely proportional to the volume of the pot when the size of the entrance is being constant. Larger pots generally show a higher CPUE of cod (Furevik and Løkkeborg, 1994; Kindt-Larsen et al., 2022) and the larger the pot, the more increase in saturation effect which has a marked effect on the catch (Miller, 1979). The results in this study also showed that the pot with a rather small volume (198 dm3), a parlor and a large open entrance (diameter of 150 mm) (pot B123O), yielded the lowest catches for all three species. On the other hand, for the largest pot in thestudy (pot B323O), the CPUE of all three species was not higher compared to other pots. This could potentially be explained by a high entrance/escape rate due to large entrance rather than a decreased saturation effect.

The results showed increased CPUE for cod in two pots with comparable size, number of entrances and with no parlor (T14CVG compared to T14CHW), but no increase for lobster and edible crab. The difference between pots was the color and orientation of the entrance, with T14CHW having white vertical entrances. The color of the entrance might have affected the catch rate. White entrances can appear as a contrast in relation to the surroundings. However, single colors become less visible with increasing depth. Regarding the wave length of the light and the depth where the pots were placed (at around 20 meters) there might not be enough light available enabling the fish to distinguish contrasts or certain colors. The orientation of the funnel on the other side can affect the behavior of the catch and in particular fish. A funnel placed horizontally forces the fish to push up the weight of the upper part of the funnel when entering the pot. Ljungberg et al. (2016) showed that funnels can prevent cod from entering the pot due to the close contact with the pot material. A funnel placed vertically enables the fish to enter the pot without having net material in front of the fish obstructing its entry. The results from this study, increased catches of cod in pots with vertical funnels compared to horizontal funnels, supports that observation.

For edible crab, the pot type characteristics do not seem to affect CPUE. All pots, except the two large pots used in 2015 with large open entrances (B223O and B323O), had a higher CPUE of edible crab than B123O. There was no difference in CPUE of edible crabs among the other pot types. The limited maneuverability of the edible crabs prevented them from escaping when they had entered the pot. Thus, having an open entrance, a funnel entrance or a parlor did not affect the entering or escaping of edible crab.

Regarding all three species, CPUE decreased or was stable with increasing soak time, day after the experiment and number of edible crab or European lobster in the pot. CPUE for all species decreased already after the first soak day. Since the CPUE was measured in catch per pot and day (soak time), it is not surprising that CPUE decreased with increased soak time nor that the extracted percentage of deviance explained by a single smoothing parameter indicated that soak time is more important factor explaining the variation in CPUE for all species than the other evaluated factors. Bennett (1974) showed that the maximum catches of lobster (analyzing catch per pot) occurred after a soak time of one day. The CPUE of crabs, however, increased with pot immersion, indicating that the pots continued to yield catches. The difference can be explained by the ability of the lobsters to maneuver compared to crabs and therefore the escape rate of edible crab is most likely not as high as for European lobster. The lower CPUE after an extended soak time observed in the current study could be due to the bait becoming less effective over time; as the scent of the bait diminishes with time. Alternatively, in pots with open entrances, lobsters and cod most likely escaped if they were unable to find their way into the parlor. Königson et al. (2015) found that the optimal soak time in cod pots in the Baltic Sea was six days. In that study, however, CPUE was measured as catch per pot, not taking into account catch per pot and day. If soak time would have been accounted for i.e. catch per pot and day, CPUE would most likely have been continuous the first 6 days in contrast to the findings from this study. In additional studies, carried out in Norwegian waters, no correlation was found between catch per pot of cod and soak time; i.e., the catch rate did not increase with increased soak time (Bjordal and Furevik, 1988; Furevik and Skeide, 2003). In addition, saturation can start limiting catches after only a few hours and its importance in limiting non target species such as edible crab catches in pots is most likely larger than generally appreciated (Miller, 1980).

Regarding the decrease of CPUE of European lobster, cod and edible crab, with increasing numbers of edible crab in the pot (for European lobster and cod) and number of European lobsters in the pot (for cod and edible crab), these results indicate interspecific interactions between species. Addison (1995) studied interspecific interaction between European lobster and edible crab, revealing that lobsters deter edible crabs from entering pots. Similar to the results from this study, decrease in CPUE of European lobster with increasing number of edible lobster in the pot, Addison (1995) also found a negative correlation between the number of European lobsters caught in individual pots and the number of edible crabs in the pot. However, that study could not determine whether it was the increased number of crabs that affected the lobster CPUE or the use of different bait. Importantly, the results from this study lend support to the findings of Addison (1995) that an increased number of edible crab in the pot affects the catch of lobsters negatively and it is not dependent on the bait that is used.

All pots had high catches of edible crab, a scavenger and predator species, and the results also showed a decrease of cod CPUE with increased abundance of edible crab or lobster. This observation can probably be explained by a lack of motivation for cod to enter a pot occupied by predators or scavengers.

The reduction in CPUE for all species over the consecutive days after the experiment started is probably due to the progress of the season and likely fish not being present in the area any more. Water temperatures, which tend to decrease from summer to winter, can affect the presence of the species. For cod, low temperatures reduce cod activity (Brown et al., 1989), thereby reducing the possibility to enter pots and their chances of swimming into the odor stream of the bait. Biological processes of lobster such as being active and thereby becoming accessible to pot fisheries and molting into a harvestable size class (Mills et al., 2017) are processes tightly related to water temperature (Cooper and Uzmann, 1971; Aiken, 1973; Aiken and Waddy, 1975; Ennis, 1984; Crossin et al., 1998). Also, female edible crab are known to migrate over large areas while the males move around more locally searching for females, new habitats, prey or a response to seasonal temperature changes (Ungfors et al., 2007) and this can give seasonal variations in catches. However, even though it was not possible to include temperature in the GAM due to multicollinearity, the changes of temperature can also be reflected in the consecutive days after the experiment started.

The use of bait can have an important role with regard to catch success in creel fisheries (Chapman and Smith, 1978; Siikavuopio et al., 2017). Even so, the type of bait did not have a significant effect on lobster CPUE. However, fresh bait seemed to attract more cod and edible crabs than salted bait. These results are in line with earlier bait choice experiment studies were it has been concluded that that fresh bait is chosen over stale bait (Miller, 1990). However, salted herring is mainly used as bait when fishing with pots targeting European lobster. In pot fisheries targeting cod, fresh herring have shown to be the most effective bait compared to shrimp and squid when used in the Baltic Sea cod pot fishery (Ljungberg, 2007). Both fresh and salted bait was added with crushed edible crab since it is known among fishers that baiting with edible crab reduces the catch of edible crab. Since the fishery was conducted during the main lobster fishing season, a reduction in edible crabs in the pot was preferred to increases in catches of lobster even though edible crab can also be seen as a commercial target catch. The knowledge of fishers regarding edible crab as bait relates well with the results of Moore and Howarth (1996) who found that added crushed and substantially fractured shore crab (Carcinus maenas) significantly reduced the capture of conspecifics. Similarly, Chapman and Smith (1978) revealed a reduction in catches of edible crab when pots were baited with crushed edible crab.

Only on a few occasions, pots were subjected to seal damage. Seal damages were more common in pots with a relatively high CPUE of cod and did not occur in pots with no cod or low cod CPUE, indicating that seals prefer cod to the other target species and raid pots more often if there are cod inside the pot compared to when there is no or little cod in the pot. Preference among harbor seals to raid fishing gear containing favorable prey for seals have been found in the eel fishery with fyke nets (Königson et al., 2006).

The environment and fisheries related parameters explained the variance in CPUE by 24 to 30% depending on species. This is similar to the explanatory power of GAMs used in other similar studies; for example Mitchell et al. (2014) reported that environmental variables explained 30% of the deviance in a model testing relationships between environmental variables and CPUE of the blue shark Prionace glauca in the western English Channel. Other factors that could affect pot catches include water current, pot placement in relation to the current, possible prey abundance in the area, and individual behavior. These factors, and possibly other unknown factors, could affect catch rate but have not been quantified and were not available for inclusion in the model.

To be able to implement the widespread use of a new, more sustainable gear it is important to first evaluate if the relevant fishery can be cost effective using the new gear. Therefore, this study has focused on evaluating pot catch rate for multiple species. Increasing pot catch rates, decreasing seal depredation, using the same gear for multiple species, as well as prolonging the fishing season, can help increase the uptake of new sustainable pots in fisheries. However, prolonging the fishing season can potentially have other consequences (e.g. extending fishing into spawning periods when lobsters are more vulnerable) and should be thoroughly evaluated before being considered as an option to compensate for reduced in-season catches that may result from using a new gear. For lobster and for crab, CPUE was most strongly related to the number of days after the experiment started. This can indicate that species abundance might actually decrease with continuous fishing pressure in the area, thereby prolonging the fishing season could have a negative impact on the species abundance. Extending the fishing season can also be detrimental to other life cycle stages but this can partly be solved by requiring all pots to have escape openings or panels dependent on the targeted species for the time. Today European lobster fisheries are regulated by: seasonal opening and closure of the fishery, limitations on gear (must have escape openings), size and condition limits (minimum size of 90 mm and no roe) as well as limitation on the number of gears that can be used. Cod fisheries along the Swedish west coast are also limited by quotas, time and area closures and regulation of gears by only allowing certain mesh sizes at specific depths.

For this study, the CPUE of the total number of European lobster, cod and crab was chosen as a variable in the GAM, and size of the species was not taken in consideration. However, when evaluating the catch composition, the caught cod was found to be mainly undersized, which indicates that there is a need for including escape panels to prevent undersized cod from being caught. If needed, in pot fisheries, it is also possible to restrict the entry of large cod by limiting the size of the entrance.

Altogether, results from the study shows the possibility for a fishery targeting several species using the same multispecies pots. The fishing season could technically be prolonged over several fishing seasons, however this might increase the impact on populations of target species. The study also revealed information on which pot characteristics could influence CPUE of the three target species. If for example when targeting European lobster and cod, a large pot with two open entrances and a parlor generates the highest CPUE. Pots with entrances equipped with funnels, preventing cod from escaping, also yielded a high cod CPUE. Instead edible crab CPUE, was not affected by pot type. The results from this study could be used to further improve and develop an adaptive and sustainably small-scale fishery using selective pots.
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In the Mediterranean, experiments and technical measures aimed at improving the selectivity of bottom trawl nets mostly concern modifications to the codend. Grids have been tested in various areas, but have not been adopted for management purposes so far. The present study aims to evaluate whether the adoption of diamond meshes turned by 90° (T90 configuration) and a selection grid with 2 cm bar spacing, both placed in the extension piece of a commercial bottom trawl net, can contribute in reducing the capture of specimens under the Minimum Conservation Reference Size (MCRS) for the main commercial species. The results indicated that the T90 configuration has no effect compared to the commercial net commonly used by fishers. The grid showed a reduction of the catches of European hake individuals between 11 and 19 cm Total Length (TL). However, the use of this device reduced the catch of many species, such as red mullet, deep-water rose shrimp and broad tail short fin squid. This reduction was observed also for specimens above MCRS. In conclusion, the T90 applied to the extension piece does not provide any improvement in selectivity, contrary to what has been observed when the T90 is placed at the codend. In contrast, the grid could be a possible way to increase selectivity. However, the use of grid should be further investigated to identify settings that can avoid the loss of a substantial fraction of commercial catch.




Keywords: demersal bottom trawling, selectivity, extension piece, selection grid, T90 mesh configuration, Mediterraenan sea



Introduction

The practice of discarding at sea is a major issue for many commercial fisheries. Pérez Roda et al. (2019) report that in the Mediterranean and Black Sea a biomass of at least 275,000 tonnes is discarded every year. Discarding occurs because most fishing gears and practices are not selective enough for the targeted species and sizes (Clucas, 1997). Therefore, discards are the effect of inefficient fishery exploitation patterns and may have negative consequences on the stocks, ecosystems and the marine environment (Frid et al., 2003; FAO, 2011).

Discards include both target species and any other commercial and non-commercial species, that are returned at sea dead or alive (Alverson et al., 1994). According to Tsagarakis et al. (2014), the biomass discarded by the Mediterranean fisheries can vary between 20% and 65% of the total biomass caught. This wide range is the consequence of large-scale geographic and regional differences in discarding practices, mainly due to commercial preferences, fishing strategies (gear type and target species), and environmental characteristics, such as substrate type, depth, productivity and seasonality which affects the species composition of demersal communities. Discards in the Mediterranean fisheries are also due to the presence of specimens of commercial species below the Minimum Conservation Reference Size (MCRS), a management measure in force in the EU Member States that fixes a threshold size for the landings of the most important commercial species, included in the Annex IX Part A of the Regulation (EU) 2019/1241 (EU, 2019a).

Bellido et al. (2017) reported that in the Mediterranean Sea the discards of undersized individuals of regulated species, such as European hake (Merluccius merluccius), horse mackerels (Trachurus spp.) and sparids (Sparidae), can vary from 18% to 77% of the catch of each species. Sartor et al. (2016) and Spedicato et al. (2018) reported that discards of individuals below MCRS account for 18% of the total catch of European hake, 7% of red mullet, 1% of deep-water rose shrimp, and 37% of horse mackerel in the Ligurian and northern Tyrrhenian Sea.

The European Union has tried to implement strategies to reduce discards in bottom trawling. Under the EU Common Fisheries Policy (CFP), the Art. 15 of the EC Regulation 1380/2013 (EU, 2013), known as the “Landing Obligation”, which provides for the prohibition of discarding of the regulated species, aims at streamlining the development of more selective technical solutions and fishing practices. In 2010, the minimum legal mesh size of codend of bottom trawl nets was increased from 40 mm diamond mesh to 40 mm square mesh (or 50 mm diamond mesh) following Council Regulations (EC) 1967/2006 and EU Regulation 2019/1241 (EC, 2006; EU, 2019a). The updated legal meshes still allow catching specimens under the MCRS for most of the regulated species, therefore this does not seem a fully effective measure to solve the problem of discarding (Lucchetti et al., 2021). According to the Landing Obligation, discards management should lead to disproportionate costs for fishers, which would therefore force them to adopt more selective fishing strategies (Prellezo et al., 2016).

The recent Multiannual Management Plan (MAP) launched by the European Union for the demersal resources of the western Mediterranean (EU, 2019b) is mainly focused on the recovery of the stocks of target and by-catch species exploited by bottom trawling. The Plan is based primarily on a fishing effort regime, but it foresees also measures aimed at reducing the impact of fishing mortality on juveniles (e.g., temporal closures of nursery areas). The MAP also includes the possibility to adopt technical measures to increase the selectivity of fishing gears.

In the last 15 years, a wide range of selectivity studies aiming at reducing unwanted catches in trawl fisheries have been conducted in the Mediterranean, testing diamond and square meshes of different sizes in the codend (Bahamon et al., 2006; Guijarro and Massutí, 2006; Sala et al., 2008; Sala and Lucchetti, 2011; Ordines et al., 2014; Brčicć et al., 2018; Mytilineou et al., 2021, among others), as well as modifications of the codend circumference (Özbilgin et al., 2005; Sala and Lucchetti, 2011; Sala et al., 2016; Tokaç et al., 2016), and changes in twine thickness or net material (Tokaç et al., 2004; Bahamon et al., 2006; Sala et al., 2007).

Technical solutions affecting the mesh configuration of the net can be alternative technical solutions to be tested. The 90° turned mesh configuration (T90) is a simple rotation by 90° of a traditional diamond mesh netting; as a result, the meshes remain open during towing and under the weight of the catch, enabling smaller specimens to escape (Wienbeck et al., 2011; Madsen et al., 2012). The T90 in the extension piece of the net has been recently tested in the Catalan Sea (Sola and Maynou, 2018a; Maynou et al., 2021) with promising results (e.g., the increase of modal length of the catch of European hake and red mullets), and in the Adriatic Sea (Petetta et al., 2022).

Other technical solutions aiming at reducing the unwanted catch are the by-catch reducing devices (BRDs), which are structures inserted in fishing gears with the aim of providing an escape route for unwanted species or sizes (Eayrs et al., 2007). A recent study carried out in the Strait of Sicily (Vitale et al., 2018a) showed improved selectivity of European hake and deep-water rose shrimp using juvenile and trash excluder devices (JTED) grids with spaced bars of 20 and 25 mm inserted in the extension piece of the trawl net.

The present study aims to test two selectivity devices placed in the extension piece of the commercial trawl net commonly used by fishers operating in the northern Tyrrhenian Sea (NW Mediterranean): i) a section of the net with diamond meshes rotated by 90° (T90); ii) a selection grid oriented to guide small animals to be released through an escape opening in the upper panel of the net. The effects of these two devices in improving the exploitation pattern and reducing the discard rates of the traditional trawl net were tested by means of an experimental study. The present work focuses on three important species of the WestMed MAP, European Hake, M. merluccius (HKE), deep-water rose shrimp, Parapenaeus longirostris (DPS), and red mullet, Mullus barbatus (MUT), as well as two additional commercial species, horse mackerel, which are abundant, Trachurus trachurus (HOM), and broad tail short fin squid, Illex coindetii (SQM).



Materials and methods


Data collection

The experimental trials aiming at testing the T90 mesh geometry on the extension piece and the juveniles selection grid (GRID) were conducted using a chartered trawler belonging to the Porto Santo Stefano fleet (FV Ciro I) in August 2020. Two transects of five hauls each (depth range 80-230 m) were selected in the fishing grounds exploited by the Porto Santo Stefano trawl fleet (Figure 1), where European hake and deep-water rose shrimp are the main targets. The experiment was carried out by means of the alternated hauls method (Wileman et al., 1996); hauls were conducted using the commercial trawl net (control net, CTRL) to compare catches with those obtained with the tested devices (T90 and GRID). A total of 81 experimental hauls was performed during daytime:

	- 27 hauls with the control net (extension piece 44 diamond mesh (DM); codend 40 square mesh (SM));

	- 27 hauls with 44 mm T90 mesh geometry in the extension piece (codend 40 SM);

	- 27 hauls with the GRID in the extension piece (extension piece netting 44 DM; codend 40SM).






Figure 1 | Northern Tyrrhenian Sea (part of the FAO-GFCM GSA9). Location of the two transects (red and black lines) selected for the implementation of the survey.



During the towing operations, the net was equipped with acoustic sensors to monitor the net geometry (vertical and wing openings). A Kruskall-Wallis H test (χ2) was applied to evaluate possible differences in vertical and wing openings among the three net configurations.

For the experiments, the vessel used a 4-faces trawl net (i.e. 4 panel trawls, with bottom, upper and side panels). The overall trawl net length was about 75 m. The scheme of the gear is summarized in Figures 2, 3. The polyethylene headrope was 43.5 m long and its diameter was 28 mm. The number of floats was 30, with a diameter of 100 mm. The footrope was 56 m long with a diameter of 34 mm; the material was a combination between polyethylene, steel braid and nylon. The extension piece had a conical shape with a length of 10 m, and with the number of meshes along the circumference ranging from 390 in the proximal part to 200 in the distal part. The mesh in the extension piece was 44 mm DM. Finally, the codend was 6 m long, and the number of meshes at circumference was 200 with a 40 mm SM.




Figure 2 | Scheme of the trawl nets used in the survey, with details of the extension piece of the three net configurations (Control, Grid and T90).






Figure 3 | Characteristics of the trawl used for the experiment.



The 90° turned mesh configuration (T90) was built from the same netting panel used for the traditional 44 DM configuration of the commercial net. The T90 configuration was mounted along the entire length (10 m) of the extension piece of the experimental net (Figure 4).




Figure 4 | Scheme of the structure of cod-end and extension piece in the CTRL (above) and the T90 (below) nets (from Sola and Maynou, 2018a; modified). SM40: 40 mm square mesh. DM44: 44 mm diamond mesh.



The selection grid (GRID) developed for the sea trials was the “FLEXGRID” designed by “Ocean Marine and Fishing Gear A/S”, a company based in Denmark with high experience in developing and providing selection grids for commercial fishing. FLEXGRID is a very light grid made of an alloy of high-strength plastic material. This material ensures a remarkable elasticity and ability to withstand considerable bends and resume its natural shape when the mechanical stress is over. These features allow the grid maintaining a stiff configuration during trawling, and safely winding around a standard net winch as the net is hauled on board. The dimensions of the FLEXIGRID used for this study (Figure 5) were 110 x 85.6 cm (height x width). It had three horizontal bars (20 mm thick) spaced 25 cm each other, and 27 cm from the top to the bottom of the grid. These horizontal bars are required to maintain the rigidity of the grid during towing. The grid had 24 vertical bars (15 mm thick) spaced 20 mm each other. The lower section of the grid (approximately 25% of the total area) had a hole that guides large animals (i.e. the commercial catch) towards the codend (Figure 5, blue area). The grid was mounted on a tubular netting section (6 m in length) with a tilt angle of approximately 46˚ and placed in the extension piece, just in front of the codend. The inclination of the grid favours the contact between the vertical bars and the specimens entering the net and, therefore, the escapement of the smaller ones. An escape opening was cut in the upper part of the net, just behind the selection grid. The opening in the lower part of the grid allows the conveying of the larger fish towards the codend.




Figure 5 | Scheme of the “FLEXGRID”, a juvenile selection grid employed for the sea trials. The blue area indicates the hole in the grid through which the commercial catch is diverted to the codend.



Each towing operation was performed with a duration ranging between 30 and 40 minutes, and at a speed of about 3.0 nautical miles per hour (knots). At the end of each experimental haul, once the net was opened on board, the catch was sorted by the fishing crew, and divided into commercial and discarded fractions. The commercial fraction was processed on board. The size of all commercial species (Total Length, TL, to the 0.5 cm below for bony fishes; Carapace Length, CL, to the 1 mm below for crustaceans; Mantle Length, ML, to the 0.5 cm below for cephalopods) was measured on board (sub-sampling was usually performed for deep-water rose shrimp catches, which weighed between 10 and 40 kg per haul). For each haul, discards (whole or a sub-sample) were frozen and brought to the lab for analysis. At the end of each sampling day at sea, the meshes of the net used were measured using the Omega Mesh Gauge. The GRID meshes were checked as well.



Data analysis

Catch rates in biomass (kg h-1) of target species and bycatch categories were analysed by means of Generalized Additive Model (GAM) (Hastie and Tibshirani, 1990; Zuur et al., 2009) to assess the performance of the different net types tested in the sea trials. A simple GAM with Gaussian error distribution (and identity link), and Depth and NetType as covariates was fitted to catch rate data (kg h-1) as dependent variable, according to the following model:

	

Depth was modelled as a smoother, while NetType was used as a 3-levels factor: CTRL, T90, and GRID. A significance level of 0.05 was used for the analysis. Model residuals were visually analysed to check for assumptions of homogeneity and normality (Zuur et al., 2009). All the analyses were performed in R (version 4.0.3) (R Core Team, 2020) with the package mgcv (Wood, 2006).

The absence of cover did not allow evaluating the absolute selectivity (i.e. estimation of a L50 and a Selection Range), because the total population that is exposed to the gears is not known. However, it was possible to estimate the relative catch performance and efficiency between the nets equipped with the selective devices (T90 and GRID) and the commercial net (CTRL). The methodology applied to evaluate the effectiveness of Test net vs a Control net (namely, a traditional commercial net) was based on the catch comparison method described by Holst and Revill (2009).

The sampling was designed to minimize the differences between control and test hauls. They were parallel each other, thus simulating a “twin net” operating in the same area, approximately with the same trawl duration and on the same fish population. In this way, the same number of controls and tests were carried out, simulating a paired sampling design. A standardization (individuals per hour) was applied to adjust for the small differences in time duration between corresponding control and test hauls, making the following analysis unbiased.

To assess the influence of the test nets (GRID or T90) on the size composition of the species caught, the polynomial regression Generalized Linear Mixed Model (GLMM, with hauls as random intercept) was used to fit curves for the expected proportions of the total catch and thus to assess the catch efficiency (at length) of test nets relative to Control net.

The probability of a fish of a determined length being retained by the Test gear follows the formula:

	

where   and   are species subsampling ratios (namely, the proportions taken out for measurements, if any, from the catch bulk) in each Test and Control h haul, k is the order of the polynomial to be tested and bh ~ N(0,σ2) is the error associated to the model. A binomial error distribution was used to calculate the probability of the number of fish caught in the Test net given they enter both gears by each size class. A probability of 0.5 (the split parameter) corresponds to equal catches in both gears. As suggested by Holst and Revill (2009), the best model was the minimal degree polynomial curve that captures the main trends indicated by the observed proportions, although in some instances a 1st or 2nd order would be enough. The best model describing the retention probability was decided based on the lowest value of AIC (Zuur et al., 2009). According to the parsimony rule, when two models showed AIC values difference less than 5 units, the best model was chosen based on the degree of freedom (the less degree of freedom, the more parsimonious model).

The models were reported with 95% confidence intervals (Efron, 1987) accounting for within- and between-hauls variation (Millar, 1993). Confidence intervals were calculated by means of a double bootstrap resampling first hauls, then resampling fish with hauls and fitting the chosen model to the resampled data. The procedure was repeated 1000 times. The analyses were performed using the selfisher R package (v. 1.0; Brooks et al., 2022).




Results

No significant differences in the trawl opening among the three net configurations were found (Kruskal–Wallis H test, χ2 = 0.386, df = 2, p > 0.05 for the wing horizontal opening; χ2 = 0.421, df = 2, p > 0.05 for the vertical opening).

During the survey, a total of 154 species or major taxa was collected, 69 bony fish, 5 elasmobranchs, 15 cephalopods, 16 decapod crustaceans and 49 other taxa. The taxonomic list with the abundance indices (biomass in kg and number of specimens per fishing hour) for the three types of net employed is shown in Table 1S in the Supplementary Material.

In general, the catches obtained in all the experimental hauls were characterised by a great number of species, most of them belonging to by catch and non-commercial fraction. The standardised yields of the total biomass caught were 56.4 kg/h, 62.5 kg/h and 49.3 kg/h for CTRL, T90 and GRID, respectively. According to the sorting of the catch made by the fishers on board, discards in biomass represented 17.5% of the total catches in CTRL, 20.2% in T90 and 23.5% in GRID; this fraction included 38.7% of the total biomass of bony fish in CTRL, 39.2% in T90 and 36.0% in GRID. For crustaceans the proportion of discard was 3.8%, 3.4% and 7.4% in CTRL, T90 and GRID, respectively. In contrast, the biomass discarded was very low for cephalopods in all the net configurations.

Among the commercial species, the five target species of this study ranked among the most abundant ones, both in numbers and weight in the three gear configurations. The largest catches in biomass were obtained for deep-water rose shrimp (12.0 kg/h in CTRL, 12.8 kg/h in T90 and 8.5 kg/h in GRID), while horse mackerel, T. trachurus, showed values of 3.2 kg/h in CTRL, 3.3 kg/h in T90 and 1.9 kg/h in GRID. European hake showed yields of 1.7 kg/h in CTRL, 1.8 kg/h in T90 and 1.5 kg/h in GRID. Broadtail shortfin squid, I. coindetii, showed notably higher catches in CTRL (2.6 kg/h) and T90 (2.4 kg/h) than in GRID (0.5 kg/h). Yields of red mullet, M. barbatus, were 1.4 kg/h in both CTRL and T90 and 0.9 kg/h in GRID. Detailed data are reported in Table 1S in the Supplementary Material.

As shown in Table 1, the catch below the Minimum Conservation Reference Size (MCRS) represented an important fraction of European hake catches, especially in terms of number of specimens (specimens below the 20 cm TL MCRS: 73.4% in CTRL, 77.9% in T90 and 70.4% in GRID); it was noticeably lower in deep-water rose shrimp (specimens< 20 mm CL: 10.1% in CTRL, 9.1% in T90 and 11.2% in GRID) and horse mackerel (specimens< 15 cm TL: 6.6% in CTRL, 6.2% in T90 and 5.1% in GRID). The percentage of specimens< 11 cm TL (MCRS) was null for red mullet in all the net configurations.


Table 1 | Mean (± SD) biomass (kg h-1) and abundance (n h-1) indices of the total catch and discarded fraction of the target species.




Catch comparison - Yields

Table 2 shows the results of the GAM analyses to compare catches in biomass obtained with the three net configurations, performed on a suite of 12 combinations of categories and species (total catch; commercial fraction; discards; catches by species, above and below MCRS). Table 2 shows the outcomes for the factor NetType only. The full overview of the results of the GAM analysis (including the effect of the Depth variable, modelled as a smoother) is reported in the Supplementary Material. Figure 6 shows the violin plots for each net type made through an exploratory analysis before performing the GAM.


Table 2 | Summary of the results of the GAM analyses performed on the catch rates (kg h-1) of a suite of 12 combinations of species/taxa and categories.






Figure 6 | Violin plots in kg h-1 for the three types of net. The lower and higher lines of the boxes are the first and third quantile, respectively; the bold line is the median and the vertical lines delimit the minimum and maximum values excluding outliers. The kernel probability density of the data at different values is also shown.



As concerns total catches, a significant reduction was observed for the net equipped with the GRID compared to the CTRL, while no significant difference was observed comparing the net equipped with the T90 and the CTRL.

For the discarded fraction, the catch rates did not show significant differences among the three net configurations tested. A significant reduction in total commercial catches was observed for GRID compared to CTRL and T90, while no significant difference was observed between the latter two nets configurations.

Regarding the group of benthic organisms, that includes mainly Echinoderms, Gastropods and Cnidarians, no significant difference was found comparing the catches obtained with the three net configurations.

At species level, a significant reduction in the catch rates of undersized individuals (<MCRS, 20 cm TL) of European hake was observed for the GRID compared to the CTRL, while no significant difference was observed comparing CTRL and T90. No significant difference was observed among the three nets tested in terms of catches of individuals above the MCRS.

As regards deep-water rose shrimp, no significant difference in the catch rates of undersized individuals (MCRS, 20 mm CL) was observed among the three nets. However, a significant reduction in the catch rates of individuals above the MCRS was observed for the GRID compared to the CTRL, while no significant difference was observed comparing T90 and CTRL. For the broadtail shortfin squid, which does not have a MCRS, a significant reduction in the catch rates was observed for the GRID compared to the CTRL, while no significant difference was observed between the T90 and the CTRL. As regards horse mackerel and red mullet, no significant differences were observed in the catch rates of the three nets.



Catch comparison – Demographic structures

The comparison of the demographic structure (Figure 7; Table 3 and Table 2S in Supplementary Material) of the catches obtained with the CTRL and those with the T90 did not show any improvement in selectivity using the T90 in the extension piece.




Figure 7 | Length frequency distributions (above) and modelled catch comparison rates (below) of the T90 extension and the CTRL. HKE: M. merluccius; MUT: M. barbatus; HOM: T. trachurus; DPS: P. longirostris; SQM: I. coindetii. Black dotted vertical lines correspond to the MCRS of each species, if any. In the catch comparison graphs, the point-dashed horizontal line at 0.5 represents the point at which both gears have equal catch rates. The solid black line corresponds to the modelled catch comparison while the grey area is its 95% confidence interval. Dots corresponds to the individual proportions retained and the size is proportional to the total individual of each size class.




Table 3 | Summary of the length frequency distributions of the target species.



The comparison of the demographic structure of the catches between the CTRL and the GRID (Figure 8; Table 3 and Table 2S in Supplementary Material) showed improved selectivity with the GRID, which allowed reducing the catch of European hake specimens between 11 and 19 cm TL. No difference for European hake individuals above MCRS was found.




Figure 8 | Length frequency distributions (above) and modelled catch comparison rates (below) of the GRID and the CTRL. HKE: M. merluccius; MUT: M. barbatus; HOM: T. trachurus; DPS: P. longirostris; SQM: I. coindetii. Black dotted vertical lines correspond to the MCRS of each species, if any. In the catch comparison graphs, the point-dashed horizontal line at 0.5 represents the point at which both gears have equal catch rates. The solid black line corresponds to the modelled catch comparison while the grey area is its 95% confidence interval. Dots corresponds to the individual proportions retained and the size is proportional to the total individual of each size class.



In most of the other investigated cases, the GRID produced important losses in the catch; this was evident for broadtail short fin squid, with a sharp decrease of all size classes in the catch.

For red mullet, the loss of catches produced by the GRID affected specimens of the commercial fraction, below 17 cm TL, as no individuals below MCRS were caught during the experiment. Also for deep-water rose shrimp, the use of this device determined a loss of specimens from 20 to 25 mm CL. As regards horse mackerel, the high dispersion of the experimental data hampered to detect differences between the size distributions of the GRID and the CTRL.




Discussion

In the Mediterranean, the presence of a large number of undersized and juvenile specimens in the trawl catches produces negative effects on the population dynamics of most commercial species. As shown by recent stock assessments, the situation in the Mediterranean is particularly critical, where 75% of the analysed stocks are overexploited (FAO, 2020).

In order to reduce fishing mortality on juveniles, different management actions aiming at increasing the size at first capture of the exploited stocks have been proposed and implemented in EU Mediterranean waters, such as spatio-temporal closures and technical measures, as well as a general reduction of fishing effort.

Several technical measures have been tested with the aim of increasing the trawl net selectivity by means of changes in the mesh size of the codend. The adoption of 40 mm square or 50 mm diamond meshes enforced with the Mediterranean regulation (EC, 2006) still not sufficient to improve the stocks status, as for many species it does not ensure a length at first catch larger than their MCRS (Bahamon et al., 2006; Tokaç et al., 2010; Sala et al., 2015 among others). In recent years, several experiments have been testing the T90 configuration applied to the codend, and they have shown some improvement in selectivity compared to the codend with diamond mesh configuration (Tokaç et al., 2014; Deval et al., 2016).

The adoption of the T90 configuration does not present technical difficulties and is almost inexpensive, therefore it could be easily adopted by fishers and managers. This is a not negligible aspect given that fishers are always reluctant to implement changes that imply losses of catch volume and values in the short term, though benefits are expected in the long-term (Bahamon et al., 2007).

Recently, some experiments have been carried out in the Mediterranean to evaluate whether the T90 configuration can lead to a significant increase in selectivity if applied to different sections of the trawl net, other than the codend. Sola and Maynou (2018a) and Maynou et al. (2021) in the Catalan Sea, and Petetta et al. (2022) in the Adriatic Sea experimented trawl nets with the T90 configuration placed in the extension piece, i.e. the section of the net just in front of the codend. The results obtained by those experiments are contrasting. In the case of Sola and Maynou (2018a) and Maynou et al. (2021), the T90 placed in the extension piece determined an increase in the size at first catch of European hake, well above the MCRS, as well as an increase in the catch rates of this species. For red mullet and striped red mullet, the legal mesh size of codend (40 mm square or 50 mm diamond) already allows catching individuals larger than the MCRS and the use of the T90 in the extension piece would mainly result in a commercial catch reduction. Petetta et al. (2022) tested both a reduction in the number of meshes in the extension piece, a modification that reduces the net diameter, and the T90 placed in the same section of the net. In this case, although the number of meshes was lower, the T90 arrangement did not cause a reduction in the diameter of the experimental net compared to that of the commercial one. The main findings by Petetta et al. (2022) revealed that the T90 configuration performed differently based on the different target species. For the European hake, no substantial difference was found between the control and the T90 nets, also considering the catch of individuals below MCRS (20 cm TL). Therefore, the size selectivity was not improved for this species using the net with T90 configuration in the extension piece. Concerning red mullet, the T90 net proved to be the most size selective net, but this was associated to a significant loss of individuals above MCRS.

Similarly to what was reported by Petetta et al. (2022), the comparative analysis that we did between the size structure of the control net and that of the net equipped with the T90 did not show any significant improvement in selectivity. Therefore, the hypothesis suggested by Petetta et al. (2022) and formulated by other authors (Grimaldo et al., 2007; He et al., 2008; Winger et al., 2010) seems to be supported also by our results. According to these authors, a common behaviour of many fish species is to stay away from the meshes when they enter a relatively narrow section of the net such as the extension piece. Likely, fish, in particular the small sized ones, continue to swim in the direction of towing without attempting to escape until they get tired and are dragged into the codend where the interaction with the meshes of the net and the eventual escape take place. Although these hypotheses need to be validated by direct observations, e.g. from underwater cameras, our results confirm that the extension piece does not significantly contribute to increasing the selectivity process of the net, which occurs essentially at the level of the codend, especially during hauling operations (Madsen et al., 2012).

The differences between our findings and those by Sola and Maynou (2018a) and Maynou et al. (2021) in the Catalan Sea for the T90 net configuration could be related to the characteristics of the nets used in the two different areas. In the Catalan Sea, the net was equipped with a codend considerably shorter than the one used in the present study (1.4 m vs 6.0 m). The use of a very short codend, whose length is further reduced by the binding closure applied at the bottom of the codend, could facilitate its quick filling and consequently the interaction between the fish and the terminal part of the extension piece. In fact, the experiment performed by Maynou et al. (2021) showed an increase in selectivity in the case of T90 meshes placed in the rear part of the extension piece, in close contact with the codend, while in the case of the T90 meshes placed in a frontal position in the extension piece, at a distance of 8.0 m from the codend, no significant variation in selectivity with respect to the control net was observed.

Selection grids aimed at reducing bycatch of undersized individuals have been tested in some areas of the Mediterranean (Sardà et al., 2005; Massuti et al., 2009; Özvarol, 2016). Although this device was proposed in the early 1980s to reduce the capture of large sized animals, such as sea turtles (Epperly, 2003; Lucchetti et al., 2016; Lucchetti et al., 2019; Vasapollo et al., 2019), experiments have shown that grids can be used to reduce the catch of juveniles, without affecting the catch of large sized fish (Aydın et al., 2011; Aydın and Tosunoğlu, 2011). Therefore, according to the characteristics of the fishery and the target species, different typologies of grids can be used.

Previous experiments showed that the installation of selection grids can increase the selectivity for European hake up to 19 cm TL (Sardà et al., 2004; Sardá et al., 2006; Bahamon et al., 2007; Massutí et al., 2009). Sardá et al. (2006), testing grids in a continental shelf mixed fishery in the Catalan Sea, reported that selection grids of 15 and 20 mm bar spacing resulted less size selective than the 36 mm square mesh codend, at least for the main target species of the fishery (European hake, red mullet, horse mackerel). In contrast, the selectivity of 20 mm selection grid substantially improved the selection length of European hake, poor cod (Trisopterus capelanus), greater forkbeard (Phycis blennoides) and Norway lobster (Nephrops norvegicus), when compared against the selectivity of 40 mm diamond mesh (Bahamon et al., 2007).

In the present study, the comparison of the size structure of the catch retained by the control net and the net equipped with the selection grid did show some improvement in selectivity.

The net equipped with the grid was effective in reducing the catch of European hake specimens between 11 and 19 cm TL. However, the grid also showed significantly lower catch rates of individuals greater than MCRS, as in the case of red mullet and deep-water rose shrimp, the main target species on the fishing grounds exploited by the local trawl fleet. Moreover, a significant loss in catches of other species, such as broadtail shortfin squid, another target species for the local trawl fleet, was observed in the net equipped with the grid. These results agree with those by Vitale et al. (2018a), who tested different types of grids in the Strait of Sicily, including a grid with 20 mm bar spacing similar to the one experimented in the present work.

The selection grids operate in a similar way to the codend meshes. Differently to the T90 in the extension piece, where the selection occurs only if the fish try to escape by actively swimming towards the meshes of the net, in the case of the grid the contact between the fish and the gear occurs almost passively. Thus, the use of the grid placed in the extension piece may be an alternative option to the increase of mesh size. The studies by Brčicć et al. (2015) and Lucchetti et al. (2016) have shown that the specimens that escape through the selection grid seem to have a greater survival rate than those selected at the level of the codend. However, information on the survival rate of the specimens escaped from the selectivity devices is currently scarce and scattered in the Mediterranean. At present, there is no information on the survival of deep-water rose shrimp and European hake selected through the grid. This is an important aspect to be taken into account when evaluating the performance of any device aimed at increasing the selectivity of the catch.

Another important aspect for a proper assessment of the performance of the grids is the effect of the debris or the abundant catches in the net that can obstruct the grid itself (Suuronen and Sardà, 2007). To this end, experiments replicating the “commercial conditions” of the nets should be performed; for example, the duration of the usual commercial hauls is notably longer (e.g. up to 3 of 4 hours) than that of the experimental ones. This aspect can strongly affect the net filling, especially on fishing grounds where the presence of discards (e.g. invertebrates) is abundant.

The adoption of gears modified to increase selectivity can find their application if they are easy to use, does not substantially increase the costs of building and maintaining fishing gears, and does not imply economical losses. Fishers are always reluctant to increase the selectivity of the gear, as this always determines, at least in the short-medium term, a loss in commercial yields. This reluctance could be overcome by providing, at least in the initial stages of adopting changes to the gears, compensation measures that can mitigate the effects of economic losses. Bio-economic forecasting models applied to simulate the use of more selective fishing gears have shown that the initial economic loss could be in many cases largely recovered in the medium and long term (Prellezo et al., 2017; Sola and Maynou, 2018b; Vitale et al., 2018b).

In conclusion, the studies of the selectivity of trawl nets in the Mediterranean mainly concerned the cod-end. Only recently, experiments have been carried out modifying the meshes in other parts of the net, e.g. the T90 configuration in the extension piece. The few experiments conducted so far have shown contradictory results, and the need to continue investigating to obtain more robust knowledge. Also in the case of selection grids to avoid the capture of small specimens there are aspects to be explored more deeply, such as the operation of this device in commercial fishing conditions and the survival of the escaped specimens to evaluate whether the grids can be a valid alternative to codend selectivity.

The results of our study showed that the T90 mesh configuration placed in the extension piece does not produce a positive effect on the selectivity of the bottom trawl net, at least for the nets used in the northern Tyrrhenian Sea, which are characterized by large dimensions (length and diameter) and long codend. The grid seems to be a better solution to reduce the catch of specimens below the MCRS, although in the present study the reduction of unwanted catches was usually associated with some loss in the commercial fraction. Therefore, there is the need for further investigations to better understand the technical feasibility of such a device when working in commercial conditions (e.g., 3-4 hours towing), and evaluate its economic viability taking into consideration the observed loss of commercial catches.
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Through the advancement of observation systems, our vision has far extended its reach into the world of fishes, and how they interact with fishing gears—breaking through physical boundaries and visually adapting to challenging conditions in marine environments. As marine sciences step into the era of artificial intelligence (AI), deep learning models now provide tools for researchers to process a large amount of imagery data (i.e., image sequence, video) on fish behavior in a more time-efficient and cost-effective manner. The latest AI models to detect fish and categorize species are now reaching human-like accuracy. Nevertheless, robust tools to track fish movements in situ are under development and primarily focused on tropical species. Data to accurately interpret fish interactions with fishing gears is still lacking, especially for temperate fishes. At the same time, this is an essential step for selectivity studies to advance and integrate AI methods in assessing the effectiveness of modified gears. We here conduct a bibliometric analysis to review the recent advances and applications of AI in automated tools for fish tracking, classification, and behavior recognition, highlighting how they may ultimately help improve gear selectivity. We further show how transforming external stimuli that influence fish behavior, such as sensory cues and gears as background, into interpretable features that models learn to distinguish remains challenging. By presenting the recent advances in AI on fish behavior applied to fishing gear improvements (e.g., Long Short-Term Memory (LSTM), Generative Adversarial Network (GAN), coupled networks), we discuss the advances, potential and limits of AI to help meet the demands of fishing policies and sustainable goals, as scientists and developers continue to collaborate in building the database needed to train deep learning models.




Keywords: fisheries, gear technology, underwater observation systems, deep learning, fish behavior tracking



1 Introduction

In observing fishes, the human eye can efficiently distinguish swimming movements, where the fish is, how it is swimming, how it is interacting with other fishes and its environment (He, 2010). For ethologists, interpreting behaviors from visual observations come almost instantaneously. As developments of non-invasive and autonomous underwater video cameras continue to advance (Graham et al., 2004; Moustahfid et al., 2020), behavioral observations can now be derived from a plethora of high-resolution marine imagery and videos (Logares et al., 2021). The reach of human vision continues to extend as cameras can be used in most conditions (Shafait et al., 2016; Christensen et al., 2018; Jalal et al., 2020), such as light, dark and muddy underwater conditions, and can go to greater depth and longer periods (Torres et al., 2020; Bilodeau et al., 2022; Xia et al., 2022). Cameras can now provide vision in 2D or 3D into how fishes interact with fishing gears used to capture marine species (e.g., pots, lines, trawls and nets) where behavior can be recorded by an observation system. It allowed direct vision on how gear components affect catches and escapements (Graham, 2003; Nian et al., 2013; Rosen et al., 2013; Williams et al., 2016; Langlois et al., 2020; Sokolova et al., 2021; Lomeli et al., 2021) and has opened windows to observe behaviors of fishes in any kind of environmental condition (Robert et al., 2020; Cuende et al., 2022).

This marked an important step to capture finer details in the process of fishing gear selectivity (i.e., the gear’s ability to retain only targeted species, while avoiding bycatch of vulnerable, unwanted species or undersized individuals). Innovations in gear selectivity continue to bring in new types of selection and bycatch reduction devices added to gear designs (e.g., for review of selective and bycatch reductions devices, see Vogel, 2016; Matt et al., 2021; for grid, see Brinkhof et al., 2020, for mesh size: Kim et al., 2008; Aydin and Tosunòlu, 2010; Cuende et al., 2020b; Cuende et al., 2022, for panels: Bullough et al., 2007; Ferro et al., 2007). By observing the influence of these modifications, finer selectivity patterns have been unraveled, highlighting how the visual, hearing and tactile cues that species are sensitive to are key in the capture process of fishes (Arimoto et al., 2010; Yan et al., 2010). As studies in fish vision show differences in behavior across species in relation to their spectral sensitivity (Goldsmith and Fernandez, 1968; Carleton et al., 2020), gears continue to be developed with visual components, such as light and color, that aim to make them more or less detectable (Ellis and Stadler, 2005; Sarriá et al., 2009; Underwood et al., 2021). Mesh and panel configurations affect tactile cues and herding behavior that can differ among species (Ryer et al., 2006). Thus, they are continually being tested across different fishing zones (Ferro et al., 2007; Cuende et al., 2020a) as environmental conditions such as depth and light penetration change fish behavior (Blaxter, 1988). Observations of how visual, acoustic, or mechanosensory stimuli elicit fish movement have been extensively studied (e.g., Forlim and Pinto, 2014; Popper and Hawkins, 2019; Xu et al., 2022). Quantifying reactions of fishes to stimuli or gear modifications requires an assessment of their swimming patterns that are highly variable and nonlinear as they are under stress, in constant locomotion (Kim and Wardle, 2003; Kim and Wardle, 2005) and are affected by several environmental factors (Schwarz, 1985; Baatrup, 2009; Yu et al., 2021; Xu et al., 2022). Moreover, their movement often differ between individual and group behavior (Viscido et al., 2004; Stienessen and Parrish, 2013; Harpaz et al., 2017; Schaerf et al., 2017).

As of today, automated tools in fish recognition have been mostly driven by economical frameworks such as in monitoring their welfare on fish farms. (Zhou et al., 2017; Muñoz-Benavent et al., 2018; Cheng et al., 2019; Måløy et al., 2019; Bekkozhayeva et al., 2021; X. Yang et al., 2020), in directing migratory trajectories in river passageways (Stuart et al., 2008; Cooke et al., 2020; Eickholt et al., 2020; Jones and Hale, 2020) and stock assessments (Mellody, 2015; Myrum et al., 2019; Connolly et al., 2021; Ovchinnikova et al., 2021). Artificial Intelligence (AI) has thus become a multi-purpose data processing tool in marine science that is integrated in model simulations, predictions of physical and ecological events (Chen et al., 2013) and imagery data processing from large-scale to fine-scale observations (Beyan and Browman, 2020). Yet, observations are often focused on the temporal aspects of swimming behavior on a 2D-scale (Lee et al., 2004; G. Wang et al., 2021) with lack of spatial depth and 3D components of the real world, providing only a narrow window of their actual behavior as a whole. These movements and their complexity need to be transformed into meaningful metrics derived from video observations (Aguzzi et al., 2015; Pereira et al., 2020). This requires a tremendous amount of time, focus, effort and is subject to error and incomplete manual observations (Huang et al., 2015; Guidi et al., 2020). This is where AI methods enter (Packard et al., 2021): the principle is to translate what the human eye sees and what the brain interprets into computer vision (or machine vision) and artificial neural networks (van Gerven and Bohte, 2017; Boyun et al., 2019). For computer vision, images of fishes and their corresponding features (temporal and spatial) must therefore be translated to numerical units that the computer can understand (Aguzzi et al., 2015).

Studies and innovations on fish observations over the past decade have successfully generated models that can automatically see fishes on videos, identify taxa and follow their swimming direction with considerable accuracy (Hsiao et al., 2014; Nasreddine and Benzinou, 2015; Ravanbakhsh et al., 2015; Boudhane and Nsiri, 2016; Qin et al., 2016; Marini et al., 2018; Xu and Matzner, 2018; Salman et al., 2019; Cai et al., 2020; Cui et al., 2020; Jalal et al., 2020; Raza and Hong, 2020; Yuan et al., 2020; Ben Tamou et al., 2021; Cao et al., 2021; Crescitelli et al., 2021; Li et al., 2021; Lopez-Marcano et al., 2021; Knausgård et al., 2021). Despite recent advancements, it remains challenging to train existing AI models (e.g., Convolutional Neural Network, CNN; Faster Recurrent CNN, Faster RCNN; Residual Network, ResNet; Long Short-Term Memory, LSTM; Convolutional 3-dimensional network, C3D, etc.) that could recognize fish behaviors from their swimming movements in 3D (Li et al., 2022) given the myriad of variability occurring at sea (Christensen et al., 2018). Artificial Intelligence may help to further improve the sustainability of fishing as the classical selective studies are reaching a plateau due to bottleneck in data collection inherent to the challenge of obtaining direct, in situ observations.

This paper addresses common stimuli that trigger fish reactions from selective devices in fishing gears and how these behavioral responses are transformable into quantifiable metrics with selectivity modeling and classification methods that can be pipelined in AI methods (Section 2). Section 3 presents current state and limitations of AI applied to fish gear interactions through a bibliometric analysis and the recent developments in automatic behavior recognition. The fourth section addresses the hurdles of observing interactions of fishes across fishing gear selectivity studies and how AI methods may help face these challenges.



2 Observing stimuli-response in fishing gears: The teaching base of AI models for behavior recognition

“Researchers now realised that, like the rest of the vertebrate kingdom, fishes exhibit a rich array of sophisticated behaviour and that learning plays a pivotal role in behavioural development of fishes. Gone, or at least redundant, are the days where fishes were looked down upon as pea-brained machines whose only behavioural flexibility was severely curtailed by their infamous 3-second memory” (Brown et al., 2006)


2.1 Observations of fish behavior in fishing gears

Early testing, through manual counting, size measurement, and quantification of catches/retention, has paved the way for selective devices and gear modifications to be integrated in the design of commercial fishing gear. Mesh modifications were suggested through empirical approaches by studying catch retention (e.g., catch comparison or covered codend methods) (Dealteris and Reifsteck, 1993; Ordines et al., 2006; Aydin and Tosunòlu, 2010b; Anders et al., 2017b), tank experiments for manual observations of fish passing through meshes (Glass et al., 1993; Glass et al., 1995) and even numerical approaches which estimates catches a posteriori (e.g., SELECT; Fonseca et al., 2005). Optic and sonar imaging rapidly came into play to directly estimate catches during capture (Silicon Intensified Target, SIT camera system, Krag et al., 2009; acoustic imaging, Ferro et al., 2007), then applied to observe species behavior in gears (Mortensen et al., 2017). Over the years, observing fishes became achievable in various conditions with the breadth of available technology that can be autonomously deployed for ecological and fisheries monitoring (Durden et al., 2016; Moustahfid et al., 2020). Example of technological solution to observe behavior in real world condition are presented in Table 1.


Table 1 | Example of technological solution to observe behavior in varying conditions.



Interesting behaviors from fishes have since been unearthed such as anti-predatory responses (Rieucau et al., 2014), encounters of fish with nets (Jones et al., 2008; Rudstam et al., 2011), differences in swimming speed (He, 1993; Breen et al., 2004; Spangler and Collins, 2011), avoidance (de Robertis and Handegard, 2013), exhaustion (Krag et al., 2009), orientation (Odling-Smee and Braithwaite, 2003; Holbrook and Perera, 2009; Haro et al., 2020), escapement (Glass et al., 1993; Mandralis et al., 2021), herding behavior (Ryer et al., 2006), and unique social behaviors (Anders et al., 2017a) from which selectivity studies in gears are based on. Knowledge of fish reaction and escape behavior has thus grown, leading to the development of novel gears with more open meshes, careful placement of sorting grids, and other devices to improve both size and species selectivity (Stewart, 2001; Watson and Kerstetter, 2006; Vogel, 2016; O’Neill et al., 2019). Gear selectivity might also be improved by triggering active species responses, using light, sound, and physical stimuli (O’Neill and Mutch, 2017).



2.2 Current observations of fish stimuli-response


2.2.1 Responses to light and color stimuli

Fish responses to light has been mainly studied in controlled environments and in aquaculture. It is challenging to observe light responses at sea as light attenuation limits the direct observations of fish behavior. The response to light—i.e., phototaxis—can improve gear selectivity as fishes greatly depend on vision for sensory information (Guthrie, 1986). Depending on the species and the development stage (Kunz, 2006), fishes can exhibit either positive (swimming towards light source) or negative phototaxis (swimming away) to different wavelength and intensities of light (Raymond and Widder, 2007; Underwood et al., 2021). Thus, artificial illumination is taking considerable attention for behavioral guidance of fishes to dissuade fishes from entering the gear (Larsen et al., 2017), or to help them escape from within (Southworth et al., 2020). Illumination in gears take either the form of LED light installments (e.g., illuminated escape rings for non-targeted species, Watson, 2013; illuminated separation grids for ground fishes, O’Neill et al., 2018b) or with glow-in-the-dark netting material (Karlsen et al., 2021). In dark environments, near-infrared light or red light is usually used to observe the behaviors of fishes instead of white light that may disrupt behaviors of fishes (Widder et al., 2005; Raymond and Widder, 2007; Underwood et al., 2021).

Responses of fish to color also play an important part as most bony fishes are tetrachromatic, allowing them to see colors more vividly than humans (Bowmaker and Kunz, 1987). Some fishes may be more visually sensitive to certain kinds of light wavelength and intensity (Lomeli and Wakefield, 2019), other may be non-responsive (Underwood et al., 2021). Researchers thus use these species-selective traits to install light devices (LED lights, infrared light, laser beams) on gears or change the color of the fishing nets (white, transparent, black) depending on the selected species (Simon et al., 2020; Méhault et al., 2022)



2.2.2 Responses to acoustic stimuli

Sound has been long used by fishers to scare fishes and gather them for bottom trawling. Yet, the response to sound—i.e., phonotaxis—can also be used for selectivity as hearing species are generally sensitive to specific frequencies (Dijkgraaf, 1960). Selectivity studies typically observe negative phonotaxis (i.e., avoidance) triggered by low-frequency sound (Schwarz and Greer, 2011), which can be displayed by fishes in different ways (Popper and Carlson, 1998; de Robertis and Handegard, 2013). Similar to light responses, some fishes tend to be more sensitive to certain sound frequencies, some are called “hearing specialists” such as Atlantic herring and cod (Chapman and Hawkins, 1973; Doksæter et al., 2012; Pieniazek et al., 2020). O’Neill et al. (2019) also suggested that passive acoustic approaches with sound reflectors can be designed with gears to make them more detectable for echo-locating species (He, 2010). Mainly, sound and light added to fishing gears can help attract the targeted species and help deter vulnerable or harmful animals such as mammals or fish predators (Putland and Mensinger, 2019; Lucas and Berggren, 2022). Although fishing techniques with sound have been in practice since a while (He, 2010), exploration for species selective sound devices are still at its early stages.



2.2.3 Responses to physical stimuli

The response to physical contact—i.e., thigmotaxis—shows the tendency of fishes to remain close to the seabed, or the lateral structure of gears (Millot et al., 2009). This behavior can be utilized to modify mechanical structures and panels in gears. Physical stimuli can play an important role for allowing fishes to escape (Mandralis et al., 2021) or be sorted (Larsen and Larsen, 1993; Brinkhof et al., 2020). These are usually installed in or on the gears after a series of behavioral trials on fish responses to different configurations (Santos et al., 2016). Physical stimuli are thus often drawn from the species-specific behavior (Ferro et al., 2007; Cuende et al., 2020a).

Fishes tend to orient themselves to face the water flow to hold a stationary position and lower the amount of energy they spend; this is called rheotaxis (Painter, 2021). The directional behavior due to water flow may be used to improve selectivity in trawls. For example, veil nets on shrimp fishery can modify the flow within gears, directing fishes to selective grids and net structures (Graham, 2003) and water jets projecting downward of forward can elicit early avoidance from fishes about to enter the gear (Jordan et al., 2013).



2.2.4 Other stimuli and combination of stimuli

Other stimuli relating to chemical responses (chemotaxis; Løkkeborg, 1990) and electrosensory responses (i.e., electrotaxis; Sharber et al., 1994; O’Connell et al., 2014) in fishes still need to undergo trials. Chemotaxis, which fishes use for foraging, may help fishes acquire information from greater distances (Weissburg, 2016) and are used in baited fisheries (Rose et al., 2005). Electrotaxis that elasmobranchs use to detect weak electromagnetic signals is exploited in longline fishing to reduce bycatch with electropositive metals and magnets (Kaimmer and Stoner, 2008; Robbins et al., 2011; O’Connell et al., 2014). Combination of multiple stimuli such as acoustic and visual signals also promote different responses from fishes, enhancing or impeding the responses to other cues (Lukas et al., 2021). Overall, understanding multi-sensory modalities of marine animals may help adjust selective devices, reducing bycatch and focusing catches to targeted species (Walsh et al., 2004; Jordan et al., 2013).




2.3 AI application to fish stimuli

Studying fish responses to stimuli require empirical studies, which are often limited in terms of replicates due to logistical constraints and temporal demand to collect and process raw data. Stimuli have thus been studied manually, since automatization remains difficult to apply to in situ conditions due to heterogeneous, moving background and environmental conditions. Manual observations of stimuli response currently provide the reference point for behavior recognition which now faces more and more data to process from continued observations at sea. Applying AI models may ease the data processing and enable to exploit larger amount of data. As opposed to traditional tracking method applicable to controlled experiments (e.g., background subtraction and Kalman filters, Simon et al., 2020), deep learning models are less sensitive and may be applied to harsher conditions (Sokolova et al., 2021). Computer vision can also be improved by selecting the observation system the most appropriate to produce imagery data for the fishing gear used; the variety of systems and data processing approaches for stimuli is presented in Table 2.


Table 2 | Examples of fish behavior studies exploring species’ responses to stimuli using AI and their application on fisheries.






3 Artificial Intelligence for fish behavior applications


3.1 Bibliometric analysis


3.1.1 Bibliometric analysis methods

A bibliographic research was done in February 2022 on SCOPUS for scientific journals on 2 sets of 5 queries (Figure 1). Each of the query of the first set (256 articles) included AI-related keywords. The queries linked to the AI keywords were selected to obtain studies that focus on fish behavior, underwater observations, fishing gears, and in ecological studies. The second set had the same keywords as the first set but included keywords for both saltwater and freshwater ecosystems to exclude automatic detection and classification of fish species done onboard fishing vessels with the use of keywords in all the 5 queries. This narrowed down the number of extracted publications to 138 articles (Figure 1). However, both sets of publications still included studies not relevant to the topic, so a manual screening was undertaken. The screening was done one by one among the extracted studies to keep only the relevant studies which were cross analyzed with other pertinent studies that have not been included in the SCOPUS results but are mentioned in this review. The studies that were removed from the list focused on topology mapping, stock assessment, climatological studies, biochemical studies, and automatic identification for other marine fauna and flora such as sea cucumber and algae. A final list of 384 relevant studies was collected and reviewed to extract the studies with automated fish detection, counting, species classification, motion tracking and behavior recognition with deep learning models in underwater systems.




Figure 1 | Visualization of bibliographic search. Top photo: Set of queries in SCOPUS and number of resulting articles. Fish*W/2 ecology keyword was used to focus the search on ecologically-based studies. Bottom photo: Bibliometric landscape of topics from articles (Linkage of keywords, occurrence > 5).





3.1.2 Bibliometric analysis results

The gathered studies show that the automation of tasks such as fish detection, species classification, fish counting, fish tracking, and behavior recognition is progressively materializing in the 21st century (Figure 2). The onset of ecological studies of fishes based on AI and computer vision has surfaced in the past 10 years (87 publications in relation to fish detection and classification; 36 in relation to fish behavior recognition extracted from bibliography search in SCOPUS). Developments are still on their early stages but are gaining attention rapidly, particularly for automatic detection and classification techniques thanks to the rise of deep learning (LeCun et al., 2015). Studies are fewer for automatic motion tracking of fishes and behavior recognition compared to detection and classification studies as they build on the AI methods of the latter and require more complex processing. While fish detection is being widely applied in marine habitats for several years (Fisher et al., 2016), automatic tracking and behavior recognition of fishes during capture process has yet to be applied. The following sections expand the results from the bibliometric analysis and give a brief explanation of AI and examples on the current applications of behavior recognition that can be transferred to selectivity studies.




Figure 2 | Number of publications between 1989 and 2022 for the 3 categories. The number of publications in all categories is from the cross-analysis between bibliographic search in SCOPUS and manual search in both Google Scholar and Web of Science. The final list includes 388 relevant articles reviewed one by one and categorized by the authors according to the methods included in each study.






3.2 Introduction to Artificial Intelligence

As current observations of fish behaviors in fishing gears now step into the era of AI and deep learning along with other domains in marine science (Malde et al., 2020; Logares et al., 2021; Packard et al., 2021), Internet of Underwater Things (IoUT) and Big Data coupled to AI will inevitably revolutionize the field (Jahanbakht et al., 2021). Today, behavioral studies in fisheries science stand on top of highly evolving tools to automatize analysis and processing of data. They are curated from interdisciplinary fields among marine science, computer science, neuroscience, and mechanical science among many other disciplines that are now coagulating because of AI (Xu et al., 2021). Some useful references for AI in marine science and reviews can be found in Beyan and Browman (2020); Malde et al. (2020) and Goodwin et al. (2021).

In marine sciences, neural networks used for object detection are usually “supervised” (Cunningham et al., 2008), meaning that they are trained using ground-truth objects, manually located in images, and classified into pre-defined classes. These objects, defined using the four coordinates of their bounding boxes and their associated classes (see Figure 3 for examples of bounding boxes), are then used to train the model to localize and classify these target objects within new images. Indeed, objects are assigned to one or several categories based on the probability of belonging to each of the classes used to train the model (Pang et al., 2017; Ciaparrone et al., 2020). Once object detection is done on different frames (Figure 4E, F), the tracking model pairs the bounding boxes among frames to reconstruct the track of each object through time and space (Belmouhcine et al., 2021; Park et al., 2021). During the training, if the model can predict classes and bounding boxes that match the groundtruth validation data with a minor error, depending on the given parameters, it can be considered an accurate model. However, if the model has poor predictive performances, then the learning continues.




Figure 3 | Examples of bounding boxes of fishes. Top panel: Tracking of fishes on the open-source VIAME platform for image and video analysis (Dawkins et al., 2017). Bottom left: multiple trajectories of black seabreams around a fixed bait. Bottom right: In situ detections of sardines and horse mackerel inside a gear (Game of Trawls Project).



Broadly speaking, images are streamlined into computer algorithms to extract information. These algorithms contain artificial neural networks that apply a sequence of mathematical operations (convolution, pooling, etc.) to perform object detection. Those operations are linked together to orchestrate a pipeline, so that image processing is not interrupted (Figure 4G). The operations can detect objects because they determine patterns in pixels (i.e., binary trait of computers; Shaw, 2004; Pietikäinen et al., 2011) from the input images that define features (Blum and Langley, 1997). Features are measurable variables that can be interpreted from images, such as shapes and textures of objects (Chandrashekar and Sahin, 2014). Algorithms trained to detect patterns from features automatically are called detection models. Before training the model, images are preprocessed to be enhanced (i.e., neutralize discriminations and scale dimensions) so that models can learn better (Nawi et al., 2013; Calmon et al., 2017), since data are generally noisy when captured in the real-world conditions. Recent artificial neural networks contain attention modules (Vaswani et al., 2017; Gupta et al., 2021) to capture long-range dependencies and understand what is going on in an image globally (Grauman and Leibe, 2011).




Figure 4 | General process from in situ observations to behavior classification. (A), Representation of a section of an active gear (i.e., pelagic net) with a white-colored material that act as a clear background for video capture. (B), Representation of a passive gear (i.e., baited gear)-baitfish prototype fixed on the seafloor with a remote underwater video set-up. (C), Field of vision of a camera secured attached on one side of the pelagic net section. (D), Field of vision of a camera facing the bait. (E, F), Frames from video footage of the underwater observation systems. (G), General workflow for deep learning model application on object detection. (H, I), Sample of fish detections with bounding boxes and fish tracking with bounding boxes and line trails (Game of Trawls and Baitfish)., (J) Representation of behavior classification labels inside active gear. The “region of interest” labels the section of the gear near the exit and “escaping” labels the fishes that are exiting. (K), Representation of behavior classification labels with passive gear. The “region of interest” labels the area in proximity of the bait and “approaching” labels the fish within this proximity. 3D model of baited gear credit to BAITFISH project and image of fishes inside the pelagic net credit to Game of Trawls project.



Current deep learning methods are mostly “black boxes” since humans cannot see how individual neurons work together to compute the final output (e.g., why a fish in an image has been detected or not), so improving the accuracy of models relies on better inputs and comparison of trainings (LeCun et al., 2015). However, unsupervised learning is gaining more interest as it allows the transition from recognition to cognition (Forbus and Hinrichs, 2006; Xu et al., 2021). This means that innovations in the AI domain are now making interpretable models that can figure out why and how they localize and classify objects on a scene (Ribeiro et al., 2016; Hoffman et al., 2018; Gilpin et al., 2019). Among unsupervised learning models, Generative Adversarial Neural Networks (GAN) are composed of two networks: a generator that generates synthetic data and a discriminator that classify the data as real or fake. The generator learns how to fool the discriminator by learning the real data distribution and generating synthetic data that follow this distribution. The discriminator should not be able to distinguish real from synthetic data. Thus, object detection models can now be coupled to a GAN and learn by themselves, in a semi-supervised manner, by artificially generating new sets of images (from the generator model) that feed through another model: the object detector (e.g., generator model produces synthetic images of fishes for another model to detect them; Creswell et al., 2018). Applying these AI methods to fish interactions with fishing gears would enable us to decipher which behaviors lead to the catch and escapement of fish at more significant scales than what could be reached until today. For a comprehensive review on available deep learning-based architectures, see Aziz et al. (2020).



3.3 AI for fish behavior

Tools for automatic behavior recognition are being developed mainly in aquaculture (Valletta et al., 2017; Niu et al., 2018) and in coastal fish communities (e.g., Kim, 2003; Fisher et al., 2016; Capoccioni et al., 2019; Lopez-Marcano et al., 2021; Ditria et al., 2021a). Over the last decade, there has been an emergence of automatic fish detection, species classification, combined with tracking innovations, and this has contributed to a robust foundation for behavioral recognition. Behavioral studies of fishes in aquaculture looked at feeding behavior to monitor appetite and abnormal behaviors in intensive farming conditions (Kadri et al., 1991; Zhou et al., 2017; Niu et al., 2018; Måløy et al., 2019; Pylatiuk et al., 2019; Li et al., 2020). Behaviors that were automatically detected include: feeding movements at individual and school level, feeding intensity (Zhou et al., 2019), abnormal behaviors due to lack of oxygen or stress response (J. Wang et al., 2020), and curiosity by showing inspection behaviors when interacting with bait or objects in experimental set-up (Papadakis et al., 2012).

In laboratory experiments, goal-directed behaviors of fishes have also been recognized by computer vision and are automatically detected (Long et al., 2020) such as construction of spawning nests by cichlid fishes that either form mounds or burrow in the sand. This type of complex behavior can be distilled into recognizable patterns such as manipulation of their physical environment (cichlid fish use its mouth and fins to move sand) and distinct fish movements such as quivering (usual mating movement observed from cichlid fishes). Automatically recognizing these behavior patterns contributes to systematic analysis of these traits across taxa (York et al., 2015) and can be an effective metric for measuring natural variations (Long et al., 2020).

Artificial Intelligence methods trained to recognize fish behavior have multiple components that are all connected in branching streams of mathematical and statistical operations. From a video of swimming schools of fishes, the attributes of what is happening in the scene would be broken down into features of the fishes, their appearance in terms of shape, texture, or color, and their reaction to different types of stimuli translated into quantifiable metrics. Some additional examples of applications can be found in Spampinato et al. (2010); Fouad et al. (2014); Hernández-Serna and Jiménez-Segura (2014); Iqbal et al. (2021) and Lopez-Marcano et al. (2021).


3.3.1 AI-based automatic behavior recognition for fishes

Fish detection by AI models is when individuals or species are recognized on a single image (Sung et al., 2017). An algorithm is trained to identify features of fishes and localize regions in a scene. The YOLO (You Only Look Once; Redmon et al., 2016) object detection framework has been frequently used for fish detection and species classification on 2D images (Cai et al., 2020; Jalal et al., 2020; McIntosh et al., 2020; Raza and Hong, 2020; Bonofiglio et al., 2022; Knausgård et al., 2021). The YOLO algorithm and its different versions are widely used since its detecting speed on an entire image are faster and more accurate than classic object detectors (for technical specifications, see: Redmon et al., 2016). A trained detection model can thus differentiate targeted and non-targeted species, and identify differences between their morphology (i.e., round vs flat fish). Moreover, a cluster of individual detections can also illustrate herding behavior from crowd movements.

Identifying different swimming patterns between targeted and non-targeted species, however, requires tracking the spatial alignments of trajectories inside gears and directions of swimming through time, i.e., tracking. Fish tracking is done using motion algorithms based on successions of images with multiple or individual fish until they are no longer seen on the footage (Li et al., 2021). To track fishes, algorithms are thus trained as a single network or are coupled into a pipeline of networks for more complex behavior interpretations (Table 3). Different implementations of deep learning-based tracking have been used across studies, depending on their tracking objectives or available resources (for object detection: Faster R-CNN, for instance segmentation: Mask R-CNN, for tracking based on loss: Minimum Output Sum of Squared Error (MOSSE), for tracking based on comparing similarity among masks (similarity learning): Siamese Mask (SiamMask), and for tracking based on Non-Maximum Suppression (NMS) applied to sequences: Seq-NMS). Their differences lie on the way they compute detections from frame to frame and associate them to new or existing tracks of detected fishes (Lopez-Marcano et al., 2021). Coupled networks in AI pipelines are thus used for tracking to interpret finer details in behavior (Table 3).


Table 3 | Summary of AI pipelines for fish behavior recognition in different underwater environments.



To decipher underlying behavioral patterns of fishes from manual or automatically generated fish tracks, repeated patterns can be translated into sets of labelled classes (i.e., n number of trajectory moving in an x, y direction = escaping to upper panel), representing one or several specific behaviors. In AI, classes that can be labelled and quantified (i.e., fish passing a mesh) can be learned by a deep learning model so manual behavior classification can then be automated. In aquaculture, swimming behavior have been manually classified and fed through an algorithm that learns how to recognize the behavioral classes from computer vision (Long et al., 2020; J. Wang et al., 2020; Yu et al., 2021) . In commercial fishing, the challenge lies in deciphering these patterns as fishes interact with different structure of gears, modified parts, and selective devices. To have AI models classify these types of interactions, a systematic approach may thus be needed first in controlled environment, such as fish tanks or behavioral chambers. This would allow stimuli to be restricted and localized (Skinner, 2010) rather than being enhanced or inhibited by spatiotemporal conditions (Ryer and Olla, 2000; Owen et al., 2010; Maia and Volpato, 2013; Heydarnejad et al., 2017; Lomeli et al., 2021).

Recurrent AI models based on LSTM architecture targeting fish tracking are getting more attention since they are designed to give more weight to significant movement patterns among chaotic ones as they are trained. This adds a more cognitive ability to the learning of AI models. For instance, Gupta et al. (2021) investigated different vision-based object-tracking algorithms for multiple fishes in underwater scenes both in controlled and uncontrolled environments. They combined an object tracker designed with two complex networks (a siamese network and a recurrent network) named DFTNet (for Deep Fish Tracking Network). The first network used two identical neural networks to reidentify fish, and the second network is an LSTM that allows the AI model to learn from the fish’s chaotic motions.

In fishing activities, AI architecture with attention and memory is thus particularly important to address the chaotic patterns seen among species during capture process. Tracks can show swimming angles or abrupt changes in movement that measure distance from gear structures (Santos et al., 2020), mean trajectory in relation to the stimuli source (Peterson, 2022), selective device placement or difference in position of group or individual trajectories within gears. The visual features from automatic detection (i.e., color, texture, shape among species, group, or individual level) and the spatiotemporal features from tracking (i.e., swimming direction, angle, speed) (Figure 4H, I) can then be combined to define the behavior classification (Figure 4J, K).



3.3.2 Behavioral classes tailored with AI architecture

Fish behavior recognition is when a model can recognize a behavior based on tracking features identified as events. An event is a scene (Figure 4A, B) directly observed from videos, for example, when a group of fish swims out from fishing gear. The combination of fish detections and tracks (swimming patterns) can be categorized as a class “escapement”, and behavioral metrics can be derived from such events (see Figure 4J). Automatic behavior recognition is thus trained from classified sets of tracking features and is the final step in synthesizing chaotic fish swimming into distinguished sets of behaviors.

Classes of behaviors are defined by scientists and are used to label an image sequence or a video clip that shows a defined behavior. For example, a class label of escapement behavior can be defined from a clip of a fish passing through a mesh. This can be defined as when the detected body of the fish overlaps or touches the mesh. A behavior class of a fish not escaping is when the detected trajectory of the fish stays within the mesh barrier, or a class can consequently show it has escaped if the tracked fish is detected outside the gear. The option to label whether a fish has escaped is a detail that depends on the study’s classification decisions (i.e., either when the fish’s body is entirely outside the gear or as the fish passes through the mesh). Classes can also be separated into action, and non-action classes (see Table 3), where a defined behavior present in a video clip is labeled as the action class, and another clip presenting unchanged or normal fish movement is labeled with the non-action class. McIntosh et al. (2020) defined four features that translate the startling behavior of sablefish from their trajectories into measurable metrics: direction of travel, speed, aspect ratio, and Local Momentary Change metric. They combined the four features into a form suited to train an AI-based classifier with an LSTM architecture (i.e., tensor data). Like applying LSTM for tracking, an AI behavior recognizer with LSTM remembers important features efficiently to classify swimming movements (Niu et al., 2018; L. Yang et al., 2021)​. ​​Behavior classes have been defined in selectivity studies as events classified in empirical models (Santos et al., 2016, Santos et al., 2020) or video tracking software (Noldus et al., 2001)​. J. Wang et al. (2020) proposed a method for real-world detections of anomalous behavior for multiple fish under high stress with a 3-stage pipeline. Examples of AI pipelines are summarized in Table 3, with the underwater scene, light source, and type of underwater observation system used included for comparison.



3.3.3 The problem of occlusion emphasized in the crowded scenes of fishing

The occlusion problem is when fishes overlap or swim behind one another, leading to a loss of fish detections and fragmentation of tracks (Gupta et al., 2021). Multiple objects tracking on videos is challenging since overlaps are flattened in a 2D view (See Figure 4C, D, F). This problem occurs when studying behaviors in crowded scenes of fishing. In 2D images and videos, training models to recognize the body parts of fish can help to overcome occlusion. In general, if a detector fails to locate an entire fish, a tracker can still follow the movement according to other features of the fish (i.e., fisheye, fins, tail). For example, ​Liu et al. (2019)​ simultaneously track the fish head and its center body so the head can be detected even when the center body is hidden. Therefore, trackers can maintain fish identity after occlusion happens if more appearance features are learned by the model (Qian et al., 2014). Fish heads have relatively fixed shapes and colors, so tracking them from frame to frame can still be done even after frequent occlusions (L. Yang et al., 2021). The darker color intensity of the head behind another and its elliptical shape can be characterized as a blob and still be tracked.

Three-dimensional tracking from stereo cameras or multiple camera systems where 3D components can be triangulated can help address occlusion problems. By reconstructing trajectories on a 3D view, fish trajectories are seen with depth, improving reidentifying a fish after an occlusion (Cachat et al., 2011; Huang et al., 2021) ​. However, AI models trained to recognize 3D trajectories demand computationally intensive algorithms to associate the deconstructed features together (L. Yang et al., 2021).



3.3.4 Transfer learning for data-deficient environments

We have shown that assessing fish behavior relies on analyzing trajectories. Considering tracks instead of detections generates even larger amounts of data than single detections of fishes on frames. Thousands to millions of such fish trajectories have likely been generated worldwide. These data may now be used to train models to detect fishes, at species level or as generic fish, in unseen environments. We provide a few examples of available published datasets that have been used to train models (Table 4).


Table 4 | Summary of public datasets of fish images and videos for AI model training merged from open access database, from collection of generic image datasets (with other objects not focused on fishes) and from Ditria et al. (2020); Saleh et al. (2020) and Pedersen et al. (2021).



For tropical fishes, Fish4Knowledge (F4K; Fisher et al., 2016), a project that started in 2010, garnered millions of images from GoPro cameras that were set-up in coral reef areas of Taiwan. The project resulted to 87K hours of video (95 TB) and 145 million fish identifications. It has then made the successfully curated database available to the rest of the world and most of the developments in automatic classification and identification tools for fishes have used the database to train deep learning models (see in Table 4 uses of F4K: Spampinato et al., 2010; Palazzo and Murabito, 2014; Shafait et al., 2016; Jalal et al., 2020; Murugaiyan et al., 2021). For temperate fishes, only a few commercial species can be automatically identified by existing models but are nonetheless gaining more recognition. Bonofiglio et al. (2022) trained an AI pipeline to detect and track sablefish, Anoplopoma fimbria, in an underwater canyon in North America on ~650 hours of video recording with ~9000 manual annotations. Due to growing fish databases and application of image processing techniques, AI models can now detect fishes with human-like accuracy in some species such as Scythe butterfly fish (Benson et al., 2013), some tropical species (Spampinato et al., 2010), and mesopelagic species (Allken et al., 2021a).

Studying fish-gear interactions is particularly difficult due to the unique and challenging conditions often met at sea. Pipelines of automatic detections have applied transfer learning and data augmentation techniques to cope with the lack of available data. For example, ​Knausgård et al. (2021) applied transfer learning to train an AI system to identify temperate fishes that are commercially valuable, such as wrasses (Ctenolabrus rupestris, C. exoletus and Sympohodus melops) and gadoids (Gadus morhua, Pollachius virens, P. pollachius, Molva molva, and Melanogrammus aeglefinus). Using models pre-trained on available public datasets (see Table 4, e.g., Fish4Knowledge and ImageNet), they obtained high accuracies in object detection and classification using their fine-tuned models (86.96% and 99.27%, respectively). Transfer learning from pre-existing object detection algorithms coupled with existing data from other environments can thus be a promising approach for the automatic analysis of fish species even from environments that still lack data (Fisher et al., 2016; Siddiqui et al., 2018; Knausgård et al., 2021), additional augmentation methods, such as generating synthetic datasets, may help overcome the insufficiency of small datasets for training models (Allken et al., 2019; Villon et al., 2021).





4 Discussion


4.1 Insights from AI applications for behavior recognition from other domains

Automated behavior recognition has been applied to several domains outside of fisheries. Dynamic systems of fish schools, just as any large groups of moving individuals such as birds or insects (Chapman et al., 2010; Altshuler and Srinivasan, 2018), will produce a bundle of condensed and interloping trajectories when tracked. Directional patterns of behavior (i.e., individual or collective) can be interpreted from them (Sinhuber et al., 2019), but visual details of targets can be lost in footages due to occlusions or motion blur (Liu et al., 2016). Conveniently, apart from data enhancement methods, there are already available algorithms and AI methods that particularly addresses this challenge in natural systems of humans, social animals and insects (i.e., Swarm Intelligence; Ahmed and Glasgow, 2012, Boids algorithms; Alaliyat et al., 2014). Algorithms to track behavior in congested human crowds have been developed based on motion capture and optical flow techniques (Krausz and Bauckhage, 2011). Different types of human behavior can now be recognized by AI in all sorts of environment due to the considerable attention in the domain and since high performing models learn from a gigantic amount of training database of diverse human behavior (Popoola and Wang, 2012; Vinicius et al., 2013).

Three-dimensional motion capture techniques can also provide more information such as depth and detailed tracking of animal paths (Wu et al., 2009). Moreover, 3D trajectories can provide the analytics (i.e., positions, velocities, accelerations) to study cohesive and unique behaviors (Sinhuber et al., 2019). For instance, Liu et al. (2016) proposed an automatic tracking system that can reconstruct 3D trajectories of fruit flies using three high-speed cameras that can be generally adapted to large swarms of moving object. Dollár et al. (2012) made use of features of human pedestrians to geometrically quantify their overlaps and distances on a 2D scale. The AI models that recognize facial features and postures of humans or other animals therefore have the algorithmic backbone to extract behavior. Since algorithms can be scalable and adaptable (see Section 3.3.4 on transfer learning), such Al models may now be adapted to fish features and postures.



4.2 Towards smart fishing

The way we fish is constantly evolving. The more we understand the impact of fishing, the more we look for ways to make our fishing gears more selective. We are not just modifying the components of gears anymore but also adding devices and camera systems to them to create intelligent fishing gears. This turns fishing operations into interactive, fine-scale observations platforms rather than catch-then-see operations (Rosen et al., 2013; Kyllingstad et al., 2022). Performances of modified fishing gears can almost be assessed real-time which can elevate the plateau of gear selectivity studies by exploring fish-gear interactions at finer scales. The challenge now lies on obtaining consistent findings from these direct observations. In highly stimulating, crowded, and stressful scenes in fishing activities, subtle movements of fishes may turn into sharp and chaotic escapes where learned behavior and predispositions are overcome by survival instincts (Manière and Coureaud, 2020). Large volumes of fishes can also be influenced by herding behavior and individuals may tend to follow swimming routes of the group (Måløy et al., 2019). Addressing this herding constrain currently relies on applying complex pipelines, often coupled with stereovision (Rosen et al., 2013; Kyllingstad et al., 2022). Handling such data in real-time is one of the current bottlenecks because it has to be processed within embedded AI systems. To equip fishing gears, these embedded systems have to remain as light as possible, with controlled size, memory and power consumption. These issues will be partially solved as the algorithms presented above (see Section 3.3: The problem of occlusion emphasized in the crowded scenes of fishing and Table 3) keep improving in handling the occlusion problem, and as the observation systems keep improve to meet the image quality required for AI applications (see Section 2.1 Observations of fish behavior in fishing gears and Table 1).

In the meantime, AI may already facilitate the assessment of fishing gear modification. When a fishing gear is designed with a new stimulus (e.g., Southworth et al., 2020; Ruokonen et al., 2021) or when its parts are modified (e.g., Feekings et al., 2019), the certainty that they dominantly cause a change in behavior of fishes leading to escapes or retention is impossible to single out due the large variability in external and internal factors affecting the fishes’ responses. It is also unlikely that the exact movements by the same community of fishes can be observed upon two successive occasions (Ryer and Barnett, 2006; Ryer et al., 2010; Lomeli and Wakefield, 2019). Applying automatic behavior recognition in such situations would enable to process much larger amount of data on fine-scale differences than what could be done manually, even if it comes with some levels of errors inherent to using any fully automatic recognition algorithm (Faillettaz et al., 2016; Villon et al., 2021). Complementary laboratory studies may also help collect consistent findings (Hannah and Jones, 2012), which are needed to gather a database of automatically classifiable behaviors. For example, the influence of light intensity on juvenile walleye pollock Theragra chalcogramma were studied in laboratory conditions and in situ and showed that juveniles either struck the nets more often or swam closer to them in darkness than at the highest illumination (Olla et al., 2000). Such systematic behavioral responses could thus be used to train an AI model which could then be used to automatically analyze replicates of additional trials. Similarly, AI applications would enable to amplify the number of replicates of sea or laboratory trials, for example when assessing how changes in the positions of stimuli influences species behaviors (Larsen et al., 2017; Yochum et al., 2021).



4.3 Sharing and collaboration for the sake of fishes

Transferred learning of adaptable deep learning models from other behavioral studies and sceneries is key for automated fish behavior recognition, but technically executing this requires collaboration among the scientific community. The advances of fish behavior recognition in aquaculture and in situ environments often stem out of joint efforts between ecologists and computer scientists. AI practitioners mostly have the knowledge on which algorithm or AI network can be appropriated to specific study cases, while marine scientists provide the underlying ecological question and the inherent parameters (i.e., classification of fish behaviors, metrics for quantification) to fine-tune the algorithms. Automated behavior recognition models that are successful have benefited from huge streams of imagery data and unprecedented fundings in terms of technological specifications. Existing and previous data mining and collection practices included outsourcing efforts. Fish4Knowledge branched out to volunteers, subprojects, and gamifying techniques (Fisher et al., 2016). Popular datasets such as ImageNet and COCO used Amazon Analytics to crowdsource annotations of objects (Gauen et al., 2017). McClure et al. (2020) discussed that citizen science is beneficial for AI applied in ecological monitoring as it can fast track data collection since AI is now within reach because of integration in mobile devices and user-friendly platforms. The phytoplankton world is benefitting from citizen science as online portals are used by volunteers to do simple classification tasks that has led to millions of plankton ID’s to be verified (Robinson et al., 2017). Moreover, scientists are adapting FAIR (Findability, Accessibility, Interoperability, and Reuse) data principles to realize the full value of fish behavior data and to carefully curate a unifying database (Guidi et al., 2020; Bilodeau et al., 2022).

Bridging the gap between computer and marine sciences can accelerate the development of powerful tools for automated fish monitoring (Goodwin et al., 2021). User-friendly software platforms for image processing and analysis of animal tracks and events are publicly accessible and designed for non-AI experts (Dawkins et al., 2017). So even if observations of fish-gear interactions are more demanding in terms of observation requirements that can produce small sizes of data and are distinctly case-specific, training models can still be aided by means of data transfer, open-access databases, and participatory platforms. This will be beneficial for everyone as end-tools that grow in performance will also grow in scalability thanks to shared data. If there are enough collaborations across domains, extensive engagement with fish ethologists to construct behavioral classifiers, consistent sharing of reproducible, understandable, and scalable data then it might become possible to quantify, in near completeness, what a fish is doing or how it is interacting with its environment in any conditions.



4.4 Limitation of AI: A critical view

AI-adapted electronic fishing is still fairly new to fisheries so practical applications to improve selectivity of fishing gears may not be seen directly. AI models are dependent on the quality of the training data and imagery is still currently lacking. Contrary to fisheries-based observation, land- and air-based behavior studies have more opportunity to use AI for automatic behavior recognition as aerial and terrestrial devices can be smaller and lighter than underwater camera systems (e.g., Rosen and Holst (2013) for an underwater example; Liu et al. (2016) for a land example).

The environmental impact of these developing hardware and software systems in fisheries must not also be taken for granted. They may reduce operational energy consumption with automation but if intelligent tools are eventually applied in a commercial level, this may imply significant extraction of heavy metals to manufacture the hardware and increase in the carbon footprint of storage servers (Gupta et al., 2022). Scientists should be cautious to not be swept away by the promise of intelligent fishing without also seeking the environmental cost of making and maintaining it. AI application may tip the scale in favor of fishes but the integration of AI to fisheries must be accompanied by environmental impact assessments and an active search for alternative materials for machines.

Furthermore, our perception of animal behavior can be anthropomorphic, and this bias may be transferred to artificial tools. Researchers have consistently indicated the possible transfer of human bias into artificial intelligence that can be worsened by training models with limited data (Horowitz and Bekoff, 2015). As of today, human still need to be cautious in identifying behavioral both in manual and automatic methods; unsupervised learning may help get rid of anthropomorphic biases (Sengupta et al., 2018).

Another critical view of the use of AI in fisheries sustains the reality that it can be a double edge sword. On one hand, it may help scientists understand fish behavior and reduce bycatch (e.g., Knausgård et al., 2021; Sokolova et al., 2021). On the other hand, it may help the fishing industry to increase their catch with the use of automated tools (Walsh et al., 2002). As with any other technological advancement, the practical nature of it stems on how humans decide to use them (Bostrom and Yudkowsky, 2018). It is therefore in the hands of stakeholders to discuss among one another, to stress both the negative and positive impacts of AI, and to lay down ethical practices to prevent mishandling of this new technology. Debates in using AI tools in fisheries arise but if we go forward with the intention to help address ecological problems and emphasize its use for selectivity, then it may build the tools for a sustainable use of our resources.



4.5 Navigating a rapidly evolving field of research

The main challenge of studying fish-gear interactions is not of lack but of abundance. The growing data in fish behavior and existing footages of their interactions with gears carry with them the vital information for better gears waiting to be synthesized. Automating the methods of data collection and process not only unlatches the time and effort given by scientists from laborious practices but also liberates the focus unto deeper scientific and creative endeavors. User-friendly platforms that translate complex AI algorithms into software tools can encourage interest even from non-practitioners to participate in model training and fish tracking.

As we write this review, powerful and cognitive AI models in the field of computer science are advancing in an unparalleled speed. This will inevitably pour into the development of models for fisheries. AI applied in other sectors have cognitive understanding allowing machines to have higher level of ability of induction, reasoning and acquisition of knowledge. The evolution of future AI models for automatic recognition of fish-gear interactions now depends on multiple factors:

	- First is the careful and accurate classification of fish trajectories that considers 3D components in a moving world.

	- Second is the adaptation and re-training of pre-trained models from different human and animal behavioral studies.

	- Third is the production of scalable and adaptable models for different case studies in gears and the shareability of fish behavior data among scientists.

	- Fourth is the reliance on a continued and harmonious engagement of both marine scientists and AI practitioners to develop cognitive AI for fish-gear interaction systems.



There is no magic gear that completely selects targeted species, allow all unwanted species to escape, and has no economic and biological losses. However, equipping fishing gear with state-of-the-art technologies may help address ecological problems, understand overlooked species’ behavior and make our fishing practices more sustainable, laying the right track as we step into a technological era.
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Introduction

Longline fishing gear has a higher by-catch rate than any other type of commercial fishing gear. Nowadays, there is an urgent need to find efficient management strategies to mitigate by-catch and the use of new hook types could be one of them. This study investigates the effects of a longline fishery (which targets swordfish, Xiphias gladius, in the South Adriatic Sea) replacing the traditional J-type hook with a circle hook (C-type hook) on target and by-catch species.





Methods

For this purpose, a fishing trip of nine days – with seven fishing sets – was monitored. For both targeted swordfish and by-catch specimens caught (i.e., blue shark, Prionace glauca; pelagic stingray, Pteroplatytrygon violacea; and loggerhead turtle, Caretta caretta), data about the hook type used (J-type vs. C-type), the specimen size, and their capture condition were collected.





Results and discussion

With all species, we observed no significant difference in catch-per-unit-effort (CPUE) or specimen lengths between the two hook types. In addition, the hook type did not significantly affect the capture condition of swordfish, pelagic stingray, or loggerhead turtle specimens; however, it significantly affected the capture condition of blue sharks. The percentage of blue shark specimens found in healthy condition was higher when using a C-type hook (71.5%) than when using a J-type hook (22.6%). Overall, these preliminary results suggest that the use of a C-type hook improves the condition of by-caught blue sharks without affecting the CPUE or size of the target species. In conclusion, the use of a C-type hook could reduce the detrimental effects of by-catch on some species in the Adriatic Sea; however, this finding needs to be confirmed by a study with a larger sample size.
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Introduction

By-catch is the fraction of the catch unintentionally captured during a fishing operation in addition to the target species. It may refer to the capture of other marketable species that are landed, to commercial species that cannot be landed (e.g., undersized, damaged specimens), to non-commercial species, or incidental catches of endangered, vulnerable, or rare species (e.g., sea turtles, chondrichthyans, marine mammals) (FAO, 2015; FAO, 2016). Longline fishing gear has a higher by-catch rate than any other type of commercial fishing gear. Longline (pelagic longline [PLL]) fishing mainly affects pelagic sharks and rays, but also benthic species (bottom longline). Pelagic sharks are caught as by-catch by longline fisheries targeting swordfish and tunas (Oliver et al., 2015); in the Mediterranean, the most common by-catch pelagic shark species are the blue shark (Prionace glauca), the basking shark (Cetorhinus maximus), the great white shark (Carcharodon carcharias), the smooth hammerhead shark (Sphyrna zygaena), and the common thresher shark (Alopias vulpinus) (FAO, 2016; Carpentieri et al., 2021). The status of such pelagic sharks has worsened over time (Walls and Dulvy, 2021), partly due to by-catch overfishing (Lewison et al., 2004). Pelagic sharks can play important roles in marine ecosystems through many mechanisms; hence, their decline may initiate trophic cascades and affect the overall community structure (Stillwell and Kohler, 1982; Heithaus et al., 2008; Ferretti et al., 2010; Ward and Myers, 2016). Within the Mediterranean basin, the highest by-catch rate for PLL was found in the Alboran Sea, followed by the Adriatic Sea (34.3% and 15.1% of the total catch, respectively) (Megalofonou et al., 2005). Therefore, in this study, the Adriatic Sea was targeted as an important area for the by-catch of pelagic sharks (Bartolí et al., 2017). The blue shark is the most caught species by PLL, representing over 70% of the elasmobranch catch (Bradai et al., 2012), and it is considered a critically endangered species in the Mediterranean by the International Union for Conservation of Nature (IUCN). Sea turtles are another non-targeted species impacted by longline fishing in the Mediterranean Sea. Indeed, both pelagic (e.g., Deflorio et al., 2005; Báez et al., 2007; Casale et al., 2007; Jribi et al., 2008; Cambiè et al., 2010) and bottom (e.g., Casale et al., 2007; Jribi et al., 2008) longlines show a consistent number of sea turtles caught by this gear (Casale, 2011; Carpentieri et al., 2021). Three sea turtle species are present in the Mediterranean: the leatherback turtle (Dermochelys coriacea; Dermochelyidae), the green turtle (Chelonia mydas; Cheloniidae), and the loggerhead turtle (Caretta; Cheloniidae). However, few leatherback turtles enter the Mediterranean from the Atlantic without breeding in the basin (Casale et al., 2003). The other two species present in the Mediterranean are more strongly impacted by PLL fishing activity as by-catch (Encalada et al., 1996; Casale, 2011).

Measures to mitigate by-catch are needed; however, due to the variety of factors influencing the interactions of fisheries with elasmobranchs and other endangered species, simple solutions for mitigation are not available. Importantly, PLL by-catch encompasses several species bearing different tolerances to the impact of (a) being caught or (b) being susceptible to being caught in the first place. Moreover, by-catch mitigation might also be more complex for sharks because some species (e.g., blue shark, shortfin mako, and common thresher shark) might be landed and marketed with a lower value than the target species (swordfish and tunas) (FAO, 2016).

By-catch mitigation strategies typically include modification of the gear and/or of the fishing strategy. To date, longlines are the gear with which most efforts have been made to reduce shark by-catch, probably because longlines have a large impact on by-catch globally (Gilman et al., 2016). The longline gear changes include the distance between floats (to adjust the depth at which the hooks fish), the material of the leaders or branch lines (e.g., wire or nylon), the type of bait, and the shape and size of hooks (Gilman et al., 2016). Effects on target species catch rates are frequently taken into account in by-catch mitigation research because fishers are more likely to adopt mitigation strategies that do not result in a reduction in landed target catch (Hall et al., 2007; Ward and Hindmarsh, 2007; Campbell and Cornwell, 2008). For instance, Beverly et al. (2009) showed that removing shallow hooks from PLL gear reduced catch rates of epipelagic species like endangered sea turtles, while maintaining the catch rates of targeted tunas. In contrast, shorter longline soak times result in lower levels of unwanted catch mortality; however, they may also result in lower catches of the target species (Ward et al., 2004; Carruthers et al., 2009).

There have been opposing findings regarding the impact of hook shape on by-catch. Traditionally, J-shaped hooks (J-type hooks) have had the reputation of resulting in a high by-catch of protected, endangered, or threatened species (PET species), and replacing them with circle hooks (C-type hooks) has been shown to be especially effective in reducing the by-catch of marine turtles (Piovano and Gilman, 2017). Moreover, the use of C-type hooks is considered a relatively low-cost by-catch mitigation tool; therefore, a large number of studies exist globally about the C-type hook effect on by-catch (e.g. Kim et al., 2006; Pacheco et al., 2011; Afonso et al., 2012; Godin et al., 2012; Gilman et al., 2016). Overall, the effects of C-type hooks on by-catch species seem to be species- and area-specific (Pacheco et al., 2011; Gilman et al., 2016). However, due to the small number of studies in the Mediterranean and opposing findings in other regions, there is a need to conduct further research to find effective by-catch mitigation strategies that consider multiple factors and potential trade-offs among species (Lucchetti and Sala, 2010; Piovano et al., 2010). As a result, the objective of this preliminary study is to compare the effects that use of traditional J-type hooks and C-type hooks used by a swordfish fishery in the South Adriatic Sea on target and by-catch species.





Materials and methods




Experimental settings of the pelagic longlines

To test the catch rate of C-type hooks for the target and by-catch species, a nine-day fishing trip in the Adriatic Sea, with seven fishing days and seven PLL sets (one per day), was monitored (Figure 1).




Figure 1 | Setting and hauling of the longline with J-type hooks (green) and C-type hooks (red) during the fishing trips monitored in the study. The dates of the fishing trips are provided in the figure.



A PLL targeting swordfish was used during the experiment, with a total mainline length between 30 and 40 km. A hook was attached to a dropline with a length of about 13 m, and each dropline was attached to the main line every ~58 m (Figure 2). The configuration of the longline gear used in this study is the same as the configuration used in commercial fisheries.




Figure 2 | Scheme of the functioning of the pelagic longline used in the study and the position of the J-type hooks and C-type hooks along the pelagic longline.



Usually, the hooks used during the fishing season are J-type hooks that are 76 mm long. The longline was set in the early afternoon (3:00 p.m.-4:00 p.m.), and the operation was completed in about three hours. The longline haulback began at night and finished around 7:00-8:00 a.m. The longline hauling started with the last hooks. Therefore, the hooks remained at sea (soaking time) for between 10 and 20 hours (the time between the last hook set at sea and the first hook recovered). The bait used in the study was frozen mackerel (Scombridae), and an artificial light was attached to the middle of each dropline. The dropline was composed of monofilament. During the fishing trip, each PLL deployed 720 total hooks: half J-type (360 hooks) and half C-type (360 hooks) (Figure 2). The 720 hooks were deployed in six baskets with 120 hooks each. Three baskets were equipped with J-type hooks, and the other three with C-type hooks. The baskets with J-type hooks and C-type hooks were alternated along the longline (Figure 2). The dimensions of each hook type are provided in Figure 3.




Figure 3 | C-type hook (left) and J-type hook (right) used in the study and their dimensions.







Variables monitored

During the experimental fishing, for both target and by-catch specimens caught, data about the hook type and the length in millimeters (i.e., total length [TL] for blue sharks, carapace length [CL] for sea turtles, lower-jaw fork length [LJFL] for swordfish, and disc width [DW] for dark stingrays) were collected. Moreover, the capture condition of each specimen caught was evaluated using a qualitative index system (1 = healthy, 2 = sluggish, 3 = moribund or dead) adapted from Benoît et al. (2010) by putting moribund and dead specimens in a single capture condition category (Dapp et al., 2016) (Table 1).


Table 1 | Classification categories to evaluate the capture condition used in the study, adapted from Benoît et al. (2010) and Dapp et al. (2016).







Statistical analyses

Statistical analyses were performed using R software version 4.0.4 (R Development Core Team, 2021) and carried out at a 95% level of significance. Catch rates were expressed as catch-per-unit-effort (CPUE), calculated as the number of individuals caught per 1000 hooks (Pacheco et al., 2011). CPUE was estimated by fishing set for each species and for each type of hook, and it was compared between the hook types (J vs. C) using Wilcoxon’s test due to the small sample size of the dataset (n = 7 fishing sets). Lengths were also compared by hook type using Wilcoxon’s test for each species. The percentage of the capture condition was calculated by species, fishing set, and hook type. For each species, the percentage of the capture condition per fishing set was compared by hook type using Wilcoxon’s test.






Results




Catch-per-unit-effort and specimen size

The total catch for each species during the seven fishing sets is reported in Table 2. A total of 81 swordfish, 34 blue sharks, 16 pelagic stingrays, and 11 loggerhead turtles were caught. The target species constituted 57% of the total catch, while the by-catch of blue sharks, stingrays, and loggerhead turtles constituted 24%, 11%, and 8% of the total catch, respectively.


Table 2 | Number of specimens and size range by species (blue shark, loggerhead turtle, pelagic stingray, and swordfish) and hook type (C and J) caught during the fishing trip (seven fishing sets).



Overall, the average fishing set CPUE by species (Table 3) does not show any significant difference between the two hook types (C-type and J-type) (Figure 4, Table 4; p >.05). Also, the mean body size of specimens was not different between the two hook types regardless of species (Figure 5, Table 4; p >.05).


Table 3 | Estimated mean catch-per-unit-effort (CPUE) for each hook type (C and J) per fishing set by species (blue shark, loggerhead turtle, pelagic stingray, and swordfish).






Figure 4 | Catch-per-unit-effort (CPUE; mean ± se) by species (blue shark, loggerhead turtle, pelagic stingray, and swordfish) and hook type (C and J). NS, not significant (Wilcoxon’s test; p >.05).




Table 4 | Statistics (W value, p-value) and significance level according to the Wilcoxon’s tests carried out the different variables investigated (CPUE, length and capture condition) depending on the two hook types (C and J).






Figure 5 | Box plot of body size in centimeters (total length for blue sharks, carapace length for Loggerhead turtle, lower-jaw fork length for swordfish, and disc width for dark stingrays) by hook type (C and J). No significant (NS) differences were found between the hook types (Wilcoxon’s test; p >.05).







Catch condition

Only blue sharks show significant differences in catch condition based on hook type (Figure 6, Table 4; p <.05). In particular, the percentage of blue sharks in condition 1 (healthy) was significantly higher for those caught by a C-type hook (71.5%) than for those caught by a J-type hook (22.6%). The opposite pattern was observed for condition 2 (sluggish): a higher percentage of blue sharks were caught by J-type hooks (57%) than by C-type hooks (19%; Table 4; p <.05). The percentages of blue sharks in condition 3 (dead or moribund) did not differ significantly between the two hook types (Table 4; p >.05).




Figure 6 | Percentage of specimens for each of the three capture conditions by species (blue shark, loggerhead turtle, pelagic stingray, and swordfish) and hook type (C and J). An asterisk (*) indicates a significant difference between hook types within a condition (p <.05) and “NS” (not significant) indicates that no differences were found between the hook types within a condition (Wilcoxon’s test; p >.05).



Loggerhead turtles were caught only in conditions 1 (healthy) and 2 (sluggish), and the percentages did not differ significantly (Table 4; p >.05) between the hook types (Figure 6). For the pelagic stingray, the catch conditions were not significantly different between the two hook types; condition 1 was the most frequent catch condition (~75%; Figure 6). Also, for the target species (swordfish), the percentage of the catch condition did not differ significantly between the hook types (Table 4; p >.05). At the moment of the catch, most of the fish (about 60%) were dead or moribund, about 15% were sluggish, and about 25% were healthy (Figure 6).






Discussion

Several new laws have been adopted in recent years. The primary goal of European Union (EU) Regulation 2019/1241, which has replaced and integrated EU Regulation 812/2004, is to minimize and, whenever possible, eliminate incidental catches of sensitive species to ensure that fishery-related mortality does not jeopardize those species’ conservation status. A new binding recommendation of the General Fisheries Commission for the Mediterranean (GFCM/44/2021/16) adopted in 2021 on additional conservation and mitigation measures for the conservation of elasmobranchs in the Mediterranean Sea asks Contracting Parties, inter alia, to “require fishing vessels, catching accessorily and incidentally sharks species, to limit by-catch of sharks”, such as blue sharks, and “to improve the conservation status of elasmobranch species, mitigate and where possible eliminate the risk of incidental taking of elasmobranch in fishing operations and the associated mortality “. A new “EU action plan: protecting and restoring marine ecosystems for sustainable and resilient fisheries” (2023) also calls on member states to “swiftly take measures to (…) protect sharks” and a new GFCM “Regional Plan of Action to monitor and mitigate interactions between fisheries and vulnerable species in the Mediterranean and the Black Sea” is in preparation. In the Mediterranean, some by-catch reduction devices (BRDs) (e.g., grid, ultraviolet LED, circle hooks) have been tested to mitigate the impact that several items of fishing gear, such as passive net (Virgili et al., 2018; Lucchetti et al., 2019), trawl net (Lucchetti et al., 2016; Lucchetti et al., 2019), and PLL (Piovano et al., 2009; Piovano and Swimmer, 2017), have on sea turtles. However, the effects of BRDs on sharks have been tested less in the Mediterranean than in other areas (Carpentieri et al., 2021; Bradai et al., 2022).

Measures to mitigate the impact of PLL by-catch include adaptations of the gear, fishing area, bait, soak time, and setting and hauling times of the longline (Bigelow and Maunder, 2007; Coelho et al., 2012; Gilman et al., 2016). The adaptations of the gear include the distance between floats, which affects the hook fishing depth (Afonso et al., 2012), the material of the leaders and/or branch lines (e.g., wire or nylon) (Afonso et al., 2012), the use of repellent (e.g., chemical or magnetic) (Lucas and Berggren, 2022), and hook size and shape (Piovano and Gilman, 2017). The gear modification that is the most commonly tested is hook shape (e.g., Kim et al., 2006; Piovano et al., 2009; Ward et al., 2009; Sales et al., 2010; Pacheco et al., 2011; Afonso et al., 2012; Coelho et al., 2012; Godin et al., 2012; Gilman et al., 2016; Piovano and Gilman, 2017; Guo et al., 2022) – probably for being a relatively low-cost by-catch mitigation measure (Gilman et al., 2016).




Circle hook

Although the substitution of J-type hooks with C-type hooks has been tested in different areas, the effects of this substitution on both target species and by-catch species are not univocal (Gilman et al., 2016). In some cases, the C-type hook was found to have no effect on the catchability and mortality of either the target or by-catch species (Ward et al., 2009; Afonso et al., 2012; Coelho et al., 2012; Godin et al., 2012). In other cases, the C-type hook influenced the quantity of the by-catch species caught (Kim et al., 2006; Piovano et al., 2009; Sales et al., 2010; Gilman et al., 2016) or influenced the mortality of the by-catch and/or target species (Pacheco et al., 2011; Guo et al., 2022). These results from the scientific literature suggest that the effects of replacing the J-type hook with the C-type hook may be related to many factors, such as the species, area of fishing and/or season, bait type, water temperature, hook size, and/or depth (Gilman et al., 2016; Guo et al., 2022). Thus, several aspects should be taken into consideration to better assess the effects of C-type hook use on target and by-catch species, such as possible trade-offs and potential conflicts between different species; the use of a C-type hook can have beneficial or adverse effects, depending on the species (Sales et al., 2010; Pacheco et al., 2011; Piovano and Swimmer, 2017). The sample size of fishing sets in the present preliminary study is small; nevertheless, the results contribute to filling an information gap, especially in the Mediterranean basin, where few studies of this type exist (e.g., Piovano et al., 2009; Casale, 2011), by showing some of the positive effects of C-type hooks on the capture condition of blue sharks (discussed in detail below). Notably, further research is needed to strengthen the present results and to better understand the influence of factors such as area of fishing and/or season, bait type, water temperature, and hook size on the by-catch in the Mediterranean Sea.





Effects of a C-type hook on swordfish

The CPUE and size of swordfish caught by the two types of hooks did not differ significantly in our experiment. These findings are in accordance with the results obtained in another Mediterranean area (the Strait of Sicily) (Piovano et al., 2009) and the equatorial Atlantic Ocean (Coelho et al., 2012). In contrast, a significant decrease in the capture rate of swordfish was detected when using C-type hooks along the Brazilian coast (Sales et al., 2010). These apparently contradictory results, in addition to reaffirming the influence of the area on the catch-effectiveness of the two hook types, indicate that several factors play a role (e.g., bait, season, position of bait on the hook), and it is not easy to disentangle them to solely evaluate the effect of the hook (Broadhurst and Hazin, 2001; Watson et al., 2005; Pacheco et al., 2011; Coelho et al., 2012). Thus, repeating our experiment in the same area, with the same boat, crew, and bait – and in a limited time frame (seven fishing sets) – could aid in separating the other synergistic effects of the hook effect on the catchability of both target and by-catch species. However, the limited period of time could mask some potential effects from other factors (e.g., water temperature and fishing season). In terms of catch condition, swordfish did not show any significant difference between hook types, and these results are in accordance with Coelho et al. (2012) in the equatorial Atlantic Ocean. In particular, in the present study, the soak time was between 10 and 20 hours, which can induce death due to physiological stress (Carruthers et al., 2011). Therefore, the hook shape’s positive effect on mortality could be masked by the soak-time effect (Carruthers et al., 2011). Altogether, our results suggest that the use of the C-type hook instead of the J-type hook did not affect the total number or size range of the targeted specimens (i.e., the swordfish) that were caught.





Effects of a C-type hook on blue sharks

In this study, blue shark CPUE and the size of specimens did not show any significant difference between the hook types tested. This result is in accordance with Ward et al. (2009) in Australia, Pacheco et al. (2011) in the Atlantic Ocean, and Coelho et al. (2012) in the equatorial Atlantic Ocean. Along the Brazilian coast, Sales et al. (2010) found that the use of C-type hooks increased the catch rate of blue sharks, whereas Kim et al. (2006) found that C-type hooks decreased the catch rate of blue sharks in the eastern Pacific Ocean. Again, these contrasting results could be the consequence of synergistic effects due not only to the type of hook but also to several other factors (e.g., area, fishing practices, season, bait type, and soak time). Interestingly, in a meta-analysis compiling 15 studies, Godin et al. (2012) found no significant quantitative effects of the C-type hook on blue shark catchability. For the evaluation of the impact of hook type on blue shark catchability, the methodology applied in our study – which tends to decrease variability beyond the type of hook as much as possible – can be very useful (Carruthers et al., 2011; Godin et al., 2012). In addition, we observed that hook type significantly impacted the haulback condition of blue sharks. Indeed, the blue sharks caught by C-type hooks were in significantly better condition than those caught by J-type hooks. The C-type hook is supposed to increase this likelihood because both target and by-catch species are typically hooked in the jaw with this hook type (Ward et al., 2009); in contrast, the J-type hook is reported to become lodged in deeper locations (e.g., throat, esophagus, or stomach), which damages the internal organs and thus increases catch mortality (Falterman and Graves, 2002; Cooke and Suski, 2004; Watson et al., 2005; Carruthers et al., 2009; Afonso et al., 2011; Pacheco et al., 2011). Post-release survival is positively and directly correlated with the haulback condition of captured pelagic sharks, such as blue sharks (Campana et al., 2016; Musyl and Gilman, 2018). Therefore, C-type hooks – although they do not affect catchability – positively affect the haulback condition, which in turn affects post-release survival (Musyl et al., 2009; Musyl and Gilman, 2019; Whitney et al., 2021). Thus, using C-type hooks and releasing by-catch species could be an effective management measure to reduce fishing mortality and improve the conservation of shark populations (Bowlby et al., 2021; Knotek et al., 2022). This needs to be confirmed by a larger sample size in the Mediterranean Sea and the inclusion of other factors, such as seasonality, water temperature, bait type, and depth. Notably, although CPUE is an important indicator of catch rates, there is also the possibility that some species (targeted or not) bite the hook and escape (i.e., “bite-offs”) and are, therefore, not included in the calculation of catch rate by CPUE, especially when dropline is composed of monofilament (Afonso et al., 2012). The use of C-type hooks could also benefit the survival of these animals, especially blue sharks, because they are designed to hook fish in the mouth rather than in the gut, reducing the chances of gut hooking with internal injuries and thereby increasing the chances of survival after hooking (Afonso et al., 2011). Hence, blue sharks that were hooked with C-type hooks and managed to free themselves have a better chance of survival compared to animals hooked internally with J-type hooks. This assertion is supported by the present study’s findings that blue sharks caught with C-type hooks were generally in better condition than those caught with J-type hooks. This should be better encompassed in future studies comparing the effects of different hook types.





Effects of a C-type hook on loggerhead turtles

In our experiment, the CPUE, size, and haulback conditions of loggerhead turtles did not differ significantly in relation to a hook shape. Unlike our results, a significant reduction in the catch rate and deep-hooking of loggerhead turtles caught by C-type hooks was found in the Atlantic Ocean (Sales et al., 2010) and the Mediterranean Sea (Strait of Sicily) (Piovano et al., 2009). These differences in our experiment could be due to the low number of loggerhead turtle specimens caught by each hook type (Kim et al., 2006). Moreover, the catch conditions of the loggerhead turtles were good in most cases because the branch lines were long enough to allow the hooked specimens to reach the surface and breathe.





Effects of a C-type hook on pelagic stingrays

Similar results to those for the loggerhead turtles were found for the pelagic stingrays; there were no significant differences in CPUE, size, or haulback condition between the two hook types. In contrast, previous studies (e.g., Carruthers et al., 2009; Ward et al., 2009; Pacheco et al., 2011) found significant differences in the catch rate and catch condition. The lack of significant differences in the present study could be due to the low number of specimens caught.






Conclusion

Overall, the results of the present study suggest that using C-type hooks on PLLs does not significantly affect the catch rates and size ranges of the target (i.e., swordfish) and by-catch species, including blue shark. However, the haulback condition of the blue shark was significantly better in specimens caught by C-type hooks compared to J-type hooks. The significantly better catch condition of the blue sharks caught by C-type hooks could increase their post-release survival if a management measure is adopted that mandates the release of by-catch species. Importantly, the absence of differences in the catch rate and size range of the target species (i.e., swordfish) between the C-type hooks and J-type hooks could aid in the introduction of this gear modification (i.e., replacing J-type hooks with C-type hooks) as a by-catch mitigation measure. Indeed, professional fishers can accept a change in fishing equipment as long as there are little to no economic losses (i.e., similar catch rates of target species with the new devices) and a low level of effort required to adopt the new gear or devices. Thus, C-type hooks – a simple technology – could be useful for marine conservation. C-type hooks could reduce the death of sharks caught as by-catch in longline fishing and thus help to achieve the EU’s goal of eliminating incidental catches of sensitive species (Regulation 2019/1241). However, the large degree of variation among studies and the low sample size of fishing sets in the present preliminary study emphasize the need for further studies on by-catch species in the Mediterranean to obtain more conclusive findings.
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Discards remain among the main negative impacts of fishing activities, and their reductions are strengthened by the European Common Fisheries Policy (European Regulation 1380/2013). Trammel net fisheries appear more sustainable compared with other fishing techniques, especially from an ecological viewpoint. Despite this, reports show that trammel net fisheries deliver discard quantities between 10% and 43% of the total catch biomass. To supplement existing information, this current work attempts to address the discard reduction using guarding net in the small-scale fisheries of Egadi Islands MPA (Western Sicily, Central Mediterranean Sea). To assess the reduction of unwanted catches, 48 experimental fishing trials were conducted within a 6-month period. The experimental fishing trial employed a trammel net made up of 20 panels alternated with two different net configurations. The control panels (CN) held a large outer (180 mm) and small inner (31.25 mm) meshes. The test panels (GN) with guarding net constituted a three-mesh-high (50-mm mesh size) net placed between trammel net panels and a lead line. A total of 3,310 individuals belonging to 106 taxa and nine phyla were caught. Crustaceans were the most abundant unwanted catches in the control panels, whereas bioconstructions occurred in the guarding net panels. The discard ratios of CN and GN panels were statistically different (t-value = –2.55; p< 0.05). The analysis of catch per unit effort showed higher catches of CN panels for both commercial and discard fractions (p< 0.05). Moreover, the guarding net panels caught the main discarded species at 20% lower compared with the control. The overall value of the catch at the CN panels (€ 3,366.90) was higher than the total income (€ 2,043.70) generated using the GN panels, which suggests a significant commercial loss of 40% (p< 0.05).




Keywords: multivariate analysis, benthic assemblages, sustainability, unwanted catches, discard, by-catch reduction device, conservation




1 Introduction

Small-scale fishery (SSF) remains a tradition that has long been performed across countries bordering the Mediterranean Sea (Lucchetti et al., 2020) and is an important socio-economic sector at the local level for tourism, cultural implications, and fisher employment (Colloca et al., 2004; Vitale et al., 2011; Cohen and Foale, 2013; Falsone et al., 2020). The main fishing gears employed in SSF include set nets (trammel nets and gillnets) or longlines, which catch a variety of demersal resources (Tzanatos et al., 2005; Stergiou et al., 2006). Specifically, trammel nets with different characteristics are crucial in southern European countries such as Spain, Italy, and Greece (Salas and Gaertner, 2004; Tzanatos et al., 2005; Erzini et al., 2006; Grati et al., 2022). The trammel nets are more selective compared with the towed gears (Vitale et al., 2011; Petetta et al., 2021) and, in the Mediterranean Sea, are characterized by moderate discarding rates (Veiga et al., 2016). Moreover, small-scale fleets account for 83% (71.400 vessels) of the EU Mediterranean fleet and contribute to 15% of the EU catches (Maynou et al., 2013; FAO, 2020). The estimate of SSF discards in European waters depends on such factors as the fishing practices and market influence as well as métier and varies between 10% and 43% of the total catch biomass (European Commission (EC), 2002; Vassilopoulou, 2011; Tsagarakis et al., 2014). Typically, SSFs have moderate levels of discards per vessel, but the large small-scale fleets (e.g., Falsone et al., 2020) in the Mediterranean can produce a considerable amount of discards (Bellido et al., 2011). Discards are an integral part of most fishing operations since all gears catch species that are thrown back into the sea (Bellido et al., 2011; Roda et al., 2019). However, the discards involving marine organisms are not negligible and depict a waste of natural resources that impact negatively the marine ecosystem and become a worldwide problem for the sustainable management of marine fisheries (Kelleher 2005; Vitale et al., 2018; Sardo et al., 2020; Geraci et al., 2021a). Over the past few decades, several efforts by the European Commission (EC) have aimed to tackle fishery discard-related challenges/issues—for instance, the European Commission introduced the landing obligation in Art. 15 of the EU Common Fisheries Policy (EC Regulation 1380/2013) (European parliament and Council (EU), 2013) and adopted measures such as spatio-temporal fishery closures (i.e., fisheries restricted areas), landing quotas (e.g., tuna and swordfish) as well as minimum mesh sizes (EU STECF, 2008; Damalas and Vassilopoulou, 2013; De Vos et al., 2016; European parliament and Council (EU), 2019; Di Maio et al., 2022). Importantly, the EU encourages the adoption of more selective fishing gears and better control about the record of catches (Catanese et al., 2018). As trammel nets are one of the most commonly used gears in coastal waters worldwide (Gonçalves et al., 2008; Gökçe et al., 2016), there have been some studies on discards (Purbayanto et al., 2001; Coelho et al., 2005; Martínez-Baños and Maynou, 2018), but as with discard studies for most gears, the emphasis was on vertebrates and commercially valuable or protected species (Catanese et al., 2018; Brownell et al., 2019; Geraci et al., 2019; Swimmer et al., 2020; Buscaino et al., 2021). Nevertheless, ecologically important species such as habitat-builder species and invertebrates, species at risk, or small-sized individuals are also affected by discards, and such concerns regarding the ecological impact of trammel net fisheries on benthic communities within the coastal zone (Gonçalves et al., 2008; Metin et al., 2009; Aydin et al., 2013; Gökçe et al., 2016) and the unwanted by-catch (according to the ICES, 2020 classification) of benthic species with no commercial interest—for instance, crustaceans (crabs and hermit crabs), echinoderms (starfish, sea urchins and sea cucumbers), and gastropods (Gökçe et al., 2016). Previous works have focused on trammel net modifications (hanging ratio, different materials used to construct trammel nets, and mesh size) and devices such as acoustic deterrents and artificial lights to improve the selectivity of the gear and to reduce the interaction with unwanted by-catch species (Aydin et al., 2011; Maccarrone et al., 2014; Martínez-Baños and Maynou, 2018; Bruno et al., 2021). Other investigations have highlighted that adding a mono-cloth net with a larger mesh from 10 to 30 cm in height, called “guarding net”, at the bottom of the trammel net could represent an efficient solution to reduce the amount of unwanted species in trammel net fisheries (Sartor et al., 2007; Metin et al., 2009; Aydin et al., 2013; Gökçe et al., 2016). To supplement the existing information, this current work attempts to address the discard reduction using a guarding net in the small-scale fisheries of Egadi Island MPA (Western Sicily, Central Mediterranean Sea). The current study was designed within the framework of Project “GRECA”, a pilot project based on a measure of 3.5 of the EFF (European Fishery Fund) 2007/2013 which targets the importance of adopting low-impact fishing gears in the marine protected areas (MPAs).




2 Materials and methods



2.1 Study area

The study took place at the Egadi Islands Marine Protected Area (Central Mediterranean, Italy; hereinafter referred to as “E-MPA”), located at about 7–9 km from the western coast of Sicily, across the Strait of Sicily and the Tyrrhenian Sea (Figure 1). This archipelago comprises three main islands (Favignana, Marettimo, and Levanzo) plus a few small rocky outcrops (Galeotta, Galera, Preveto, Formica, and Maraone) (Mannino et al., 2017). The 53.992-ha E-MPA, one of the largest in the Mediterranean Sea, was created in 1991 and subdivided into four management zones (Guidetti et al., 2008; D’Anna et al., 2016): (A) fully protected zone, where only scientific research is allowed, (B) buffer zone, where small-scale fishing gears are allowed, (C) peripheral zone, in which stipulated selective fishing gears and recreational activities are permitted, and (D) regulated trawling zone, where all legal fishery activities are permitted, including trawl fishing. Specifically, both SSF and trawl fishery activities require a prior authorization of the E-MPA managing body. In particular, local management rules allow the SSF activities within zones B and C using a minimum mesh size (knot to knot) and a total length of trammel nets of 50 mm and 2.000 m, respectively (DM 715/2010). In the E-MPA, SSF is practiced throughout the year in the shallow waters below 100 m in depth surrounding the Egadi Islands and characterized by soft muds with fluid surface film (Garofalo et al., 2004), playing an important role in terms of employment and harvest of fishery products (Maccarrone et al., 2014). Trammel nets are normally set on the seafloor in inshore areas during the afternoon and retrieved in the morning of the next day. In particular, Sepia officinalis (Linnaeus, 1758), Palinurus elephas (Fabricius, 1787) as well as Mullus surmuletus Linnaeus, 1758 are generally targeted.




Figure 1 | Map showing the location of the study. Red line, boundaries of the Egadi Islands MPA; Black triangles: sites of fishing trials; letters, existing sectoral initiatives in the marine protected area.






2.2 Trammel net setup and experimental program

The experimental trammel net was designed so as to alternate standard commercial panels, designated as control (CN), and modified panels with guarding net (GN), designated as test. Thus, 10 control panels were constructed with two large mesh outer panels (225 meshes in depth, 180-mm mesh size, twine thickness 210/d12 PA, four meshes in height, and hanging ratio 0.6) and one smaller mesh inner panel (1,770 meshes in depth, 31-mm mesh size, twine thickness 210/d3 PA, 40 meshes in height, and hanging ratio 0.4). Moreover, 10 modified panels that differed with a monofilament guarding net made of three-mesh-high polyamide mesh (50 mm mesh size, 1,000 meshes in depth, and twine thickness 210/d6 PA) between the trammel net and the lead line and a different height of the mesh of the outer (3.5 meshes in height) and inner (35 meshes in height) panels were constructed (Figures 2A, B). In particular, the mesh size was measured from knot to knot. The floatline and the lead line of each panel were 50- and 52-m long, with 4- and 3-mm-diameter polyester, respectively. The donut-shaped polyester floats were 50 mm in diameter. The experimental trammel net that comprised 20 panels, each of 50 m of two different combinations (CN and GN) reached 1,000 m in length and 1.8 m in height (Figure 2C).




Figure 2 | (A–C) Technical plans and illustrations of panels used in the trials. (A) Commercial panel (CN), (B) modified panel with guarding net (GN), and (C) illustration of the experimental trammel net. HR, hanging ratio; PL, polyester; PA, polyamide; Pb, lead; gf, floatability; gr, grams.



A schematic outlay of the experimental design is shown in Figure 3. Overall, there were six fishing vessels, with a length overall (LOA) comprised between 5.5 and 6.5 m, harbored in Favignana, Marettimo, and Trapani. Three different areas—namely, Favignana, Marettimo, and Formica—were randomly chosen within the “B” and “C” zones of the E-MPA (Figure 3). In particular, the vessels deployed in each area were the same during the entire period of experimental fishing trials and adhered to normal fishing practices. Eight fishing trials, with the setting of the gear in the afternoon (17:00 p.m.) and the hauling after sunrise (6:00 a.m.) of the next day (soak time of about 12 hours), were performed per vessel at a depth between 15 and 30 m. A total of 48 experimental fishing trials were carried out from January to June 2015, during the fishing season of Sepia officinalis. In total, 10 replicates were carried out per panel during each fishing trial, which amounted to a total of 960 replicates. Catches of each replicate were classified by the fishers as commercial or discard and labeled according to panel type and their order in the trammel net. Thereafter, the samples were stored in ice and transported to the laboratory of CNR–IRBIM of Mazara del Vallo where the identification of species at the lowest taxonomic level possible and biometric data were implemented. All organisms were numbered and weighed (0.1-g accuracy) both individually and as total by species.




Figure 3 | Schematic outlay of the experimental design applied in the presently reported study.






2.3 Data analysis

The emergent data were standardized as the number of individuals per square meter (N/m2) and grams per square meter (g/m2) and divided into two groups, namely: (i) commercial catch and (ii) discards. Furthermore, the discard fraction comprised non-marketable undersized specimens, species with low commercial value, non-commercial invertebrate discard such as crustaceans, molluscs, echinoderms, bioconstructions, as well as the seagrass Posidonia oceanica (Linnaeus) Delile, 1813 and algae. Specifically, bioconstructions are characterized by non-identified species that belonged to Alcyonacea and Bryozoa taxa. Hence, three matrices (total catch, commercial catch, and discards) of species density (N/m2) per CN and GN panel combination and area were constructed to analyze the composition of catch and discard. Data were transformed using the square root transformation to minimize the dominant effect of abundant species (Field et al., 1982). Variables were checked for collinearity using a Pearson’s correlation matrix and a scatterplot plot of each pair of variables. Furthermore, the homoscedasticity assumption was assessed with a scatter plot of the residuals (Zuur et al., 2009). Matrices were computed into triangular matrices of similarities using the Bray–Curtis similarity index (Bray and Curtis, 1957). Subsequently, a four-way permutational multiple analysis of variance (PERMANOVA, Anderson, 2001) was performed, which considered four factors, namely: net type, fixed with two levels (CN and GN); area, fixed and orthogonal with three levels (Favignana, Marettimo, and Formica); month, random and orthogonal, with five levels (number of the months); and vessel, fixed and nested in area, with two levels (number of vessels per area). Furthermore, the similarity of percentages (SIMPER) analysis (Clarke, 1983) was performed in order to identify species that mainly contribute to the similarity either within CN and GN panels and across the groups of total catch, commercial catch, and discards. In addition, non-metric multidimensional scaling (NMDS) of the three matrices was performed to graphically highlight differences in assemblage of catches across control and experimental panels. In particular, due to the high number of replicates, only the centroids from the interaction between factors month, area, and net were considered. Stress coefficient values<0.2 (Field et al., 1982) were considered as a good representation (Clarke, 1993). The probability level of p<0.05 was considered as statistically significant. Furthermore, catch per unit effort (CPUE; expressed as g/km of commercial and discard fractions) as well as the most abundant commercial species were subjected to Shapiro–Wilk normality, which resulted in a non-parametric (p< 0.05) outcome. Thus, a Kruskal–Wallis H-test was performed to determine the overall differences in the CPUEs of commercial and discard fractions between CN and GN panels. In addition, a Dunn post-hoc test was performed to establish differences in the CPUEs of taxa between commercial and discard fractions. Probability level p< 0.05 was considered statistically significant. Furthermore, fishers involved in the fishing trials set the price per species according to the local fish markets (Favignana, Marettimo, and Trapani). Thus, total income per vessel and panel, respectively, were recorded, and one-way analysis of variance (ANOVA) was performed to compare the economic performance of the two types of panels, which were subsequently converted to economic mean value (€).



2.3.1 Discard modeling

Discard ratio was defined as the discard fraction of the total catch for each type of panel (CN and GN) and calculated as:



with the biomass expressed in weight and the Dratio ranging between 0 and 1.

The GAMLSS model was fitted by specifying a beta error family distribution, which allowed for responded variables of a value between 0 and 1 (Stasinopoulos and Rigby, 2007). Through the model, it was possible to test whether the discard rate (discard ratio) was significantly different between the two levels of the explanatory variable “trammel type” (CN vs. GN). The model validation was performed through checking the absence of a residual pattern and their normality. The statistical analysis employed Primer 6 and Permanova+ (Clarke & Gorley, 2006; Anderson et al., 2008) software for Windows (Plymouth Routines in Multivariate Ecology Research, Auckland, New Zealand) and R Statistical Environment (R Core Team, 2022) using the gamlss library (Wood, 2006).






3 Results

A total of 106 taxa, including 98 species and five genera, were caught by the experimental trammel nets (Supplementary Table S1). Specifically, the fishing trials resulted in a catch of 3,310 individuals belonging to seven zoobenthic phyla: Cnidaria (Anthozoa), Mollusca (Gastropoda, Bivalvia, and Cephalopoda), Arthropoda (Malacostraca), Echinodermata (Asteroidea, Echinoidea, and Holothuroidea), Chordata (Chondrichthyes and Osteichthyes), and two phytobenthic phyla: Tracheophyta and Rhodophyta. The biomass of taxa using control and experimental panels per area are shown in Table 1. The total catch weight was 498 kg, and 30.5% of it was represented by discards.


Table 1 | Biomass of taxa for standard (CN) and modified (GN) panels per area.



The NMDS ordination for the matrices of total catch, commercial catch, and discards showed patterns of catches in relation to CN and GN panels (Figures 4A–C). Furthermore, the PERMANOVA results showed a significant value for area/net type as well as the interaction between month and vessel for both total catch and non-commercial invertebrate discard (Supplementary Tables S2, S4), whereas net type/vessel and the interaction between month and vessel were significant for the commercial catch (Supplementary Table S3). The absence of a significant interaction between area and net type for both commercial catch and discards suggests that species assemblages for CN and GN panels in different areas of the E-MPA did not differ. The results of the SIMPER analysis identified species that contributed to the separation between CN and GN panels among commercial and discard catches. In particular, Scorpaena porcus Linnaeus, 1758 and Sepia officinalis Linnaeus, 1758 were the most abundant species, with S. porcus having a contribution to the similarity for the total catch and commercial catch matrices of 18.92% in CN and of 24.16% in GN, while S. officinalis contributed 27.26% in CN and 28.33% in GN (Tables 2, 3). Specific to the discards, the SIMPER analysis showed the most representative groups using CN and GN panels to be Crustacea and bioconstructions, with 28.21% and 15.13% similarity, respectively (Table 4). Regarding CN panels, Crustacea was followed by bioconstructions, Osteichthyes, Gastropoda, and Asteroidea, whereas Crustacea, Osteichthyes, Gastropoda, and Chondrichthyes followed bioconstructions for GN panels (Table 4).




Figure 4 | (A–C) Non-metric multidimensional scaling plot of total catch abundance (A), commercial catch (B), and non-commercial invertebrate discard (C) caught in 48 experimental fishing trials with standard (CN) and modified (GN) panels by area.




Table 2 | Percentage contribution of the first five typifying species (over 1.5%) to within-group similarity for the standard (CN) and modified (GN) panels of total catch as assessed by similarity percentage analysis.




Table 3 | Percentage contribution of the first five typifying species (over 1.5%) to within-group similarity for the standard (CN) and modified (GN) panels of commercial catch as assessed by similarity percentage analysis.




Table 4 | Percentage contribution of the invertebrate discard (over 1.5%) to within-group similarity for the standard (CN) and modified (GN) panels as assessed by similarity percentage analysis.



The analysis of CPUEs showed higher catches of CN panels for both commercial (CN, 6,442 ± 1,887; GN, 3,377 ± 1,294) and discard (CN, 1,437 ± 685; GN, 659 ± 521) fractions (p< 0.05) (Figure 5). Moreover, Osteichthyes (CN, 5,393 ± 1,367; GN, 2,510 ± 681), Cephalopoda (CN, 38,333 ± 6,009; GN, 26,000 ± 4,932), and Crustacea (CN, 3,328 ± 1,032; GN, 1,395 ± 1,050) were the most caught taxa of CN panels (p< 0.05). As for discard, Mollusca (CN, 33,333 ± 4,409; GN, 18,918 ± 4,441), Echinodermata (CN, 4,100 ± 1,209; GN, 972 ± 366), bioconstructions (CN, 11,000 ± 2,081; GN, ±) (Figure 6), and P. oceanica (CN, 1,198 ± 178; GN, 721 ± 86) (Figure 7) were the most caught taxa/groups (p< 0.05) of CN panels, while Chondrichthyes (CN, 16,678 ± 4,602; GN, 29,238 ± 5,524) was the most caught taxon of GN panels (p< 0.05) (Figure 6).




Figure 5 | Mean catch per unit effort expressed as g/km for commercial and discarded catches per commercial (CN) and modified (GN) panel, respectively.






Figure 6 | Mean catch per unit effort expressed as g/km of most abundant taxa for commercial and discarded fractions per commercial (CN) and modified (GN) panel, respectively.






Figure 7 | Mean catch per unit effort expressed as g/km of Posidonia oceanica per commercial (CN) and modified (GN) panel, respectively.



The discard composition was constituted by 50 species, mainly crustaceans—such as Hexaplex trunculus (Linnaeus, 1758), Liocarcinus corrugatus (Pennant, 1777), and Dardanus calidus (Risso, 1827)—and bioconstructions (Alcyonacea, Actiniaria, and Bryozoa) for control and experimental panels, respectively (Supplementary Table S1). The discard composition was significantly different upon comparing area and vessel (p< 0.05). The discarded species with the highest weight at CN panels included P. oceanica (9.7 kg), Torpedo marmorata Risso, 1810 (8.4 kg), and Aplysia spp. (4.6 kg), while those at GN panels included T. marmorata (21.6 kg) and P. oceanica (6.1 kg). Overall, there was a significant reduction (20%) in the total weight of discards of GN (35 kg) compared with CN (43 kg). The discard ratios of CN and GN panels were statistically different (t value = –2.55; p< 0.05). The GN panels showed a lower discard ratio (0.18) than the CN panels (0.23).

The income and loss of commercial catch for both CN and GN panels are shown in Table 5. The overall value of the catch at CN panels (€ 3,366.90) was higher than the total income (€ 2,043.70) using the GN panels, which suggests a significant commercial loss of 40% (p< 0.05). Moreover, a higher loss of income was recorded in Marettimo (41.17%). The mean CPUEs of commercial species contributing to the difference in revenues between the two types of panels are shown in Figure 8. Notably, catches of Sepia officinalis (CN, 9,754 ± 736; GN, 9,102 ± 641) seem unaffected by guarding net panels (p > 0.05), whereas non-targeted commercial species such as Symphodus tinca (Linnaeus, 1758) (CN, 4,092 ± 292; GN, 2,525 ± 118), Mullus surmuletus (CN, 5,470 ± 808; GN, 2,641 ± 227), Scorpaena scrofa Linnaeus, 1758 (CN, 6,888 ± 847; GN, 4,999 ± 542), Scorpaena porcus Linnaeus, 1758 (CN, 3,392 ± 204; GN, 2,379 ± 145), Diplodus annularis (Linnaeus, 1758) (CN, 3,052 ± 606; GN, 1,916 ± 196), and Spondyliosoma cantharus (Linnaeus, 1758) (CN, 1,888 ± 198; GN, 1,113 ± 169) appeared with somewhat noticeable reduced catches (p< 0.05).


Table 5 | Comparison of income and loss per area and vessel with standard (CN) and modified (GN) panels.






Figure 8 | Mean catch per unit effort expressed as g/km of commercial species per commercial (CN) and modified (GN) panel, respectively.






4 Discussion

This current study has demonstrated that the adoption of a guarding net fitted to the lead line of net reduced the catch of benthic invertebrates, and our findings appear to be in agreement with previous studies in the Mediterranean Sea (Sartor et al., 2007; Metin et al., 2009; Aydin et al., 2013; Gökçe et al., 2016; Martínez-Baños and Maynou, 2018; Szynaka et al., 2018). The composition of bycatch taxa in the control panels suggests that the discards, both in terms of abundance and biomass, comprised mainly of invertebrates such as crustaceans and gastropods. High fishing mortality of crustaceans would produce cascading effects on the various species that depend on this trophic resource, which suggests that their removal could reduce the diversity and complexity of the benthic community. Disentanglement of discarded invertebrates might increase the labor time on board and result to some damage to the net with the addition of weight and increasing contact with the seabed (Catanese et al., 2018; Szynaka et al., 2018). Among the benefits associated with the guarding net could be the catch reduction of predatory epifaunal invertebrates, which would be potentially feasible when a physical barrier is effected to the climbing scavengers that might damage the capture (Metin et al., 2009; Szynaka et al., 2018). Furthermore, the fragments of sessile organisms such as rhizomes and leaves of P. oceanica represented a non-negligible fraction of the discard and provided an insight about the interaction between the trammel net and the seagrass bed. In this study, the control panels caught more P. oceanica than the test panels. There is evidence that seagrass meadows serve as source of food and shelter as well as nursery for numerous marine species (Vlachopoulou et al., 2013)—for instance, crustaceans and gastropods were among the best-represented groups in the vagile fauna of P. oceanica beds (Russo and Terlizzi, 1997). Given its important role in coastal ecosystems and the status of endangered species, P. oceanica is protected through the EC Habitats Directive (92/43/EEC, 1992), and this encourages the establishment of MPAs for priority habitats. In addition, reductions in the bycatch of P. oceanica especially in sensitive ecosystems should be considered an important issue for sustainable fisheries. In particular, the E-MPA includes the best-preserved and the largest P. oceanica meadow of the Mediterranean Sea (about 7,700 ha) (Agius and Chaperon, 2021). Therefore, the adoption of the guarding net is advisable in order to reduce the impact of the trammel net on P. oceanica. Nevertheless, further investigations to identify technical devices aimed to mitigate interactions with P. oceanica should be considered.

In this study, some specimens of elasmobranchs such as T. marmorata showed great importance for the total discard biomass both in control and experimental panels despite being captured in low numbers. Plausibly, the higher catches of T. marmorata in the guarding net panels might be related to the size of the specimens. Small individuals could most likely pass through the guarding net as larger individuals are retained. The bycatch and discards of elasmobranchs would, therefore, be considered high (33.2%) for trawl fisheries (Coelho and Erzini, 2008; FAO, 2020; Geraci et al., 2021b; Falsone et al., 2022). Nevertheless, artisanal fishery such as trammel net (37.8%) and longline (7.7%) also provide a significant bycatch of elasmobranch species (Erzini et al., 2002; Baeta et al., 2010; Catanese et al., 2018; FAO, 2020). Notably, the yields of SSF depend on environmental and seasonal conditions as well as the quantity of target species caught during the fishing trip (Battaglia et al., 2010). It is important to mention that fishers in the Egadi Islands SSF seem to retain bycatch species with potential commercial value, such as Raja spp., especially when catches are low, probably to sustain their economic activity. Either the retention or discarding of elasmobranchs could differ based on the local fisher’s behavior—for instance, T. marmorata is retained for fishers’ own consumption, and large-sized specimens are marketed along the southern coasts of Sicily (Tiralongo et al., 2018), Algarve (Gonçalves et al., 2007), and Portugal (Baeta et al., 2010). On the contrary, T. marmorata is among the discards in the Ionian coast of Sicily (Tiralongo et al., 2018), Gulf of Cadiz (Gonçalves et al., 2007), and E-MPA. According to Gil et al. (2018), T. marmorata showed a low survival rate, using trammel nets, when immediately released to the sea.

Concerning the catch composition of commercial species, the present study corroborate with the seasonal dynamics of Sicilian SSF (Grati et al., 2018; Falautano et al., 2018; Falsone et al., 2020). Trammel net fishery in southwestern Sicily might provide high species variability of landings during the year according to the seasonal patterns of target species. Specifically, S. officinalis is exploited mostly in winter–spring, when mature specimens aggregate inshore for spawning from late fall to spring (Gharbi and Ktari, 1981; Colloca et al., 2004). In this study, guarding net panels caught more S. officinalis than S. porcus when compared with the control panels. Thus, guarding net panels might improve the catchability of trammel nets’ target cuttlefish within the E-MPA. The potential loss of revenue of about 40% seems likely in the commercial value of landings when a commercial trammel net is replaced with an alternative net aiming to reduce by-catch and discards. Such loss might be due to the lower catches of non-target marketable species, such as Spondyliosoma cantharus, Scorpaena scrofa, and Mullus surmuletus, that have been highly priced. Such occurrence might plausibly corroborate the mesh size of the guarding net, which could decrease the chance for the abovementioned fish species to be trapped. To the best of our knowledge, the contrasting results about the effects of guardian nets in SSF appears to be the situation that we found, which is consistent with those reported in scientific literature (Sartor et al., 2007; Metin et al., 2009; Martínez-Baños and Maynou, 2018). In particular, Sartor et al. (2007) showed that discards in trammel nets in the Tyrrhenian Sea were significantly reduced along with abundance of the target species caramote prawn Penaeus kerathurus (Forskål, 1775). On the other hand, Metin et al. (2009) in the Aegean Sea showed that the height of the guarding net is an important factor for discard reduction, whereas the decrease of commercial catch was considered not significant for the fishermen at Izmir Bay. Martínez-Baños and Maynou (2018) showed that guarding net reduced unwanted by-catch and increased the catches of commercial species in the Murcia Region, which would target cuttlefish and some fishes, by 30%. Sartor et al. (2018) considered that the economic loss that could happen due to the reduced catch of commercial species is offset by decreased sorting time and labor costs in the immediate short term. Other research, nonetheless, believe that a difference of incomes between the standard and test panels might create resistance toward the adoption of the guarding net by fishers (Szynaka et al., 2018). However, overcoming the economic loss might require the adoption of an eco-label marker for fishery products harvested with more sustainable fishing gears mounting the guarding net, as supported by the E-MPA managing body. The use of guarding net on the lead line of the trammel nets at Egadi Islands significantly reduced the catch rate of discards, which benefits the benthic invertebrate species. Nevertheless, further investigation on catch composition, specific to commercial and discarded fraction within the Sicilian SSF, should consider the effectiveness and suitability of guarding net by métier (Szynaka et al., 2018), season and depth (Stergiou et al., 2006), soak time, fishing grounds as well as the use of different combinations of mesh sizes both for inner and outer panels (Gonçalves et al., 2008).
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The massive biomass of Eastern Georges Bank haddock (Melanogrammus aeglefinus) is difficult to harvest without capturing less robust, but still valuable groundfish stocks like Atlantic cod (Gadus morhua) and some flatfish species. Specialized haddock trawls that raise the mouth of the nets off-bottom have reduced bycatch but the very poor status of Atlantic cod prioritizes even greater reduction to prevent exceeding regulatory fishing quotas. Raising the entire fishing gear off-bottom may further reduce bycatch while eliminating benthic impacts, expanding access to grounds previously off-limits to bottom-tending trawls. We evaluated an off-bottom trawl (OBT) to harvest Eastern Georges Bank haddock while reducing catches of overexploited stocks. The OBT net has very large meshes at the front end, made with innovative “helix” twine that produces lateral hydraulic forces while towing, resulting in self-spreading of the meshes. We established optimal gear configurations to achieve the target OBT net shape and distance to the seafloor by using an assortment of mensuration sensors/loggers and cameras. The OBT caught similar amounts of haddock and reduced some bycatch more than a standard bottom “Ruhle trawl”, but also caught fish of the same lengths despite the OBT using a smaller mesh-sized codend. The OBT also demonstrated similar requirements in vessel RPMs as the Ruhle trawl, despite having a larger swept area.




Keywords: haddock (Melanogrammus aeglefinus), trawl, mid-water, Georges Bank, Atlantic cod (Gadus morhua), yellowtail flounder (Limanda ferruginea), off-bottom, helix-twine




1 Introduction

The New England groundfish fleet has been struggling, in part due to inadequate revenues, with numbers of participating vessels declining over the last decades (Murphy et al., 2014). Haddock (Melanogrammus aeglefinus), an abundant and healthy stock on Georges Bank, could provide additional fishing opportunities but continues to be underexploited, with only 1% of the allowable catch taken in recent years (Finley et al., 2019).

Haddock occupy a narrower range of habitats and less area compared to Atlantic cod (Gadus morhua) (Collette and Klein-MacPhee, 2002), so limits to access to haddock fishing grounds can severely inhibit haddock harvest. At the start of this project in 2016, Closed Areas I and II on Georges Bank had excluded groundfish fishing from roughly 25% of the total area of the bank, or about 10,900 km2 for more than twenty years (Link et al., 2005). Temporal restrictions were also in place: from 2008 to 2010, the USA portion of the Eastern Georges Bank management area was closed from May 1-July 31 to vessels using trawl gear. It is from the trawl gear fleet, exclusively demersal otter trawls, that nearly all US haddock landings are derived (Finley et al., 2019).

Area closures, temporal restrictions, and other management measures are in place, partially to protect and to improve the health of groundfish stocks through effort reduction. Atlantic cod stocks, in particular, appear to be in historically poor condition, with Georges Bank stocks considered to be at very low biomass (NEFSC, 2017) and likely exploited at rates above management targets (NEFSC, 2012). Catch limits for Georges Bank Atlantic cod (or “cod” for short) are consequently quite low at 1,250 MT for 2021 and 2022 (NOAA, 2021). Therefore, fisheries that catch cod, even incidentally, must be conducted cautiously to avoid expensive leasing of additional quota and quota exhaustion.

Access to Georges Bank haddock fishing grounds is permitted under special access programs using several demersal otter trawl designs developed in the region to reduce bycatch of cod when targeting haddock (NOAA, 2004). A relatively commonly used design, the Ruhle trawl (a.k.a. rope trawl or Eliminator trawl) is constructed of very large meshes (320 cm) at the front end, gradually reducing to 16.5 cm or smaller. In experimental trials, this design successfully increased the bycatch ratio of haddock to cod from 3:1 to 20:1 (Beutel et al., 2008). Vessels fishing with bottom-tending trawls equipped with horizontal separator panels are also permitted in the special access program (Nichols et al., 2001; He et al., 2005).

A meta-analysis of multiple studies of separator trawls across the North Atlantic found separation of haddock and cod to be linked to the height of the panel off-bottom, with higher panels increasing the degree of separation of these species (Fryer et al., 2017). Other work investigating raised footropes/fishing lines (with groundgear bottom contact) provides corroborating haddock and cod results (Krag et al., 2010; BIM, 2017). Previously, we developed a haddock trawl design known as the Five-Point Trawl that combined the virtues of cod separation via raising the footrope of the net, with contact with the seafloor minimized to five chains hanging from the fishing line (Chosid et al., 2010). This design elevated the net approximately 1.5 m off the bottom. In field trials, the net fished as well as a net with a horizontal separator panel.

The current status of Georges Bank Atlantic cod is so poor that these various trawl designs, proven to effectively reduce cod bycatch and implemented in special access programs, are not sufficient to prevent exceeding quotas (Eayrs et al., 2020). However, the partial effectiveness of separator trawls and the Five-Point Trawl at reducing cod bycatch suggests that raising the mouth of the trawl net even further off-bottom might decrease cod catch even more. Reductions in groundgear bottom contact, between the doors and the net, have also demonstrated significant reductions in cod catches of all lengths (Sistiaga et al., 2015). Thus, testing of a net to target haddock that fishes completely off, but close to the seafloor and reduces unwanted catch appeared to be a logical work progression.

Modern trawling with bottom trawls began in the early 1900s (Gabriel et al., 2005). Pelagic trawls (or midwater trawls, or off-bottom trawls), in which bottom contact from the trawl doors is eliminated during towing and other contact by the groundgear of the net is reduced or eliminated, were first used in 1948 coinciding with, and relying upon, acoustic sensors to indicate their positions (von Brandt, 1972). These trawls also generally feature much larger fishing circles than demersal trawls and require specially designed pelagic doors to spread the net. They typically represent a substantial increase in complexity in design, construction, and operation compared to demersal trawls. Perhaps due to this complexity, commercial pelagic fishing for groundfish species is rare. It occurs in the Baltic Sea for Atlantic cod (Madsen, 2007), and in the Bering Sea for Alaskan pollock (Gadus chalcogrammus) (Erickson et al., 1996). Semi-pelagic trawling has also been researched in Norway in recent years demonstrating similar haddock catches with different amounts of groundgear seafloor contact (Sistiaga et al., 2016).

An additional potential benefit of the development of pelagic trawls, beyond improved cod avoidance, is reducing seafloor habitat impact. Vessels using pelagic trawl gear could therefore have broader access to fishing areas on Georges Bank than those using bottom tending gears, which are restricted from certain areas due to benthic habitat impact concerns (NOAA Fisheries, 2020), and have greater opportunities to find the sporadic, but highly concentrated haddock.

We developed an off-bottom trawl (OBT) in consultation with our fishing partner and a local net manufacturer and inspired by the “Gloria Trawl” design (Hampiðjan Group, Iceland), intended to be sized and designed for adoption by vessels in our region usually associated with bottom trawls. The OBT incorporated part of an existing trawl net and included innovative helix twine to enhance spreading of the net mouth, kites to reduce drag otherwise caused by headline floats, and trawl doors that could be fished on or off bottom. Generally, the OBT was designed to fish with all components close to, but not contacting the seafloor to harvest Georges Bank haddock along with redfish (Sebastes fasciatus) and pollock (Pollachius virens), while simultaneously avoiding overexploited fish stocks, mainly Atlantic cod, yellowtail flounder (Limanda ferruginea), and windowpane flounder (Scophthalmus aquosus). The combined biomass of the Georges Bank haddock, Gulf of Maine haddock, pollock, and redfish stocks currently constitute more than 90% of the overall groundfish biomass observed in the Northeast Fishery Science Center spring surveys and only small fractions of their respective annual catch limits are landed (NEFSC, 2017).

Our objectives were to evaluate and fish the OBT without seafloor contact and with an optimal net shape and position while both maintaining commercial target catches and further reducing bycatch as compared to a standard groundfish Ruhle trawl net, a net already proven to have low bycatch.



2 Materials and methods

We conducted two at-sea field efforts to evaluate the OBT net: trip 1 was dedicated towards establishing operational parameters (i.e., gear tuning); trip 2 consisted of a structured experiment comparing the OBT net vs a standard, bottom-tending Ruhle trawl. The gear tuning trip preceded comparisons of catch in order for the fishing and scientific crews to understand and control the geometry and performance of the experimental net, gain familiarity with setting, hauling, and fishing the gear, and to identify problems that could have otherwise been avoided by on-shore adjustments. Gear tuning was not constrained by fish availability and therefore, the tuning trip was conducted closer to port, reducing steam time at the start and end. Catch comparisons required working in areas further from shore in deeper waters where haddock are more available. All fieldwork was conducted on-board the F/V Illusion, a 25.3 m (83 ft), 745.7 kW (1000 hp) groundfish Western-rig commercial trawler with a stern ramp and two net reels.

Meshes in the codends for the Ruhle trawl and OBT net were measured wet during the first comparative research trip using an Omega Gauge following recommended procedures including measuring both cross dimensions for square meshes (Fonteyne, 2005).

Environmental data (wave height, wind speed, and weather conditions) were observed and recorded on all tows. For each tow, set time (when trawl winches were locked in place) and retrieval time (when winches began hauling) and respective locations, depths at start, initial warp wire set, and tow speed were recorded. For trip 2, we also recorded the depths at end of tows and RPMs of the vessel soon after start of tows. Position and speed data were provided by the vessel’s Northstar 6100 GPS. Depths during towing were acquired from a Simrad ES70 split-beam sounder (38 and 200 kHz).



2.1 Nets and gear

The OBT net was built with mesh openings greater than 3.5 m in the front-end and made with 8 mm color-coded “helix” twine, an innovative twine that incorporates a thinner twine twisted along the surface of a thicker twine to produce lateral hydraulic forces, resulting in self-spreading of the meshes (Gloria: Self Spreading, 2015; Kebede et al., 2020) (Figure 1). The direction of the spreading force is altered by changing the rotation of the surface twine (clockwise or counterclockwise). Each bar of each mesh was cut to length and swaged with loops at each end. The loops were joined by lashing four of them together to form each diamond mesh.




Figure 1 | Helix twine sections for the OBT with markings delineating the direction of coils, clockwise (red markings; top) and counterclockwise (green markings; bottom).



The OBT (Figure 2) was modified by Reidar’s Manufacturing (New Bedford, MA) from a net owned by Captain Phillips, owner of the F/V Illusion. The modified net was a four-seam midwater box trawl with a 40.1 m headline and footrope and 28.4 m port and starboard side lines (see Supplementary Material, Table 1). The front end was constructed of meshes made from the helix twine that decrease in mesh size towards the aft. The largest helix twine bar lengths were 3.8 m (150 inch) at the wingends, graduating to 1.6 m (64 inch) aft. The back-end of the trawl (the original net sections) was constructed of nylon twine with five panels that reduce in mesh sizes and twine diameters towards the aft. The fishing circle was 52 meshes around at 2.2 m (85 inch) sized meshes (4th sized meshes to the aft). No floats were used on the headline of the OBT. Rather, a canvas kite, 105 cm wide and 85 cm high, was attached along a false headline to supplement lift. Adjustments to the angle of attack of the kite were made by adding or shortening chain (11 mm/link) near the wingends of the net – fewer links pull the kite more parallel to the angle of the net’s first top panel meshes. The kite was tested at different numbers of links during the tuning trip but was finally settled at setting the chain to three links on each wingend for tow 11 and remained this way for the remainder of that trip and for the comparative research trip. The footrope consisted of 12.7 mm (½ inch) chain. Steel bridles were two legs (12.7 mm (½ inch) on top and 19.1 mm (¾ inch) on bottom), 36.6 m (120 ft) long leading to four legs (12.7 mm (½ inch) on the top three legs and 15.9 mm (5/8 inch) on the bottom), also 36.6 m (120 ft) long.




Figure 2 | OBT net plan.



The control net used was a standard Ruhle trawl design (Beutel et al., 2008) with a PE 15.2 cm (6.0 inch) diamond-shaped mesh codend, double twine, 50 meshes deep and 60 meshes on the round (see Supplementary Material, Table 1). We used 36.6 m (120 ft) ground cables and 73.2 m (240 ft) legs to connect the trawl doors and the wingends. The trawl has a 42.8 m (140.5 ft) headline with fifteen, 20.3 cm (8 inch) floats and 51.4 m (168.6 ft) long groundgear with 7.6 cm (3 inch) cookies. Three kite panels (39.7 cm x 33.0 cm) were located along the center of the headline to help provide lift to the headline, consistent with this net’s prior usage.

The OBT net was equipped with a 13.0 cm (5.1 inch) square mesh-sized codend and composed of braided 5.5 mm PE double twine, 150 bars deep, and 80 meshes on the round which was compared against the Ruhle trawl’s standard 15.2 cm (6.0 inch) diamond mesh codend. The 13.0 cm mesh size was selected to emulate prior research and to match the Canadian fishery across the Hague Line1 (Finley et al., 2019); this mesh size was also easily obtainable from netting manufacturers. Chaffing gear was used on each codend.

Nets were spread using 3.0 m2 Gull Wing doors (Net Systems, AK, USA), configured to fish either on the bottom when towing the Ruhle Trawl or off-bottom when towing the OBT net. The final door configuration was achieved on trip 1, tow 11, after generally demonstrating the doors’ desired heights and positions while towing (see Supplementary Material, Table 2 and Figure 1).



2.2 Net mensuration sensors and data loggers

Gear rigging and geometry were monitored and recorded using multiple net sensors to optimize the positions and shape of the gear (Table 1). Distance between the trawl doors (door spread) of all nets was measured on all trips by a Simrad Fisheries ITI (just Simrad for short; Seattle, Washington) acoustic net mensuration system with a hull-mounted hydrophone. Additionally, on trip 2, we had access to a Simrad headline sensor to obtain the OBT’s headline height off the seafloor, and headline to footrope distance (vertical opening). We were initially unable to automatically log Simrad data due to the age of the system and, as a result, logging on the first trip was by hand; for trip 2, we viewed and logged the data using PuTTY, an open-source terminal emulator, serial console, and network file transfer application (developed by Tatham, 1999; updated version used from 8/2019).


Table 1 | Net mensuration sensors used during each trip and for each net towed and their associated measured geometries.



A Notus net mensuration system (just Notus for short; Notus Electronics Ltd., St. John’s, Newfoundland) with a portable hydrophone was used on trip 1 in addition to the Simrad system (Table 1). Notus sensors were attached to the net’s wingends, the mid-points of the headline and the footrope, and recorded the wing spread, the headline height from the seafloor, and the vertical opening. Output from this system was logged to a laptop automatically by the proprietary Notus Trawlmaster software. Footrope height for each tow was calculated from Notus data when available as the difference of the mean distances of the headline heights and vertical openings.

Outputs from Simrad and Notus sensors were live-streamed during each tow using each company’s proprietary software and used by the captain to adjust the vessel’s speed and wire out to achieve target net geometry and height off-bottom, door positions and spreads, and a consistent depth to wire out scope as the depth changed. The captain attempted to maintain the OBT net’s footrope within one-two meters from the seafloor while towing.

The OBT was an unfamiliar gear type, especially when used in conjunction with Gull Wing doors which have more complex ranges of movements than bottom-tending doors. Therefore, we collected attitude data as well as depths to understand door positions in the water column and their relation to the OBT, and the OBT’s position relative to the seafloor. RBR “Concerto” loggers (RBR Ltd., Canada) were mounted on both doors to measure depth and accelerations in three dimensions (x, y, and z) on trip 1 (Table 1). Accelerations were used to derive pitch and roll (see “Data Entry, Processing, and Analyses” below). Door loggers were mounted so that both y-direction accelerations were facing each other, towards the center of net. That is, doors tilting inward (roll) to the center would register with the same sign (positive) for both loggers; tilting from parallel to the vessel direction (pitch) would register as opposite signs. On some tows, a RBR “Duet” logger was mounted on the headline to measure depth and, for one tow, a Concerto logger with an altitude sensor was mounted on the footrope to provide depth and height from the bottom; the altitude was corrected using attitude (tilt) measurements. RBR loggers were set to collect data at one-second intervals.



2.3 Gear tuning, trip 1

Riggings, structures, and positions of each gear type in the water column and presence of fish around the gear on the tuning trip was observed using three cameras: a GoPro Hero 3+ Black in a deep-water Sartek housing, and two low-light cameras: Deep Sea Power and Light (DSP&L) Wide-I SeaCam and a DSP&L Low-Light SeaCam. The low-light cameras were used without illumination to avoid creating an artificial light stimulus. The GoPro camera required additional lighting at depth so two EBL-1200D Sartek LED lights with uniform lumen intensity and a 60° light beam angle were used to provide illumination. Video from GoPro cameras was recorded on SD cards. Video from the low-light cameras was recorded onto a custom, underwater recording system sealed in a deep-water titanium housing (Integrity Systems, Massachusetts, USA). Collected video was viewed immediately afterward to inform gear adjustments on subsequent tows.

The codend remained open during trip 1 and no catch was retained.



2.4 Comparative research, trip 2

Comparative paired tows were conducted on this trip using the Ruhle trawl and the OBT net, fishing for 24-hour periods. Two-hour duration tows were planned but were increased when catches were light or shortened due to large catches or gear problems while towing. Subsequent paired tow durations were matched to the extent possible. When paired, nets were fished in an R-E-E-R (Ruhle trawl = R) and experimental net (OBT = E)) alternating pattern for approximately five days of comparative trials. The second tow of each pair was along roughly the same path although not directly on top of the prior tow’s path. Directions of paired tows were at the discretion of the captain accounting for the lost time to return to the starting side of the previous tow and the effects of changing water currents on the pair.

The captain targeted haddock during each comparative research trip but did not avoid other species in order to show the difference in target catches and non-target catches between compared nets. All fauna in catches were identified to the lowest taxonomic level possible and sorted. Most species were weighed to the nearest 0.1 kg using a Marel M1100 motion-compensated bench scale, or estimated quantitatively by weighing a subset of filled baskets. For rare catches of some larger species, such as sharks, visual weight estimates were made, as needed. Midline lengths of regulated groundfish species were measured to the nearest centimeter, with sub-sampling of at least 100 fish lengths occurring as needed and available. Species of special importance, such as protected species, were weighed, measured, or estimated quickly before returning to sea when possible. Discarding did not occur while towing or during net retrieval or deployment so that discarded catch would not end up in the active tow’s codend and be resampled.



2.5 Data entry, processing, and analyses

A Microsoft Access database was constructed for data entry (trip, tow, and species catch weights and length frequency information), QA/QC, data management, visualization, and analyses.

Catch weights were adjusted by tow lengths (kg/hr) to equalize effort. Sub-samples were scaled to the entire catch weight for analyses. Catch weights of porbeagle sharks (Lamna nasus) were visually estimated or derived from their total lengths (when these data were collected) using calculations provided by the Northeast Fisheries Science Center (https://www.nefsc.noaa.gov/nefsc/Narragansett/sharks/calc.html, accessed 06/2020).

Videos were collected in standard file formats and edited and reviewed using various software including Adobe CC Premiere, FFmpeg (FFmpeg team), VideoRepair Tool (Grau GmbH Hardware & Software Solutions), MediaInfo (developed by Martinez, 2002), HandBrake (HandBrake Team), and VLC player (VideoLAN).

Simrad net mensuration text files were reshaped using R (R Core Team, 2018) so that each line had the prior time stamp appended to it. Files were recompiled by each individual sensor’s output and then imported into the Access database. Height of the footrope off the seafloor was calculated from sensor data during tows and in post-processing by subtracting the headline to footrope height from the headline to seafloor height. When both distances reported the same value, it was assumed that the footrope was close to or contacting the seafloor.

Notus data, logged using Trawlmaster, was exported to an Excel file and then imported into the Access database. Values of headline heights and vertical openings that exceeded 80 m, the maximum depth encountered, were excluded from the data set as unrealistic. Mean footrope heights off-bottom for tows were obtained by subtracting the mean vertical openings from the mean headline heights.

RBR Ruskin proprietary software was used to access RBR data and to operate loggers. Roll and pitch were derived from x, y, and z accelerations using the following equations provided by RBR:

	

	

The denominator is limited by values >0.025 (before the sign is applied) due to the sensitivity limitations of the loggers’ accelerometers (RBR, pers. comm.). No gravity vector exists in the x and y planes (the yaw component accelerations) when the logger is turned along the vertical axis. Changes in this axis could not be stabilized by the internal gyroscopes and therefore produced large variations in yaw. For this reason, yaw was not available. Tilt is also calculated to determine the resulting angle based on the roll and pitch together. Sensor tilt greater or less than 0 was used to correct the footrope to seafloor distance measured by the headline sensor for any deviation for the vertical.

	

Data visualization and analyses were conducted with R and Excel. Box and whisker plots (McGill et al., 1978) were drawn using the 25th and 75th quantiles as lower and upper limits (interquartile range, IQR) of the box, and a bar within the box representing the median of the dataset. Whiskers are drawn to end at observed values at most 1.5 times the length of the IQR. Points plotted beyond the whiskers are greater than 1.5 times the IQR and may be considered outliers (Sokal and Rohlf, 2000). Outliers removed for readability are noted in figure captions. Box widths are proportional to the square roots of the sample sizes within each grouping when indicated in plots.

Catch rates (kg/hr) of regulated, dominant, or selected species were paired in trip 2 using equal catch plots. All pairs of tows where a species was present in at least one of the tows are included. For species that did not show a distinct pattern between the gear types in the equal catch plots, data were checked for normality using Q-Q plots (used as reference and not reported here) and a Shapiro-Wilk Test (p<0.05). The non-parametric Wilcoxon Signed-Rank Test was used to test for significance of difference (p<0.05) between the catch rates in the two gears if the tests for normality failed. For normal data, equal variance was first investigated (p<0.05) and then a paired t-test was applied to check for significance between catches within gear types (p<0.05). Two-sided tests were applied to haddock as the OBT net and Ruhle trawl were hypothesized to catch equally for this species. One-sided tests were applied to species where catch reductions were anticipated in the OBT net as compared to the Ruhle trawl.

Length frequencies are presented for species whose mid-line lengths were measured using box and whisker plots. Length-based differences by species were explored for trip 2 paired data, using generalized linear mixed models (GLMMs) to fit low-order (third or less) polynomials to the proportions of catch-at-length in the experimental net compared to the total catch at length. Our GLMM methodology followed those described by Brooks et al. (2022) using the “selfisher” R package. Lengths of sufficient strength (i.e., where the total count at length was >5) were used as a fixed effect, and haul was a random effect. Where subsampling occurred, we used a “qratio” (intercept term) equal to the inverse of the proportion of the subsample. Data were bootstrapped at 1000 iterations, as recommended by Brooks et al. (2022). A binomial link function was used to fit the most complex model, followed by decreasing complexity. Model terms were assessed for differences using Akaike’s Information Criterion (AIC), again consistent with recommended practices.




3 Results

The gear tuning and comparative research trips were completed from 8/31-9/2/2017 and 8/9-8/15/2019 respectively. Forty-seven tows were completed overall for both trips (Table 2). Tow 18 on trip 2 using the OBT was aborted early due to battery failure in the Simrad headline sensor, instrumental to keeping the net stable and at the desired height, and therefore considered not valid. Thirteen comparative tows of the OBT and the Ruhle trawl were paired successfully by gear type.


Table 2 | Trip and mean tow information (at start) for each trawl type.



Fieldwork was conducted in two general locations (Figure 3). Trip 1 was conducted at a location relatively close to port in southern New England waters with a depth workable for the OBT (mean: 41.5 m) (Table 2). Greater depths were sought for comparative research trips in Georges Bank to obtain preferred door spreads by setting out additional warp wire (limited in more shallow depths) and for the nets to fish as expected; mean depths in trip 2 were 83.1 m for the OBT and 83.5 m for the Ruhle trawl. Depth was not significantly different between nets in trip 2.




Figure 3 | Start point locations of tows during trip 1 (blue marks) and trip 2 (red marks). The key shows symbols for gear types used. Sections shaded in green are regulated closed areas.



Tuning trip 1 generally required shorter tow durations than comparative research trip 2 and occurred at shallower depths and therefore, required less wire out (Table 2). All nets started tows with a mean warp wire to depth ratio of approx. 3:1.

Speed was not significantly different for the OBT between trips 1 and 2 (Table 2). Trip 2 revealed a significantly higher speed while using the OBT over the Ruhle trawl but RPMs were not significantly different, suggesting lower drag while using the OBT. Helix twine increases drag along with spreading forces (Kebede et al., 2020), so lower drag using the OBT is probably a result of reduction in seafloor contact and the significantly smaller amount of wire out. RPMs were not recorded during trip 1.

Square mesh dimensions (inside, knot-to-knot) for the OBT codend were measured for a mean of 121.7 ± 1.2 mm S.E. and 118 ± 1.4 mm S.E., smaller than the nominal 129.5 mm (5.1 inch) mesh size. The Ruhle trawl used diamond-shaped meshes in the codend of 150.5 ± 0.4 mm S.E., which was slightly smaller than the expected 152.4 mm (6 inch) mesh size. Meshes at the front end of both nets could not be measured using conventional gauges due to their large openings.



3.1 Gear modifications

The tuning trip was intended to work out appropriate rigging for the OBT net. Despite this tuning, determining that gear remained off, but still near the seafloor was challenging during the comparative research. Consequently, based on results from the tuning trip and early comparative research tows and Captain Phillips’ previous experience with pelagic trawls, five links of drop chains (22.0 kg total) were added forward of the wingends at the lower bridles for OBT tows 11-30 to reduce instability during comparative research. The added drop chains were occasionally noted to have shine post-tows, presumably from seafloor scouring. Net instability continued to be a concern, despite the presence of drop chains, and minor adjustment of net rigging, tow speed, wire out, and other variables continued throughout much of the field work.



3.2 Gear performance

Gear tuning of the OBT during trip 1 was partially achieved using underwater video. Video were collected from 10 tows from trip 1 which imaged the OBT kite near the headline, the large meshes just behind the center chain sweep, and the chain sweep in relation to the seafloor. From the video, a final position of the kite was set at three links (33 mm; see Supplementary Material, Table 2). Through video review, consistent seafloor visibility indicated an effective operational door configuration; inconsistent seafloor visibility through a tow would indicate that the doors were likely too high in the water column or not in a stable position. The video also helped confirm the stable shape of the helix twine meshes while towing and that the twine was properly spreading. An acceptable gear configuration was achieved on tow 11 of this trip.

The optimal door configuration was set at bail box bracket 5, bail position “A”, and at lower pad position 4 (see Supplementary Material, Table 2 and Figure 1). Connections to the top and lower door pads were set at positions “E” and “C” respectively on trip 1 and at “C” and “D” on trip 2 to account for the difference in depths during trips but still achieve optimal door spreads.

We obtained door spreads using Simrad sensors from 14 tows for trip 1 and 26 tows for trip 2 (Figure 4). Trip 1 door spreads were similar (box and whisker plots’ boxes overlap) for most tows, especially after tow 8. The trip’s median door spread was about 64 m while using the OBT. Door settings were changed after the larger door spreads on tow 1 of this trip and appeared effective at reducing spread (see Supplementary Material, Table 2). It is unknown why tow 16 had a much larger than average door spread. The OBT door spreads were generally smaller in trip 1 than in trip 2, likely due to setting less wire out because of the much shallower depth of trip 1 (Table 2). Trip 2 median door spreads for the Ruhle trawl were generally larger than for the OBT (91.3 m v. 82.5 m) but largely consistent within gear type. Persistent attention was required to maintain a steady door spread while using the OBT by making small adjustments to the RPMs, especially prior to the addition of drop chains. This level of attention was not required while using the Ruhle trawl, perhaps due to bottom contact by the doors.




Figure 4 | Door spreads (y-axis) by tow (x-axis) and trip (panels) from Simrad sensors. Boxes are colored by net type (green=OBT net, pink=Ruhle trawl). Dashed lines are the panel medians and colors of lines match the associated net type. Box widths represent the sample sizes within tows. Trip 1, tow 5 only had a single data point (23.8 m) and cannot be represented in box and whisker plots.



Roll and pitch of both trawl doors were measured on trip 1 during 10 OBT net tows using RBR loggers (Figure 5). On most tows, pitch and roll for both doors were not significantly different from zero. The port door pitch and roll during tow 10 and the starboard door pitch during tow 16 appeared to be different from the rest, although the medians were still close to zero. We are unaware of what caused deviations in these tows, but as noted above, tow 16 also showed abnormally large door spreads (Figure 4).




Figure 5 | Pitch (bottom panels, forward or backward tilt) and roll (top panels, inward or outward tilt) angles (y-axis) of port door (left, light blue) and starboard (stbd) door (right, pink) for OBT tows (x-axis) during trip 1 from RBR loggers. The y-axis is restricted to -5° to 5° and the outliers are removed for presentation purposes. Dashed red lines are the panel medians. Box widths represent the sample sizes within tows.



The depths of the doors were collected by the RBR loggers during 10 OBT tows on trip 1 (Figure 6). Median door depths ranged from 34.7-41.5 m for the port door and 34.2-42.6 m for the starboard door and were generally similar for both doors as shown by the overlapping boxes of box and whisker plots. The maximum median depth difference occurred on tow 12 at 4.9 m. For this tow, the difference in door depths was as great as 7 m and persisted for more than 30 minutes (within tow details not provided). Overall, whether the starboard or port door was deeper was inconsistent between tows and within tows. It is unclear why this is the case. Changes in depths of one door were usually accompanied by a similar change from the other door and their depths were not usually significantly different by tow.




Figure 6 | Door, footrope, and headline depths (y-axis) from trip 1 using RBR loggers for OBT tows (x-axis). Panels show individual sensor values with outliers removed for scaling. Dashed red lines are the panel medians. Box widths represent the sample sizes within tows.



Comparisons of door depths to headline and footrope depths for the OBT were possible on trip 2 due to simultaneous deployment of the RBR loggers in three or more locations. The headline was measured to be about 6 m shallower than the doors (Figure 6). On tow 14, an approximate 15 m vertical opening of the OBT was recorded through simultaneous headline and footrope depths. By comparing the relative depths of the doors, headline, and footrope recorded, the net was found to fish with the doors positioned about midway between the headline and footrope. The headline and footrope were observed to vary in depth together (detailed tow data not presented), maintaining a mostly constant opening, which suggests the net was off the seafloor. That is, if the net was contacting the seafloor, the footrope would fluctuate with the topography, while the headline would be more consistent, resulting in a varying opening. Median height of the footrope from the seafloor during tow 14, corrected for tilt, was 5.1 m (data from altitude sensor not presented). Maximum adjustment due to the tilt of the logger was small (0.22 m).

OBT wing spread, headline height, and vertical opening were collected on 14 tows during trip 1 using Notus sensors (Figure 7). Median headline heights varied tow-to-tow, generally from 17-32 m. Tows 4 and 5 were unusual: tow 4 was only eight minutes long and was composed of four data points; tow 5 had a much lower median headline height of 6.7 m for unknown reasons. The headline height became somewhat more stable and consistent within and between tows after tow 11 (the tow where we attained the preferred OBT gear arrangement) when the median vertical opening varied between 14-18 m. This opening is consistent with heights derived from the RBR loggers (Figure 6). The vertical openings are more stable than the headline heights for tows 12-17, with the exception of tow 15, which had a somewhat smaller vertical opening (the box of the box and whisker plot does not overlap with all of these other boxes). The preferred mean footrope heights (<2 m), derived from headline heights and vertical openings, were achieved during tows 12, 13, and 17; five other tows revealed greater mean footrope heights. Wing spread measurements generally varied around 18 m for all tows except tow 6, which was slightly less. Ranges from Notus sensors to the hydrophone from 14 tows were as expected and gave further information on the net geometry regarding the distances from the wingends to the headline through subtraction (data not shown). Means and standard errors of ranges to the headline sensor and wing sensors were 212.0 ± 0.5 m and 199.8 ± 0.4 m, respectively.




Figure 7 | OBT net headline height, vertical opening, and wing spread (y-axis) for tows numbers (x-axis) on trip 1 from Notus data. Dashed red lines are the panel medians. Box widths represent the sample sizes within tows.



Headline heights collected from the vessel’s Simrad ITI system on trip 2 for tows using the OBT were similar (overlapping boxes of box and whisker plots), with medians of about 12 m, except for tow 4 (Figure 8). Headline heights for OBT measured using this system were lower than heights measured during trip 1 from Notus sensors (Figure 7).




Figure 8 | OBT net headline height, vertical opening, and footrope height (y-axis) for tow numbers (x-axis) on trip 2 from Simrad data. Dashed red lines are the panel medians. Box widths represent the sample sizes within tows.



The vertical opening for OBT on trip 2 stabilized to about 12 m after tow 4 (Figure 8). Footrope heights were often <1 m to the bottom for the OBT, particularly later in trip 2, suggesting that the footrope was often on or near the seafloor. The vertical opening measured in trip 2 was also smaller, and the footrope was likely closer to the seafloor than in trip 1 (Figure 7).

On trip 2, headline or footrope depths were collected during 15 tows from RBR loggers for the OBT with total median depths of 80.0 and 90.6 m respectively (data not presented). Depths for both the headline and footrope were only collected on tows 11 and 14 and showed a very consistent net opening of about 12-13 m over the course of the tows, and a headline depth around 80 m.



3.3 Catch results

Catches from the OBT and Ruhle trawl comparisons during trip 2 included 22 species and taxa with aggregate weights of greater than 3 kg (Table 3). Total weight of all species caught was 9,152 kg. Haddock, the target species, was the primary catch species by far, comprising 68.1% of the total weight captured. The next largest catches by weight were short-fin squid, (7.5%), porbeagle sharks (6.6%), winter skate (5.7%), monkfish (3.4%), spiny dogfish (3.0%), and barndoor skate (2.3%). Only 1.5 kg of Atlantic cod were caught using the Ruhle trawl and none in the OBT net. Total flatfish catches in both nets comprised 80.7 kg, mostly of grey sole. Aside from haddock, for the other species that this project was originally intending to target, pollock were barely captured (0.8 kg) and redfish were not caught.


Table 3 | Trip 2 catch weights (kg) by species and net.



We compared mean catch rates for selected species in 13 valid tow-pairs on trip 2 by net type (Figure 9). Haddock catch rates were highly variable in both the OBT and the Ruhle trawl, ranging up to 259 kg/hr. However, there were no tow-pairs where haddock were caught in one net but not in the other, demonstrating consistency in haddock catches within pairs. For other species, as illustrated by the greater number of points below the equal catch lines, most were clearly caught at lower rates with the OBT. The highest catch rate of any non-target species, excluding porbeagle sharks, was shortfin squid at 21.6 kg/hr in the OBT and 74.0 kg/hr in the Ruhle trawl. Some commercial species were caught at very low rates in both nets such as cod, pollock, and yellowtail flounder.




Figure 9 | Catch rates (kg/hr) for selected species (panel) by tow-pairs during trip 2. The y-axis shows the OBT catch rates and the x-axis shows the corresponding Ruhle trawl paired catch rates. The “+” symbol shows the means for each species.



Mean catch rates of haddock were not significantly different in the OBT than the Ruhle trawl during trip 2 (Table 4). Mean catch rates of monkfish, grey sole, barndoor skate, and little skate were significantly lower in the OBT. American plaice catch rates were not significantly different between nets but catch rates were very low. Catch rates of other important commercial species that had catches in the Ruhle trawl but zero catch in OBT included winter flounder, Atlantic cod, American lobster, and winter skate and therefore, no tests needed to be completed to demonstrate differences in catch by this gear type (Table 3). Pollock were not caught in the Ruhle trawl and were in low amounts in the OBT and yellowtail flounder catches were also very low so tests for significance were not conducted on these commercially important species.


Table 4 | Test statistics for significance comparing species’ paired catches between the OBT net and the Ruhle trawl.



Length frequency distributions show no significant differences between gear types for all commercial species measured in adequate numbers in trip 2 tow-pairs (Figure 10). In both nets, most haddock caught were 0-5 cm larger than the minimum legal sizes (MLS). Only haddock were caught in sufficient quantities during trip 2 to examine length-dependent differences using a GLMM (Figure 11). A 2nd order polynomial model was selected as the best fit, in-line with the recommended model comparison selection procedures by Brooks et al. (2022), and no significant difference in proportion at any length between the two nets was found. Most other species were generally caught over the MLSs as illustrated by medians to the right of the MLSs (Figure 10). Sub-legal yellowtail flounder were caught only in the Ruhle trawl and legal ones were caught in both; American plaice above and below the MLS were caught in both nets. Only one pollock was caught; it was below MLS and in the OBT. Also, only one Atlantic cod, above MLS, was caught in the Ruhle trawl.




Figure 10 | Mid-line lengths (x-axis) of species (panel) by gear type (y-axis) for trip 2. The red line is the minimum legal size for each species. Box widths represent the sample sizes within gear type.






Figure 11 | Best fit GLMM model (black line), confidence region (gray area) and catch proportions-at-length (OBT catch/Total catch; open circles) raised by the inverse of the proportion of the subsamples (A) and length frequency distributions (B) for haddock mid-line lengths (x-axes) in the OBT and Ruhle trawls during trip 2. Points outside the gray region in the panel A were not used in the GLMM. Diameters of raised catch proportions are scaled by observation numbers. Dotted green lines are the MLS of haddock.






4 Discussion

This work tested an off-bottom trawl (OBT) net designed to mainly harvest Georges Bank haddock, while simultaneously avoiding overexploited fish stocks, including Atlantic cod, yellowtail flounder, and windowpane flounder. We completed both the gear tuning and comparative research of the OBT net versus a standard Ruhle trawl.

Fishing the OBT net required far more frequent attention and adjustment to speed and wire out than demersal trawling to maintain the targeted door spread and especially net height off-bottom, even with the benefit of a dedicated tuning trip. We relied upon multiple sensors that provided real-time and subsequent information on net location and geometry and a captain experienced with midwater trawling. The frequency of adjustments was lessened with the addition of drop chains near the wingends. For these tows, sensor data, underwater video footage, and post-drop chain shine revealed evidence of a footrope that was close to or touching bottom. Impacts to bottom habitat, therefore, were not entirely eliminated for the OBT due to the use of drop chains but were likely substantially reduced compared to typical demersal haddock trawls like the Ruhle trawl. The outdated Simrad ITI net mensuration system, video footage, and Notus net mensuration data showed that maintaining the OBT’s footrope at the desired height of one–two meters, even without drop chains, was possible. For instance, on trip 2, prior to the addition of drop chains, we observed comparatively stable OBT headline and footrope heights during some tows (Figure 8). Further exploration of net performance and adoption by fishing vessels may benefit from additional technology, such as the use of a third wire cable winch and updated electronics to more easily keep the net in good configuration and off-bottom. These additions may also allow elimination of the drop chains and all seafloor contact.

Setting the main engine to the same RPMs resulted in a faster towing speed for the OBT than the Ruhle trawl. This result suggests that the two nets had the same drag, despite the OBT’s larger mouth opening than standard groundfish trawl nets with similar headline lengths, the presence of helix twine, and the box-shaped construction. The combination of using kites instead of headline floats and reduced contact from doors and ground cables likely counteracted the increased drag from the OBT’s larger size and helix twine (Table 2). Presumably, the OBT filtering a greater volume of water for the same fuel cost, contributed to its catch efficiency. These findings are largely consistent with other research comparing fuel consumptions between bottom, semi-pelagic, and pelagic trawls (Grimaldo et al., 2015) in which bottom trawls demonstrated the highest fuel consumption, using a constant speed (whereas our speeds were different between gear types), despite the differences in rigging and smaller fishing area of the bottom trawl (similar to our research). Due to the large size of the OBT net and despite the presence of helix twine meshes, sufficient depth is still required to attain optimal door spread and net shape. The smaller OBT vertical openings in trip 2 than in trip 1 (Figures 7, 8) coincide with the larger trip 2 door spreads (Figure 4), which are expected due to the flexible shape of the net.

Since the OBT was towed at a faster mean speed than the Ruhle trawl, the total swept areas (or volumes) of the OBT tows would be greater over the same length of time (Table 2). We expected differences in swept areas simply due to the differences in trawl sizes, as the OBT was intentionally designed to be bigger than the Ruhle trawl. For this reason, and because it is more common modifier method, we adjusted catch weights by effort in terms of tow duration (catch/hour).

The OBT successfully maintained haddock catches while reducing several non-target species as compared to the Ruhle trawl (Tables 3, 4 and Figure 9). The reductions of bottom oriented species such as monkfish, grey sole, barndoor skates, and little skates and the elimination of any catch of winter skate imply that the net stayed off-bottom for long periods. Skates are often considered a time-consuming, low value species within this fishery and can reduce the quality of more valuable species by causing abrasion damage in the codend. The Ruhle trawl has been proven to exclude Atlantic cod catch (Beutel et al., 2008) and catches of this species were very low during our trials. The OBT net caught less cod than the Ruhle trawl during testing, although insufficient data was collected to demonstrate a statistical difference. We were unable to capture enough pollock or redfish to make a judgment on the OBT’s effectiveness with catching these other bountiful species.

No significant difference in fish lengths were identified for any species (Figures 10, 11) which was unexpected due to the use of two different sized codends (15.2 cm (6 inch) nominal in the Ruhle trawl vs. 13.0 cm (5.1 inch) nominal in the OBT net). These nets also used two different shaped codend meshes (diamond in the Ruhle trawl and square in the OBT net) which may account for the similar lengths for round fish, such as haddock, which have difficulty passing through less-than-fully-opened diamond-shaped meshes but not for flatfish which are more likely to pass through the diamond-shaped meshes (Graham, 2010). We surmise that either fewer smaller fish entered the OBT net or escape of smaller fish occurred earlier in the OBT net, through the extremely large meshes and before reaching the codend. Fish escape earlier in the fishing process would reduce the physical interactions and physiological fatigue which would likely reduce stress and mortality (Ryer, 2004; Suuronen, 2005; Cook et al., 2019; Pol and Eayrs, 2021).

In addition to the testing of the OBT net described here, we also performed testing of a second OBT net using a similar “Gloria Trawl” design (not presented in this paper) (Hampiðjan Group, Iceland). This net was even larger with approximately double the mouth opening and also utilized helix twine to help spread meshes and to create a large vertical opening, rather than rely on headline floats. Our tuning trips and comparative research trips were performed for both OBT nets and both used the same codend. Drop chains were also added to this other OBT net during research to improve stability and control of the net. The larger OBT net also significantly maintained catches and length frequencies of haddock as compared to the Ruhle trawl and showed significant decreases in catches of some bottom species (monkfish and barndoor skates) as well as a significant decrease in winter skate again implying less bottom contact of the experimental gear. We believe that the larger OBT net requires a sufficiently large depth for proper operation and was not as usable in the locations where our work was conducted; its usage would be potentially more suitable in deeper water targeting redfish on and near Georges Bank. The limited depths that we worked in made it susceptible to interaction with and damage from large pelagic species. Higher RPMs and thus greater fuel consumption were required to operate this larger OBT over the smaller OBT and Ruhle trawl.



5 Conclusions

The OBT net revealed a number of positive characteristics. The large, expansive fishing circle due to the helix twine allowed us to catch haddock in quantities similar to established commercial trawl nets while reducing non-target catches, which is consistent with other research (Sistiaga et al., 2016). Additionally, the lack of the OBT’s apparent contact of the doors and groundgear are, logically, a reduction to the habitat impacts as compared to impacts by typical bottom-tending, groundfish trawl nets. We expected to fish the OBT without bottom contact, to potentially open fishing areas closed to gears with bottom contact. The additions of drop chains near the wingends likely meant that the OBT net touched bottom in some manner. Since the trawl doors and groundgear were still off-bottom, the OBT net likely reduced but did not eliminate seafloor contact, as indicated by the reduction in bottom dwelling species compared to the Ruhle trawl. This outcome may be sufficient to open new areas for access, but perhaps not in all habitats. Additionally, the fuel usage required to fish the OBT net was similar to the Ruhle trawl, based on comparisons of RPMs between the gear types, despite the larger effective swept fishing area of the OBT due to its greater mouth openings and tow speeds.

This project also demonstrated that an outdated net mensuration system on the OBT was adequate to evaluate the net’s positions and shape and could be used to catch haddock with low bycatch. Updated net sensors with live feedback would provide a better representation of the OBT’s positions and shape while towing which can then be used to adjust vessel speed, RPMs, wire out, and other conditions to improve gear parameters; this enhanced knowledge and fine control may lead to the elimination of drop-chains and all bottom contact as the net can be kept more confidently and consistently at the desired heights off-bottom while still maintaining target catches with low bycatch.

Interestingly, despite the OBT net using a smaller codend mesh size than the Ruhle trawl, the OBT net did not lead to higher catches (and discards) of small fish or even increases in less desirable, smaller, but marketable haddock. OBT nets meet the regulation requirements for fishing in areas that allow standard groundfish nets if fished with standard codends. The use of smaller mesh codends in a commercial fishery would require fishing exemptions or changes to regulations.

Our results demonstrate the benefits of fishing with a helix twine OBT, even over an established trawl net designed to reduce Atlantic cod catches, despite using a small codend mesh size. We are optimistic that further exploration with this and other OBT gears in various areas of Georges Bank and the Gulf of Maine, targeting species other than haddock, will yield more positive results.
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Footnote

1The mesh size in use in the Canadian fishery on Eastern Georges Bank has since decreased to 12.5 cm (4.9 inch).
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In this study, experimental fishing trials were performed to quantitatively evaluate and compare the fishing performance of trammel nets, tie-down gillnets, and single gillnets used for catching blackfin flounder. A total of eight cruises performed at depths of 100–140 m in the waters near Yangyang, Gangwon-do, Korea. Fisheries laws in Korea currently restrict the use of trammel nets due to concerns about overfishing and bycatch. Tie-down gillnets have a support line that changes their stretched height, thus increasing their catch rate, and are an attractive alternative to trammel nets or single gillnets; unmodified gillnet. Due to a lack of quantitative evaluation of their fishing performance, the performances of these three types of gillnets quantitatively compared. The number and weight of fish, particularly blackfish flounder, caught by each net under similar circumstances were compared. Our results suggest that the fishing performance of trammel nets and tie-down gillnets is much higher than that of single gillnets. Compared to single gillnets, trammel nets performed better by 2.98 times and 2.45 times, in terms of the total number and weight of fish caught, respectively, and tie-down gillnets performed better by 2.09 times and 1.97 times, respectively. In addition, the bycatch rate of tie-down gillnet for immature blackfin flounder with the total length less than 20 centimeters was similar to single gillnet; single gillnet 17.5% of immature blackfin flounder, tie-down 20% of immature blackfin flounder, trammel net 62.5% of immature blackfin flounder. Given that many flat fish such as flounders fall out of the net during the fishing process after being stuck in single gillnets, fishermen hope to use trammel nets. However, the relatively high catch rate of trammel nets likely necessitates restrictions for their use. This study suggests that tie-down gillnets are an option for sustainable fishing practice given that they perform better than single gillnet and reduce bycatch of immature blackfin flounder when compared to trammel nets.
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1 Introduction

The gillnet and trap are commonly practiced fishing gears along the East Sea fisheries of Koera, where gillnets mainly catch snow crab (Chionoecetes opilio), blackfin flounder (Glyptocephalus stelleri), herring (Clupea pallasii), and blackfish (Arctoscopus japonicus), whereas trap fishing mainly catch octopus (Enteroctopus dofleini), sea snails (Buccinum spp.), and red snow crab (Chionoecetes japonicus).

Aside from large fisheries such as trawls, most flounder in this area are caught by gillnets. The annual catch of blackfin flounder (Glyptocephalus stelleri, Figure 1) as of 2020 is 1,492 tons, of which about 49%, or 734 tons, were caught with coastal gillnets (KOSIS, 2020). Gillnet has a structure in which float line is installed on the upper part of a gear vertically in the water column, and a lead-like sinker were attached to its lower part to expand the gillnetting gear up and down in the water. To catch fish, nets were installed into the underwater area where the fish school move, and the fish are caught when their gills or another part of their body gets entangled in the net. However, most of the fish caught in gillnets must be spindle-shaped to be able to stick to the net well. On the other hand, flat fish that have a relatively wide body, such as flounder, are often caught or surrounded by a net rather than becoming stuck in it (An et al., 2003; Park and Bae, 2017; Kim et al., 2021).




Figure 1 | Blackfin flounder (Glyptocephalus stelleri, Figure 1) were selected as the target fish for this study.



Flounder, the main target species of gillnets off the east coast of Korea, sometimes entangle in a gillnet their gills caught in gillnets; however, because they have flat, wide bodies, they do not entangle a gillnet completely and often fall into the sea when the net is hoisted up with a hauler. Trammel nets are similar to regular gillnets but are made up of three layers of netting. Fishermen consistently demand permission to use trammel nets that show better fishing performance since they catch a high proportion of live fish when compared to single gillnets. However, the use of trammel nets is prohibited by the Fisheries Act in Korea because of their tendency to lead to bycatch and their high catch rate of immature fishes. Recently, fishermen have been using tie-down gillnets as an alternative to trammel nets, where strings are vertically tied to a single gillnet at regular intervals and the net’s original deployment height is reduced to create a large pocket similar to a trammel gillnet (Kim et al., 2021). Tie-down gillnets are known to catch more flounder than single gillnets, however, there are not many systematic studies of tie-down gillnets. Few studies has been carried out abroad to reduce the bycatch. The research of flounder fishery in the United States showed that gillnets with lower height reduced the bycatch of Atlantic cod (Gadus morhua) while maintaining comparable catch of flounders. In blackfin flounder fishery, tie-down gillnet with different mesh sizes could be reduce the bycatch of the immature flounders and the research on mesh size selectivity in trammel nets were conducted for 17 species in the Atlantic oceans; however, their performance is unclear while further studies are still needed in different areas and methods (An et al., 2003; He, 2006; Park and Bae, 2017; KOSIS, 2020). Recently, researches were conducted on selectivity as a function of different mesh sizes (Cho et al., 2000; Park et al., 2003; Haas, 2010). It was reported that the fishing performance of gillnets varies depending on the stretched height of the net between the float line and the foot rope, mesh size selectivity and that the shape of gillnets (e.g. trammel nets vs. single gillnets) makes differences in fishing performance (Cho et al., 2000; Kim and Lee, 2002; Fabi et al., 2002; Erzini et al., 2006; He, 2006).

In this study, it was quantitatively compared the fishing performance of three types of gillnets (trammel nets, tie-down gillnets, and single gillnets), using blackfin flounder inhabiting the waters off the eastern coast of Korea as the target fish. We use the results of this study to clarify the fishing performance of each type of gillnet and establish a plan for the efficient and sustainable use of blackfin flounder, which is considered as one of the fisheries resource recovery species in Korea.




2 Materials and methods



2.1 Gillnets

The trammel nets, tie-down gillnets, and single gillnets used in this study were manufactured to have the same mesh size as that of the blackfin flounder nets used in Yangyang, Gangwon-do, Korea. The trammel nets (Figure 2A) and the tie-down gillnets (Figure 2B) were produced in the same way as commercial nets with a height of 3.07 m. In addition, in consideration of the vertical development and the shape of the mesh, a single gillnet (Figure 2C, unmodified gillnet) was manufactured to have a height of 4.2 m, the same as that of commercial nets.




Figure 2 | Construction of the experimental gillnets for blackfin flounder used in the sea trials; (A) trammel net, (B) tie-down gillnet, and (C) single gillnet.



For the trammel net, its inner net was the same as that of a single gillnet, and the nylon net (mesh size 450 mm, height 6.5 meshes, 12 braids) was used for its outer net. The ratio of the stretched height of the outer net (6.5 meshes × 450 mm) to the stretched height of the inner net (50 meshes × 90 mm) was 0.65.

The height of the support line in the tie-down gillnets was 2.47 m, and the ratio of the vertical direction of the mesh to the height of the support line was about 55%. The polyethylene support line’s diameter was Ø 1.4 mm; its two strands were vertically lowered from the float line to the foot line, and the middle part of the support line was tied to the mesh once. The length of the float line of all nets was manufactured to be 75.4 m and the length of the sinker line 93.3 m. Nets were made of nylon, and the monofilament diameter of the twine was Ø 0.286 mm. The inner diameter of the nets was measured 20 times as a proxy for its mesh size, and the average value was 90.2 ± 4 mm. The design specification of all nets is shown in Table 1, and their basic structures in accordance with the types of gillnet are shown in Figure 2.


Table 1 | Composition of the experimental gillnets for comparison of fishing performance.



Three gillnets were sequentially and repeatedly arranged four times, and 12 panels were configured as one set were used in each field experiment. The distance between different gillnets was approximately 1.5 meters. A typical arrangement of the test nets is shown in Figure 3. The experimental fishing gears are deployed from inshore to offshore at the depth range between 100 m and 140 m.




Figure 3 | Arrangement of three types of gillnets for fishing performance experiments.






2.2 Sea trials

A total of eight sea trials were conducted between February 2020 and December 2020 by chartering a coastal gillnet fishing vessel (Gross tonnage: 3.90 ton, Engine propulsion: 268.4 kW) in the waters surrounding Yangyang-gun in Gangwon-do. The single trial took two days. The deployment of the net was conducted at 4:00 AM following the departure of the fishing vessel, and the hauling net was carried out at the same time the next day. Nets were immersed for one day, and the depth of fishing was about 100–140m. The experimental fishing operation location is shown in Figure 4. The catches were screened for all fish. The catches were separated by net type, classified by fish species, and then measured. The length of each fish caught was measured in millimeters on the measuring board and their weight was measured in grams using an electronic scale (CAS SW-1, Korea) to compare and analyze the catch performance of each net. In addition, the catch performance of each net was evaluated using the commercial statistical software IBM SPSS Statistics 27 (IBM, U.S.A.). Kolomogorov-Smirnov tests were used to test the normality. One-way ANOVA (Analysis of Variance) was applied to identify the differences between the control and experimental gillnets’ catch in weight. The used data were the sums of the single gillnet and experimental gillnets; trammel net and tie-down gillnet in each fleet. Comparisons were made among gear types. The catch in weight was considered count data and was calculated from the catch weight of blackfin flounder by gillnet types. CPUE (Catch Per Unit Effort) was calculated by divided the pooled catch weight of target species into the number of panels used; g/panel.




Figure 4 | Location of sea trial sites for comparison of fishing performance.







3 Results

A total of eight trials were deployed using experimental gillnets and compared their catches. Four sets of the nets were deployed. Each set consisted of three nets; one single gillnet, one tie-down gillnet, and one trammel net. We captured 2,842 (415,474 g) total fishes of 20 difference species. Among them, blackfin flounder were the highest catch (1,627; 186,503 g), which accounted for 44.9% of the total catch. Black edged sculpin (Gymnocanthus herzensteini) showed the second highest catch rate (11.7%), and whip sculpin (Gymnocanthus intermedius) the third highest catch rate (11.5%). The catches and catch rates for each net are shown in Table 2.


Table 2 | Catch rate of different species caught by experimental gillnets.



Trammel nets showed the highest catch with a total of 1,395 fish (187,621 g), followed by tie-down gillnets with a total of 979 fish (151,258 g), and lastly single gillnets with a total of 468 fish (76,595 g). The fishing performance among the three types of gillnets showed significant differences in a statistical test. From the one way ANOVA test, the catch of blackfin flounder has significant difference (Kolomogorov-Smirnov test, df=8, p = 0.236>0.05; one way ANOVA test, df=2, p = 0.0001<0.05). There was no significant difference between trammel net and tied-down gillnet (Tukey HSD test, p = 0.977>0.05), tie-down gillnet and single gillnet (Tukey HSD test, p = 0.052>0.05). However, there was a significant difference between trammel net and tie-down gillnet (Tukey HSD test, p = 0.036<0.05). The test with total length less than 20 centimeters, prohibited length of blackfin flounder, there was a significant difference in weight caught among the gear types (Kolomogorov-Smirnov test, df=8, p > 0.05; one way ANOVA test, df=2, p = 0.001<0.05). There was no significant difference between trammel net and tie-down gillnet (Tukey HSD test, p = 0.457>0.05). On the other hand, there was a significant difference both trammel net ((Tukey HSD test, p = 0.01<0.05) and tie-down gillnet (Tukey HSD test, p = 0.02<0.05) to the single gillnet.

The catch results for the main fish species of this study, flounder, showed the highest catch with trammel nets (886 fish; 103,963 g), followed by tie-down gillnets (538 fish; 60,575 g) and single gillnets (203 fish; 21,965 g) being the poorest performer. The catch per unit effort (CPUE) was 3,248.8 g/panel for trammel nets, 1,893.0 g/panel for tie-down gillnets, and 686.4 g/panel for single gillnets.

It was found that the blackfin flounder caught by trammel nets were relatively diverse in size (Table 3; Figure 5). In addition, although fish under 200 mm in length were not caught in large numbers, which is currently prohibited by the law, the three types of gillnets did not show statistically significant differences in catch numbers for such fish (trammel nets, 28; tie-down gillnets, 8; single gillnets, 7). In terms of bycatch rate on immature blackfin flounder less than 20 centimeters in total length, tie-down gillnet was similar to single gillnet as 20% and 17.5% respectively. However, the bycatch rate of trammel net was 62.5% (Table 3).


Table 3 | Length frequency distribution of blackfin flounder caught by experimental gillnets.






Figure 5 | The distribution of the number of blackfin flounder caught in three types of gillnets as a function of their total length.



The number and distribution of blackfin flounder, the target species of this study, caught by each net was different in accordance with the gillnet types (Table 3). Total length distributions of the flounder was similar in all three net (Figure 5). When the fishing performance of single gillnets is set as 1, trammel nets performed 4.36 times better in terms of the number of blackfin flounder caught, and 4.73 times better in terms of the total weight of blackfin flounder caught, when compared to single gillnets. In addition, it was found that the tie-down gillnet, which is an intermediate type between the trammel net and the single gillnet, shows higher fishing performance by 2.65 times (the number of blackfin flounder caught) and 2.76 times (the total weight of blackfin flounder caught), when compared to the single gillnet. Therefore, the fishing performance of gillnets for blackfin flounder was shown to be in the following order: trammel nets > tie-down gillnets > single gillnets. In addition, when comparing the total catch including other species, trammel nets performed better by 2.98 times and 2.45 times in terms of the number and weight of the fish caught, respectively, and tie-down gillnets performed better by 2.09 times and 1.97 times, respectively, when compared to single gillnets (Table 4).


Table 4 | The relative fishing performance of three types of gillnets, based on the catch number or weight of blackfin flounder and total catch.



Crabs are liable to get caught in gillnets by their claws or feet. During the experimental fishing period, the catch rate was 10.4% for the snow crabs and 4.1% was the female snow crabs among them, the catch of which is prohibited all year round in Korea. 6.3% was for male snow crabs. In our study, trammel nets showed 20 times higher bycatch numbers than that of single gillnets, regardless of the sex of the crabs caught; tie-down gillnets also showed about 10 times higher bycatch numbers than that of single gillnets (Figures 6, 7). Different types of nets showed the following order of performance in terms of bycatch of snow crabs: trammel nets > tie-down gillnets > single gillnets. Nets that have pockets showed higher bycatch rate than single gillnets in terms of bycatch.




Figure 6 | The distribution of the number of snow crabs caught in three different gillnets as a function of their carapace length.






Figure 7 | Comparison of the numbers of male and female snow crabs caught in each net.






4 Discussion

The number of commercial fish species appearing off the east coast of Korea is limited. Among the fish species that can be caught year round, blackfin flounder are abundant and an important source of income for fishermen. Flounder often were mostly caught by gillnets in coastal areas and by trawls offshore. In the past, single gillnets were mainly used in the fishing industry, but they were dropped out during the hauling process without landing properly, resulting in frequent loss of catches. Because of this problem, some fishermen mainly used trammel nets that consist of three layers of nets. However, the use of trammel nets is now prohibited by the law, as they contribute to bycatch. According to reports, trammel nets show 1.4 to 2 times higher fishing performance than single gillnets (Kitahara, 1968; Fujimori et al., 1996; Akiyama et al., 2004; He, 2006; Wakayama et al., 2006). Recently, tie-down gillnets, an intermediate between the trammel net and the single gillnet, have been widely used to create pockets in the netting by reducing the height of the gillnet. However, it is known that there is a risk of overfishing and bycatch because tie-down nets also act like trammel nets because of their pockets; however, detailed research on their performance is still lacking (Ishida, 1962; Millar and Fryer, 1999; Kim and Lee, 2002; López-Barrera et al., 2012). Tie-down gillnets have recently attracted a lot of attention due to their increased usage, so studies on fishing performance and mesh size selectivity are being conducted (Kim et al., 2021).

According to recent regulations related to the protection of fisheries resources, the minimum landing length for blackfin flounder, a major fish species in the East Sea, is strictly implemented as a means of resource management. From this point of view, we sought to quantitatively evaluate the fishing performance of trammel nets, tie-down gillnets, and single gillnets used to catch flounder so as to obtain data that can be used to efficiently manage fisheries and limit fishing gears in consideration of their fishing performance (Baranov, 1914; Thomas et al., 2003; Kim et al., 2021).

The results showed that trammel nets performed up to 4 times better than single gillnets. In the blackfin flounder catch, trammel nets was relatively diverse in size distribution. In addition, although fish under 200 mm in length were not caught in large numbers, which is currently prohibited by the law, the three types of gillnets did not show statistically significant differences in catch numbers for such fish (trammel nets, 28; tie-down gillnets, 8; single gillnets, 7). In terms of bycatch rate on immature blackfin flounder less than 200 mm in total length, tie-down gillnet was similar to single gillnet as 20% and 17.5% respectively. In particular, fishing of snow crabs is prohibited in the East Sea during the certain period, from June 31 to November 31, where snow crabs are more strictly managed than flounder including the spawning season; fishing of male snow crabs with a length of less than 90 mm is forbidden during the fishing season, and fishing of female snow crabs is prohibited year round. In our experiment, not only flounder, but also a significant number of snow crab were caught, and among them, the trammel nets caught more male and female snow crabs when compared to the single gillnets.

The results of this study therefore suggest that it is necessary to limit and manage the use of trammel nets for the efficient use of resources and the management of prohibited fish species. The tie-down gillnet can serve as a compromise between ensuring profitability for fishermen and the government’s fisheries resource management, thus contributing to a sustainable fishing industry.

We think that the shape of each type of net investigated in this study changes differently in underwater currents. In particular, trammel nets and tie-down gillnets are expected to form pockets from two sheets of the outer nets and support lines, respectively, as shown in Figure 8. We speculate that these pockets play a role in enclosing or entangling fish in a net rather than the fish getting their gills stuck in the net, which is the unique fishing mechanism of gillnets. It can be inferred that this shape of net may contribute to high fishing performance and the fishing of individuals of various sizes.




Figure 8 | Diagram of expected underwater shape of each gillnet.






5 Conclusions

In this study, the fishing performance of three types of gillnets was compared—trammel nets, tie-down gillnets, and single gillnets—that are used to catch blackfin flounder in the East Sea of Korea. A total of eight cruises were performed at depths of 100–140 m in the waters near Yangyang, Gangwon-do, Korea. The results showed that, when compared to single gillnets, trammel nets performed better by 2.98 times and 2.45 times, in terms of the total number and weight of fish caught, respectively, and tie-down gillnets performed better by 2.09 times and 1.97 times, respectively. We found that tie-down gillnets have an intermediate fishing performance between single gillnets and trammel nets. In addition, when the main target, blackfin flounder, was used as a standard, trammel nets showed higher fishing performance by 4.46 times (number of fish caught) and 4.73 (weight of fish caught), while tie-down gillnets showed higher fishing performance by 2.65 times (number of fish caught) and 2.76 times (weight of fish caught). Many instances were recorded of flounder being caught and then dropped out of the single gillnets. In addition, as for the bycatch of snow crab, a major commercial species off of the east coast, trammel nets showed 10 times higher number and weight of snow crabs caught when compared to single gillnets. Snow crab is a species that is heavily regulated for fisheries resource management, having both a closure and a ban on the capture of small individuals.

The use of trammel nets is currently prohibited due to their high fishing intensity. However, fishermen would like to use trammel nets because many flat fishes, like flounder, fall out of single gillnets. Given that our results show that trammel nets have better fishing performance and higher fishing rates of non-target fish and small individuals when compared to single gillnets, we conclude that restrictions are indeed required for the use of trammel nets. In addition, flounder, including blackfin flounder, have recently been intensely regulated under a law that imposes a prohibited length in an effort to protect fisheries resources. From this point of view, it is necessary to closely evaluate different types of nets to ensure the efficient use and fisheries management of resources. In terms of flounder fishing off of the east coast, tie-down gillnets show better fishing performance than single gillnets and are more effective in reducing bycatch of non-target fish than trammel nets. In this regard, one solution can be to optimize the tie-down gillnet through meetings between stakeholders as a sustainable fishing gear. However, further researches on tie-down gillnets are also required to quantitate the fishing performance in accordance with the tie-down length, thickness of tie-down, tie-down composition for the sustainable use of the gillnet. Taken together, we envision that this study can be used as basic data in the design of nets to effectively manage the fishing of flounder that also secures the livelihood of fishermen.
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A deepwater (>40 m) fishery for invasive lionfish (Pterois volitans/miles) offers a potential means to control invasive lionfish densities and mitigate their impacts on reefs too deep for SCUBA removals. Trapping could provide a scalable solution—if an effective fishing gear with minimal environmental impacts could be permitted and adopted by fishers. We tested the efficacy of wooden slat lobster traps, wire sea bass traps, and experimental non-containment Gittings traps. One hundred deployments of each trap type were made at 120 mesophotic (38–78 m deep) natural reef sites in the northeastern Gulf of Mexico (29.6–30.1°N, 86.1–87.6°W). Reef sites were surveyed with remotely operated vehicles (ROV) before and after trap deployments, and remote time-lapse video cameras were affixed above 86 traps to sample in situ recruitment to the traps. The video data showed that lionfish were attracted to the vicinity of the three trap types at similar rates, but that lionfish rarely entered the lobster or sea bass traps. The high bycatch rates of sea bass traps suggested their use is likely unsuitable for targeting lionfish. Lobster traps had lower rates of bycatch, but their relatively high ratio of bycatch-to-lionfish catches suggests that modifications will be needed to make them more efficient. The Gittings traps had the highest lionfish catch rates and lowest bycatches of native fishes, but operational issues were also identified. They failed to open on 20% of deployments and one entangled a green sea turtle (Chelonia mydas). Even with the best-performing trap design, the average catch rate of lionfish was less than one lionfish per trap. A potential explanation could be the low biomass of lionfish observed during the ROV surveys, which averaged 0.3 kg lionfish per site. The time-lapse video data suggested that lionfish recruitment to Gittings traps could increase with higher densities of lionfish on the nearby reefs, if traps were retrieved after approximately two days of deployment, and if traps were retrieved during dawn or dusk. Further research, development, and testing is needed for lionfish traps, and critical bio- and techno-economic assessments appear warranted to evaluate the feasibility of a deepwater lionfish fishery.




Keywords: deepwater lionfish, gear testing, fishing innovation, Pterois volitans, ocean solutions, research development and testing, Gulf of Mexico, mesophotic reefs




1 Introduction

Controlling invasive lionfish (Pterois volitans/miles complex) populations is a major objective for marine conservation and fishery managers in the western Atlantic Ocean (Morris et al., 2012; Hixon et al., 2016; Sutherland et al., 2017) and the Mediterranean Sea (Kletou et al., 2016; Savva et al., 2020; Ulman et al., 2020). To date, removal efforts have primarily utilized spearfishing by SCUBA divers (Morris et al., 2012; Clements et al., 2021), which can efficiently remove lionfish (Usseglio et al., 2017; Harris et al., 2019; Ulman et al., 2022) and reduce local lionfish densities regions (Green et al., 2014; Harms-Tuohy et al., 2018; Harris et al., 2019). Market demand for invasive lionfish has also increased (Blakeway et al., 2019; Blakeway et al., 2021; Bogdanoff et al., 2020), and commercial fisheries have developed for lionfish in some areas (Chapman et al., 2016; Harris et al., 2020a; Ulman et al., 2022).

A key issue for lionfish removal efforts and lionfish fisheries is that spearfishing is limited to the reefs accessible to SCUBA diving and thus in depths generally less than 40 m. Lionfish have been observed as deep as 300 m (Gress et al., 2017), and, throughout the invaded Western Atlantic, lionfish densities on mesophotic reefs range are higher than on shallower reefs nearby (Table 1). High densities of lionfish have correlated with community shifts on tropical (Lesser and Slattery, 2011) and semi-tropical (Lewis et al., 2020) mesophotic reefs. Relatively little is known about the impacts of lionfish on reefs deeper than 90 m (Andradi-Brown, 2019), but ecosystem models suggest that community impacts by lionfish are likely driven or exacerbated by lionfish predation on and competition with native species (Arias-González et al., 2011; Chagaris et al., 2017; Chagaris et al., 2020). Deepwater lionfish populations also may serve as a refuge for larger, highly fecund females that are a source of larvae to shallower reefs (Andradi-Brown et al., 2017a; Andradi-Brown et al., 2017b; Andradi-Brown, 2019).


Table 1 | Western Atlantic invasive lionfish with population density surveys conducted at different depths found that lionfish densities are highest >30 m compared to concurrent surveys at shallower reefs.



Although lionfish are incidentally captured from mesophotic depths with hook-and-line (Morris et al., 2012) and trawls (Switzer et al., 2015; Campbell et al., 2021), their catch rates are likely too low to control population densities (Arias-González et al., 2011). These deepwater lionfish populations could potentially be controlled via fishery removals if a suitable harvest gear could be developed, tested, and permitted. A new harvest stream could also stabilize commercial lionfish supply chains, which have had limited market development (Chapman et al., 2016; Blakeway et al., 2019). Management agencies in the United States have thus designed regulatory pathways to encourage lionfish trap research, development, and testing (RD&T) for harvest gears that show potential for encouraging lionfish fisheries and controlling their ecological and economic impacts (Johnston et al., 2015; Gittings et al., 2017; U.S. National Marine Fisheries Service, 2018).

We examined three trap designs for catching lionfish (Figure 1). These included i) wooden slat traps used to target spiny lobsters in the Florida Keys (henceforth “lobster traps”), ii) wire mesh traps used to target black sea bass, Centropristis striata, in the US Atlantic (henceforth “sea bass traps”), and iii) experimental Gittings non-containment lionfish traps (henceforth, “Gittings traps”). Lobster traps were selected for testing because lionfish are routinely captured as bycatch within the Florida Keys spiny lobster (Panulirus argus) trap fishery (Akins et al., 2012). Between 2010 and 2018, over 31,000 kg of lionfish bycatch was harvested by commercial trappers (Florida Fish and Wildlife Conservation Commission, 2019). Sea bass traps were selected for testing because they target marine piscivorous fish with a similar size, diet, and trophic position as lionfish. They are also the only marine fish trap permitted for use in continental US federal waters. The Gittings non-containment lionfish trap is an experimental, semi-actively fished trap designed to attract lionfish to a vertical lattice structure that extends upward from two semicircular trap wings that lay flat on the bottom. The baitless, non-containment design of the Gittings trap, which requires active closing of the hinged trap wings during retrieval, was intended to minimize bycatch and ghost-fishing in the event that the trap is lost (Gittings, 2016; Gittings et al., 2017; Harris et al., 2020b).




Figure 1 | Experimental traps tested for catching invasive lionfish. Trap designs included (A) wooden slat traps used in the Florida spiny lobster fishery, (B) wire mesh traps used in the South Atlantic sea bass fishery, and (C) Gittings non-containment lionfish traps. Traps were gear tested in the University of Florida pool (first row) before the study’s experimental deployments near northeastern Gulf of Mexico mesophotic reefs (second row; images from a remotely operated vehicle). A subset of traps were monitored with remote time-lapse cameras from a subsurface buoy above the trap (third row). Photos by the authors.



Our objectives were to assess the gear performance and catch efficiencies for the three trap designs when deployed near deepwater reefs (approximately 40–80 m) that would be inaccessible to conventional SCUBA diving. Gear performance for the trap designs was evaluated by measuring the frequency of successful deployments, lionfish catches (in number and biomass), and their bycatch of native species. We examined trap efficacy by testing the differences in catch per unit effort (CPUE, per trap) of lionfish versus native fishes for each trap type and the differences between in situ trap recruitment (i.e., number of lionfish inside the footprint of the Gittings trap or inside the container of the lobster and sea bass traps) monitored with remote time-lapse cameras. We discuss our results in the context of developing a deepwater trap fishery for lionfish and provide suggestions for future research on lionfish traps and novel harvest technologies.




2 Materials and methods



2.1 Traps

Lobster traps used in this study were the permitted design under the US code of federal regulations 50 CFR 622.405 for commercial spiny lobster harvest. Their dimensions were 0.6 × 0.9 × 0.6 m (W × L × H), and they were constructed from wooden slats. A single plastic funnel, which allows lobster and fish to enter the trap, was located at the top center of each trap (Figure 1A). Sea bass traps also followed a federally permitted design (50 CFR 648.144) and had dimensions of 0.6 m × 0.9 m × 0.6 m (Figure 1B). The lobster and sea bass traps were both weighted with approximately 20 kg of concrete to ensure rapid sinking. Both lobster and sea bass traps were baited with 15 Atlantic mackerel (Scomber scombrus) per trap following Collins (1990). The mackerel were placed in a mesh bag (for lobster traps) or wire chamber (for sea bass traps) affixed inside each trap. A subsurface syntactic foam buoy was necessary for trap recovery and for affixing the remote time-lapse camera units centered 2 m above each trap. The buoy was attached by threading a nylon line through the buoy’s center and tying the ends to two opposing corners at the top of each trap.

Gittings traps (Figure 1C) were constructed of nylon mesh netting (#420 green knotless, 22 mm diameter mesh) around two semicircular hinging rebar frames as described by Harris et al. (2020b). These traps were designed to descend vertically and then spring open along a central axle hinge when the trap contacted the seafloor. An example video of a Gittings trap opening during deployment is provided at https://youtu.be/XlyNuLxEqgQ. A 71 cm × 75 cm piece of positively buoyant vinyl lattice (Core Molding Technologies) with 2.5 cm openings was attached along the midline. This “white fencing” provides vertical relief to act as a fish aggregating device for attracting lionfish within the footprint of the trap. No bait was used in the Gittings traps. Upon trap retrieval, constant tension applied to the buoy line from the surface causes the semicircular frame to hinge vertically and enclose fish within the trap’s footprint in the mesh netting.

Three modifications were made to the Gittings trap design to address issues identified by Harris et al. (2020b). First, the mesh area of the net was increased from 3 to 4 m2 to allow the net to billow during closure in an attempt to minimize the number of escaping lionfish. The trap circumference remained unchanged. Second, a larger subsurface float (20 cm diameter trawl buoy, 2.5 kg buoyancy, Seattle Marine and Fishing Supply) was used to increase drag and keep the trap oriented vertically during descent. The goal was to increase deployment success by helping the trap to land upright and facilitate opening. Third, the lines just below the subsurface buoy were separated by a 40 cm long, 2.5 cm diameter PVC bar approximately 50 cm from the subsurface float to allow the ROV to attach a surface line for retrieval (shown in Figure 1C).




2.2 Study location and design

Our experimental trap deployments were conducted near northeastern Gulf of Mexico (nGOM) mesophotic natural reefs in depths of 38–78 m. Traps were deployed within four distinct reef areas: the Trysler Grounds, Yellow Gravel, Pensacola Edge, and the Desoto Canyon Rim (Figure 2). The former three are located in the west subregion and the latter is in the east subregion. Ten deployment trips were equally divided between the two subregions (n = 5 each) with 87.2 degrees longitude demarcating east vs. west subregions.




Figure 2 | Experimental lionfish trap deployment locations near mesophotic reef sites in the northeastern Gulf of Mexico deployed at depths of 38–78 m.



Traps were deployed at 12 reef sites during each trip. Reef sites for trap deployment were selected based on real-time acoustic sonar collected from echo sounders on board the chartered fishing vessels. Site characteristics were ground-truthed and categorized from video collected with the ROV. Each trap deployment site was ≥0.5 km from adjacent deployment sites within the same reef area, which exceeds the typical lionfish home range estimates (Bacheler et al., 2015; McCallister et al., 2018; Dahl and Patterson III, 2020). The trap “configuration” consisted of 1, 2, 3, or 4 traps of a single type deployed at a given site, with each trap type and configuration combination deployed once among the 12 sites per trip (Figure 3). The trap type and deployment combination was randomly treated per reef site.




Figure 3 | Schematic showing the matrix of trap type and configuration deployed at each reef site.



Mesophotic reef sites comprised of expansive limestone hardbottom habitat, including rocky ledges ranging from 0.5–6.0 m in relief and surrounded by sand. Various ahermatypic corals (Orders Alcyonacea and Antipatharia), sponges, and dense fouling communities contributed to the structural complexity that provided refugia for diverse fish and invertebrate communities (Etnoyer et al., 2016; Garner et al., 2019). Lionfish were first reported in this region in 2010 (Dahl and Patterson III, 2014; Switzer et al., 2015). Within several years, their populations rapidly expanded throughout the northern Gulf of Mexico, with many reefs having the highest densities reported in the invaded range (Dahl et al., 2019; Campbell et al., 2021; Blakeway et al., 2022).




2.3 Data collection

Video surveys were conducted at each site immediately before trap deployment (pre) and again immediately before trap retrieval (post) to estimate pre- and post-deployment lionfish densities and fish community structure. Video transects were conducted using a VideoRay Pro4 mini ROV (Patterson et al., 2014; Harris et al., 2019). The ROV was flown 1–2 m above the seafloor, depending on visibility, with a GoPro Hero5 camera (2.7k resolution and 120 fps) mounted to the front of the ROV and angled downward at 45°. Lighting was provided by the ROV’s twin 20-watt halogen lights. Four orthogonal 25-m transects were flown away from a central point demarcated with a 5.5 kg downrigger weight attached to the ROV tether such that 500–1,000 m2 of the seafloor was surveyed at each site depending on ROV height off the bottom. Video files from the ROV transects were analyzed on a high-definition monitor in the laboratory. Each fish was identified to the lowest taxonomic level possible and enumerated. Total taxa-specific counts at a given site were divided by the estimated area surveyed to estimate fish density. A 7.5-cm red laser scaler integrated into the ROV system enabled fish length to be estimated if both lasers struck an individual at an angle of incidence <20° from perpendicular. Bias correction for laser-scaled fish followed the method of Garner et al. (2021).

Traps were deployed from the surface and allowed to freefall to the bottom. After the deployment period, traps were retrieved following the method of Tarnecki and Patterson (2020). Deployment success (% open) for Gittings traps was observed during the post ROV survey. To retrieve the traps, a detachable surface line affixed to the ROV was hooked to the trap’s buoy line, either just below the PVC bar for the Gittings traps or just below the subsurface float on the lobster and sea bass traps. The ROV was then flown in reverse until the mooring hook detached from the mount, and its spring-loaded latch closed. This connection technique is demonstrated at https://doi.org/10.1371/journal.pone.0235321.g003 (Tarnecki and Patterson (2020)). Once the surface line is connected to the trap, traps were raised to the surface at a constant speed of approximately 1 m/s with an electric winch (Arctic 900-watt vertical capstan, 50-amp draw) attached to a 2 m tall davit. For the Gittings traps, this line retrieval by the winch closed the trap before raising it to the surface. Upon retrieval of each trap, all captured fishes were euthanized, placed in labeled mesh bags, and put on ice for storage and transport back to the University of Florida’s Fisheries Ecology Laboratory. Here they were identified to species, weighed (kg), and measured to the nearest mm.

Recruitment of fishes to traps was monitored with remote time-lapse camera units attached to one trap at each trap deployment site. Each camera unit included a GoPro Hero4 camera paired with a CamDo Blink time-lapse controller housed within a GolemGear deep water housing. Cameras were deployed on subsurface buoys 2 m above the traps and programmed to record 10 seconds of video every hour during daylight hours. For each time-lapse video, the maximum number of individuals of each species (or higher-order taxa) observed in any one video frame was counted as the “minimum count”, which is the minimum number of a given taxon present in a still frame of the video. Fish counts were categorized as “inside” (i.e., recruited inside the lobster and sea bass traps or within the 2-m diameter footprint area of the Gittings traps) or “outside” of a trap (i.e., observed within the video frame but not inside the trap). Video counts were taken from one diel period per day (i.e., dawn, midday, and dusk for each day), resulting in 1714 video samples. Dawn videos occurred within two hours of sunrise and were selected as the first video of a given day where there was enough light for the video reader to identify fishes. Similarly, dusk videos were those occurring within two hours of sunset and were selected as the last video of the day with enough light to identify fishes. Midday videos were taken at noon.




2.4 Animal collection and gear use authorization

Methods for data collection were reviewed and approved by the University of Florida’s Institutional Animal Care and Use Committee (UF IACUC Protocols #201810225 and #201810394) in accordance with relevant guidelines and regulations by American Veterinary Medicine Association. Euthanasia of fishes was performed via pithing the braincase 3–10 mm posterior of the center of the eyes with a commercial rabbit pither (F. Dick Prod. No. 9 0232 000). Authorization for experimental trap deployments in US federal waters and the collection of fishes for research purposes was granted by a Letter of Acknowledgment from the NOAA Fisheries Southeast Regional Office following the definitions and guidance at 50 CFR 600.10.




2.5 Data analysis

We categorized the trap catches and time-lapse video fish counts as lionfish, fishery species (i.e., federally managed species), or non-fishery species (i.e., all other fishes). A full species list with category designations is provided in the Supplementary Table S1. Differences in pre versus post trap deployment mean biomass densities (fish per 100 m2 as averaged between pre and post deployment ROV surveys) for lionfish, red snapper, gray triggerfish, lane snapper, red porgy, and scamp were assessed with paired t-tests.

A generalized linear modeling (GLM) framework was used to test whether the deployment or reef site factors affected catches. Models were computed separately for each fishery category: i.e., lionfish catches, fishery species catches, and non-fishery species catches (Eq. 1). Given the number of zeros in our catches, a zero-inflated approach was used whereby a logistic regression (i.e., the binomial component) estimated the probability of zero catch and a separate regression model (i.e., the positive component) estimated the relationship between the non-zero catch per unit effort (CPUE in g) and the predictors. Quantile-quantile plots indicated non-zero data were overdispersed for the three response categories and best fit by a negative binomial distribution; thus, zero-inflated negative binomial (ZINB) models were used. Specifically, the ZINB positive component (Eq. 1A, log-linked negative binomial GLM) assessed the effects of trap type (lobster, Gittings, sea bass), trap configuration (1, 2, 3, or 4 traps), soak time of traps at the given site (numeric days), lionfish density at the site (per 100 m2) , site depth (m), site relief (maximum reef height in m estimated from ROV surveys), and region (east or west). The ZINB binomial component (Eq. 1B, logit-linked logistic GLM) assessed whether the deployment factors of trap type and trap configuration affected the probability of zero catches.









A similar zero-inflated GLM approach was applied to the time-lapse video data to assess the significant predictors for lionfish recruitment, i.e., the number of lionfish inside the footprint of the Gittings trap or inside the container of the lobster and sea bass traps. Similar to the catch data, the QQ plots indicated that the data were zero-inflated and overdispersed, thus ZINB models were used. The ZINB positive component (Eq. 2A, log-linked negative binomial GLM) assessed whether trap type, lionfish density, and diel period (dawn, midday, or dusk) had significant effects. The effect of these factors specific to each experimental trap type was examined by testing the interaction of trap type × diel period and the interaction of trap type × lionfish density. The ZINB binomial component (Eq. 2B, logit-linked logistic GLM) assessed whether trap type or lionfish density affected the probability of zero lionfish counts. To account for repeated measures from videos taken during a given deployment at a reef site, reef site was included as a random effect (random intercept) in the models and assumed to be normally distributed with a mean of zero and variance σ2.



Laplace approximation was used to estimate likelihood and test statistics based on GLM fitting and inference protocols (Bolker et al., 2009, Crawley, 2015). Effect sizes were calculated by exponentiating model coefficients, and confidence intervals were estimated from the unconditional standard error to account for model uncertainty (Burnham, 2002; Grueber et al., 2011). Plots and models were built in R (version 4.1.1). The ZINB models were developed with the pscl (Jackman, 2020) and glmmTMB (Brooks et al., 2017) packages. Data manipulation and plotting used the ggplot (Wickham, 2016) and dplyr (Wickham, 2021) packages. Our data, code, and analyses are available at https://github.com/holdenharris-NOAA/Lionfish-Trap-Testing.git and included in the supplementary materials.





3 Results



3.1 Trap deployments and operations

Data collection was conducted from February to June 2019. Three hundred traps (n = 100 each of lobster, sea bass, and Gittings traps) were deployed and retrieved during ten trap deployment field trips (n = 5 trips per region) at a total of 120 reef sites (n = 60 sites per region). The mesophotic reef sites ranged in depth from 38 to 78 m, and their maximum estimated relief ranged from 0.2 to 6.0 m. The average soak time for traps was 8.35 days and ranged from 5 to 15 days.

Trap deployments targeted sand bottom near limestone reefs to avoid damage and entanglement in reef structure and maximize the opening success of Gittings traps. However, traps occasionally landed on primary or proximal reefs. Among trap deployments monitored with camera units, 23% of lobster, 23% of sea bass, and 16% of Gittings traps landed on primary or proximal reef structures (Figures 4A–C). Of the 100 Gittings trap deployments, 80 deployed successfully and 20 failed to open. Traps that failed to open often appeared lodged in a crevice or ledge, or were entangled on reef structures. Some Gittings traps failed to open on sand (Figure 4D), which appeared to occur when the mesh net entangled on the metal frame.




Figure 4 | Operational performance issues observed while testing experimental lionfish traps near northeastern Gulf of Mexico mesophotic reefs. Photos show unintended placement on natural reef structure by (A) lobster, (B) sea bass, and (C) Gittings traps, as well as (D) a Gittings trap that failed to open upon contact with the bottom, (E) an unexpected megafauna entanglement of a dusky shark (Carcharhinus obscurus) in the buoy line, and (F) a green sea turtle (Chelonia mydas) that crawled under a Gittings trap and became entangled in the trap’s netting. Photos by the authors.



The experimental trap testing resulted in the unexpected entanglement of two non-fish megafauna species by Gittings traps. First, a dusky shark (Carcharhinus obscurus) attempted to swim through the triangular section of the buoy line formed by the PVC bar and the float of a Gittings trap (Figure 3E). The girth of the approximately 2.5-m shark was too large to pass through the opening, and the shark dragged the trap about 50 m from its original GPS coordinates. We observed the shark ventilating its gills and moving while entangled in the buoy line on the seafloor. The live shark freed itself during trap retrieval and was not viewed lying on the bottom during subsequent trap retrievals at the same site, although its ultimate fate is unknown. The second megafauna bycatch event involved a green sea turtle (Chelonia mydas) that became trapped in the mesh of a Gittings trap and drowned (Figure 4F). Video from the remote time-lapse camera on the trap indicates the turtle crawled underneath the frame during the second night of deployment and could not escape. The mortality was reported at the time of occurrence to the NOAA Fisheries Southeast Regional Office.




3.2 Fish densities pre versus post trap deployment

In total, 49,489 individual fish were observed among the pre (n = 120) and post (n = 120) deployment ROV video samples. Ninety-four different reef fish taxa were represented with 86% identified to species (n = 81). The most abundant species identified among ROV surveys were vermilion snapper (Rhomboplites aurorubens), round scad (Decapterus punctatus), tomtate (Haemulon aurolineatum), yellowtail reef fish (Chromis enchrysura), short bigeye (Pristigenys alta), red snapper (Lutjanus campechanus), and mackerel scad (D. macarellus). The total lionfish biomass estimated among all the ROV surveys was approximately 70 kg, with a mean ( ± SD) of 0.29 kg ( ± 0.35) per site. Fish density was typically lower in the post deployment video samples compared to the pre deployment video for lionfish (Figure 5A) and the predominant bycatch fishes of red snapper, gray triggerfish, lane snapper, red porgy, and scamp (Figures 5B–F); however, none of these differences were significant with all p-values from the paired t-tests >0.05.




Figure 5 | Fish densities pre-deployment (pre) and before retrieval (post) of experimental lionfish traps. Mean (± 95% CI) densities are shown for (A) lionfish, (B) red snapper, (C) gray triggerfish, (D) lane snapper, (E) red porgy, and (F) scamp (note scale differences among panels). Densities were estimated via remotely operated vehicle video surveys conducted at 120 trap deployment sites on northeastern Gulf of Mexico mesophotic reefs.






3.3 Trap catches and CPUE

In total, 660 fish were captured from the 120 reef sites. Catches included 39 invasive lionfish, 538 individuals in the native fishery group (among 14 species), and 83 individuals in the native non-fishery group (among 20 species). By mass, a total of 9.8 kg of lionfish, 46.3 kg of non-fishery species, and 429.3 kg of fishery species were captured among all traps.

The Gittings traps had the highest lionfish catches and lowest native species catches (Figure 6A) with a total of 24 lionfish (4.4 kg), five non-fishery individuals (0.8 kg total), and zero fishery species. The total biomass of lionfish captured in Gittings traps was over 5.5 times the total biomass of native species that they captured. In comparison, lobster traps caught 8 lionfish (3.0 kg) and sea bass traps caught 7 lionfish (2.4 kg), and their catches were dominated by native species bycatch (Figures 6B, C). Lobster traps captured 70 native fish (both fishery and non-fishery species) with a total biomass of 99.4 kg, which was 33 times higher than the total lionfish biomass captured by lobster traps. The bycatch from sea bass traps was higher still: 542 native fish were captured with a total biomass of 363.5 kg, which is 151 times the biomass of lionfish they captured. Most of the bycatch in sea bass traps were fishery species (Figure 6C), including (in order of abundance) red snapper, lane snapper (L. synagris), gray triggerfish (Balistes capriscus), red porgy (Pagrus pagrus), and scamp (Mycteroperca phenax). Total catches by trap type are provide in Supplementary Table S2.




Figure 6 | Catch per unit effort (CPUE) by trap type. Mean (± 95% CI) CPUE per trap is shown for (A) lionfish, (B) native fishery species, and (C) native non-fishery species captured with each of three experimental trap types (lobster, sea bass, or Gittings traps) deployed near mesophotic reefs in the northeastern Gulf of Mexico. Note scale differences among panels.



Results from the ZINB catch models (Table 2, analysis deviance table provided in Table S3) primarily showed how trap type and configuration (i.e., the number of traps of a given type at the site) affected the probability of catch (the binomial ZINB component) and the CPUE biomass (the positive ZINB component) for lionfish, fisheries species, and non-fisheries species. No significant relationships were identified between soak time, lionfish density, reef relief, or region and any of the response variables. The only reef site factor found to affect catch rates was a negative relationship (3% per m) between depth and fisheries species CPUE. The likely driver for this is the high catches of gray triggerfish and red snapper caught in sea bass traps deployed at the shallower reef sites (< 50 m), particularly in the Trysler Grounds.


Table 2 | Zero-inflated negative binomial (ZINB) model results assessing the effects of trap deployment and reef site factors on catches of lionfish, fisheries species, and non-fisheries species.



Our analysis indicated that trap configuration had a similar effect size in the binomial component of 42%–63% for all three responses (Table 2). In other words, for lionfish, fishery species, and non-fishery species catches, each additional trap placed decreased the chance of non-zero catch by approximately 50%. However, the effect configuration in the positive component of the ZINB models were different between the three response groups. Adding more traps to configuration decreased the CPUE for lionfish and non-fishery species, while CPUE per trap for fisheries catches did not decrease with additional traps placed at a site. For lionfish, this indicates that placing more traps at a site decreases the probability of a non-zero catch (in other words, increases the probability of cathing a lionfish at the site) but also decreases the average CPUE per trap when more traps are plaed at the site.

Trap type was not significant in the positive component of the lionfish catch ZINB model, but had a significant effect in the ZINB binomial component. The biomass of lionfish caught per trap was not different among the three trap types, but Gittings traps demonstrated a significantly higher chance of a non-zero catch of lionfish with the Gittings traps having an approximately 83% lower probability of a zero catch than the lobster or sea bass traps. As would be suggested by their high overall catch rates of sea bass traps, these had very low and near-zero probabilities of having zero catches of fisheries and non-fisheries species, respectively, and had 2–6× higher biomass CPUE.




3.4 Trap recruitment to traps monitored by remote time-lapse cameras

In situ lionfish recruitment to traps was estimated from 1714 video samples from remote time-lapse cameras affixed above 86 traps. Lionfish were observed in or near a trap in 545 (26.1%) video samples. Lionfish were more likely to be observed outside versus inside traps regardless of trap type, but this inside:outside ratio varied among the three trap types (Figure 7A). Gittings traps had the highest inside:outside ratio of 1:4 lionfish inside versus outside, compared to 1:32 for lobster traps and 1:86 for sea bass traps. The recruitment of native species inside the footprint of Gittings traps was similar to the recruitment of native species near the lobster and sea bass traps (Figures 7B, C). The fact that only five native species individuals were caught by Gittings traps indicates that these fishes were likely able to escape while the trap was closing.




Figure 7 | In situ recruitment to traps monitored with remote time-lapse videos. Mean (± 95% CI) fish count per trap is shown for (A) lionfish, (B) native fishery species, and (C) native non-fishery species (note scale differences). Fishes were categorized as inside the trap (i.e., inside the lobster or sea bass trap container or within the frame of the Gittings trap) or outside the trap (i.e., visible in the video but not within a lobster or sea bass trap container nor within the footprint of the Gittings trap frame).



The time-lapse video data indicated several trends with respect to trap type, soak time, lionfish density, and diel period. Lionfish recruitment over time was non-linear and showed a relative peak after two days (Figure 8A). Higher ambient lionfish density was related to higher lionfish recruitment to Gittings traps, but had no significant effect on recruitment of lionfish to the lobster or sea bass traps (Figure 8B; Table 3, analysis deviance table provided in Table S4). Diel period also had a significant effect on recruitment to the Gittings traps (Figure 8C); compared to the midday period, mean lionfish recruitment to Gittings traps was 53–78% higher at dawn or dusk (Figure 8C; Table 3).




Figure 8 | Effects of trap type, soak time, lionfish density, and diel period on lionfish recruitment to traps (i.e., number of lionfish inside the footprint of the Gittings trap or inside the container of the lobster and sea bass traps) as measured by remote time-lapse video cameras. (A) Non-parametric locally estimated scatterplot smoothing curves (± 95% CI) for mean lionfish recruitment plotted against soak time and by trap type. (B) Mean (± 95% CI) lionfish recruitment plotted against a site’s lionfish density as estimated by remotely operated vehicle surveys, with regression lines for each trap type. (C) Bar plot of mean (± 95% CI) lionfish recruitment by trap type during dawn (within 2 h of sunrise), midday (noon), or dusk (within 2 h of sunset) diel periods.




Table 3 | Lionfish recruitment (in situ observation of fish within the trap structure during deployment) model outputs estimated from time-lapse video fish counts.







4 Discussion

This study expands on previous experimental tests of lionfish traps in the nGOM (Johnston et al., 2015; Gittings, 2016; Harris et al., 2020b) by considerably increasing sampling effort, testing multiple trap types, and testing near deepwater natural reefs (approximately 40–80 m). Three hundred trap deployments were conducted where a potential commercial fishery could target lionfish inaccessible to conventional SCUBA diving. Overall, Gittings traps were relatively efficient at harvesting lionfish in terms of catch-to-bycatch ratios (5:1 kg lionfish: native species), while lobster (1:33 kg lionfish: native species) and sea bass traps (1:151 kg lionfish: native species) biomass catch ratios were grossly inefficient. However, further RD&T will be needed for lionfish traps before a design could serve as a fishing gear that could allow a viable commercial fishery. Gittings traps demonstrated several critical operational issues, including entangled megafauna, as discussed below. Despite having the highest lionfish catches among the three trap types tested, they also had low lionfish CPUE.

The low catch rates may be explained by the low densities of lionfish we observed in the ROV surveys, which averaged less than 0.3 kg of lionfish per site. For comparison, both lionfish catches and lionfish densities were approximately 10 times higher for Gittings traps tested near nGOM artificial reefs in 2017 (Harris et al., 2020b). This study was also conducted less than two years after high numbers of lionfish in the region presented ulcerative skin lesions (Harris et al., 2018; Cody et al., 2023) and less than a year after lionfish densities on nGOM natural reefs declined by approximately 75% (Harris et al., 2020a). Two results from our experiment suggest lionfish catches could increase if lionfish densities rebound in the region or if traps were tested in areas of higher lionfish densities. First, we observed a positive relationship between lionfish density and their recruitment to the Gittings traps. Second, we found that deploying more traps of the same type at a given site concurrently increased the probability of catching a lionfish at the site and also decreased the average biomass per trap from the site. In contrast, deploying more seabass or lobster traps at a site did not decrease the biomass catch per trap of fishery species. This could indicated that most of the available lionfish are being caught (i.e., catch saturation), while, in comparison, a relatively small proportion of fishery species biomass were being caught per trap. Still, it remains unclear if traps deployed near higher lionfish densities could allow for a profitable commercial fishery, and is the subject of further discussion below.



4.1 Research, development, and testing recommendations for lionfish traps

The high bycatch rates of fishery species by sea bass traps suggest their use is likely untenable for a fishery that primarily targets lionfish, at least how they were deployed in this study. The use of organic baits appeared to attract native piscivorous and protected fishery species (predominantly snappers, groupers, and triggerfish) rather than lionfish. The reasoning for our decision to use organic baits for the lobster and sea bass traps was because we tried to replicate the current commercial use of these traps; however, we suggest that future testing of similar traps be performed without bait.

For the lobster traps, a modified wire spiny lobster trap may present an alternative gear to the wooden slat lobster traps that we tested. Preliminary experimental tests with lobster traps have demonstrated that lionfish catches may be increased and bycatches decreased by using a modified funnel design with a larger opening and adding escape gaps (Pitt and Trott, 2013; Pitt and Trott, 2015; Hutchinson et al., 2019). Using live lionfish as bait in wire lobster traps also increased lionfish catches and lowered bycatch (Hutchinson et al., 2019), although it is unknown whether such live bait could be scaled for commercial use.

The potential for Gittings traps to entangle marine turtles could jeopardize their ability to receive legal permitting and social licensing (Demuijnck and Fasterling, 2016). Six of the seven species of Chelonioidea marine turtles are found within the western Atlantic range of lionfish (Braun-McNeill and Joanne Epperly, 2002), all of which are listed as vulnerable, endangered, or critically endangered by the International Union for Conservation of Nature (Mast and Casale, 2020) and protected under the Convention on International Trade in Endangered Species. Two design modifications that could prevent turtle entanglement include i) incorporating rigid plastic mesh panels into the netting or ii) attaching several bars across each jaw. These could prevent turtles from moving upward into the netting from below and allow a turtle that crawls under a trap to escape out the side of the trap. We expect that a repeat of the dusky shark entanglement in a trap used for commercial purposes is unlikely. The shark passed through the opening made in the subsurface line for the ROV to attach a mooring hook; a commercial fishery would likely retrieve the trap using a surface line rather than an ROV and thus obviate the need for the triangular section. Nevertheless, consideration may be needed to reduce the potential for marine mammal entanglement with the surface line, as fishing gear entanglements are a primary cause of unnatural mortality in whales (van der Hoop et al., 2013; Hamilton and Baker, 2019; Brown and Niedzwecki, 2020).

Other operational aspects may also need improvement or testing for the Gittings traps. The deployment success of Gittings traps was 80%, which represents a 12% improvement over that reported for Gittings traps tested in Harris et al. (2020b). We infer that this improvement may be from using a larger subsurface buoy to create more drag and keep the trap vertical during descent. Still, a 20% failure to open rate would likely be too inefficient for commercial use. We found that 16% of Gittings traps landed on reef structures. This was a little less than that of lobster traps (23%), which are actively deployed by commercial fishers near coral reefs. We also observed that traps were unmoved between deployments. Commercial fishing operations would likely use surface buoys to locate and retrieve traps. We did not employ surface buoys and their use may require additional testing. Experimental tests of wind-driven movement of lobster traps indicate that movement is much higher for buoyed-versus-unbuoyed lobster traps and that trap movement decreases for traps deployed at deeper depths (Lewis et al., 2009). Deploying traps connected in series via a trawl line would require fewer surface buoys than single traps and may be less prone to wind- or wave-driven movement, particularly with weighted marker buoys.

Analysis of the time-lapse video data provides insights into ways to potentially increase lionfish catch rates. Lionfish were frequently observed in the vicinity of all three trap types and at similar rates, but lionfish were more likely to recruit inside the footprint of the Gittings traps than to enter the lobster or sea bass traps. Lobster traps attracted the highest number of lionfish nearby, but most did not enter the trap. If the use of modified funnels for lobster traps increased this inside:outside ratio, they could show potential to be viable lionfish trapping gear. Even for the Gittings traps, which had the highest inside:outside ratio, approximately 4 times more lionfish were observed outside of Gittings traps than within the trap footprint. Future trap testing could identify ways to attract lionfish closer to the trap center of a Gittings trap. To our knowledge, different fish aggregating structure designs, trap sizes, lights, or sounds to better attract lionfish have not been tested. Lionfish escapement during Gittings trap retrieval (i.e., their active escapement during the trap’s closing or ascent) may also have been a continuing issue (Harris et al., 2020b). This escapement could be reduced with harness modifications (e.g., a latch that engages after trap closure) or by using a hydraulic trap puller to close the trap faster, and keep it closed more securely, than the electric winch used in this study.

Time-lapse camera data also indicated that lionfish recruitment to traps was rapid and that the optimal soak time for traps was approximately two days. Moreover, we found that recruitment to traps was also higher during the crepuscular periods, suggesting that catch rates may be increased by retrieving traps at dawn or dusk. It is unknown whether lionfish are attracted to the traps for shelter or foraging, as lionfish exhibit activity patterns that may correspond to foraging on different prey sources during different diel periods (Dahl et al., 2016; Dahl and Patterson III, 2020). Interestingly, acoustic tagging data on lionfish movement indicates that their foraging is higher during the midday periods for lionfish on nGOM artificial reefs (Dahl and Patterson III, 2020) but higher during crepuscular periods for lionfish on coral reefs (Green et al., 2011; Green et al., 2021; McCallister et al., 2018).




4.2 Considerations for developing a deepwater lionfish trap fishery

A novel lionfish harvesting gear will likely need to integrate into the capacity of a current fishery in order for a lionfish trap fishery to be feasible. For example, a lionfish trap could be effective if it were adopted by the Florida Keys lobster trap fishery, which has a fleet of approximately 650 commercial vessels and about four months of seasonal closures each year (Buesa, 2018). The use of a modified lobster trap may thus be the most easily adopted lionfish trap. Commercial fishers themselves also represent a valuable resource for co-managing fishery resources (Johannes et al., 2000; Hind, 2015) and co-developing new fishing technologies or gear modifications (Kirk et al., 2020; Tookes et al., 2022). Some Florida Keys lobster trappers sell the lionfish bycaught from their traps (Akins et al., 2012), and, in our experience, lobster fishers are interested in further assisting research efforts to develop lionfish trap designs. Continued work should leverage their expertise to co-design innovative fishing gear, field test their use, assess risks, and integrate them into commercial fishing operations.

Despite the challenges identified in this study for developing a deepwater harvest gear for lionfish, traps may still present a viable means to remove deepwater lionfish. Widespread interest in developing deepwater harvest technologies for lionfish has motivated research on lionfish traps in the western Atlantic (Pitt and Trott, 2013; Pitt and Trott, 2015; Hutchinson et al., 2019) and nGOM (Gittings, 2016; Harris et al., 2020b). Testing lionfish traps have also been recommended for the Mediterranean invasion (Kleitou et al., 2021a; Kleitou et al., 2021b; Ulman et al., 2022). We encourage open communication to facilitate efficient research and design iteration. In addition to lionfish traps, robotics technologies have been proposed to control and commercially exploit deepwater lionfish populations. Several business ventures have stated plans for developing weaponized ROVs and autonomous vehicles for commercial lionfish harvest, e.g., RSE (robotsise.org), Atlantic Lionshare Ltd. (atlanticlionshare.com), and Lionfish International LLC (sec.report/CIK/0001708706). Such approaches will necessitate advanced technologies and require high fixed and operating capital, thus catch rates and efficiencies would need to be high to enable cost-effective harvest.

Even for the best-performing trap design, the low lionfish catch rates in this study suggest it is unclear whether a deepwater lionfish fishery could be economically sustainable. Techno-economic and bioeconomic analyses of lionfish population dynamics, fishing costs, and market prices could help estimate what levels of lionfish densities, gear catchability, and market scenarios might be needed to support lionfish commercial fisheries (Harris et al., 2023). Linking these to ecosystem or bioenergetic models could help determine the potential benefits to biodiversity and native reef fish fisheries from commercial lionfish removals (Green et al., 2014; Chagaris et al., 2017; Bogdanoff et al., 2020; Chagaris et al., 2020). If catch rates are too low to support a food-based fishery, then public subsidies or value-added products—e.g., leather from lionfish skin or jewelry from lionfish fins (Galloway and Porter, 2019; Ulman et al., 2022)—could help increase the ex-vessel price of lionfish to incentivize harvest efforts. Collectively, these assessments could help set the catchability targets for traps and quantify metrics for the benefits, costs, risks, uncertainties, and timeframes for testing lionfish harvest technologies.





4.3 Conclusions and research directions

Our experimental testing indicated that the Gittings traps had the highest lionfish CPUE and lowest native fish CPUE of the three trap types tested. Time-lapse video monitoring showed that lionfish were attracted to the vicinity of the three trap types, but that lionfish rarely entered the lobster or sea bass traps. For the Gittings traps, further RD&T is needed to i) increase lionfish recruitment into the trap footprint (e.g., with lights, sounds, scents, or lionfish decoys.), ii) decrease lionfish escapement while the trap closes, iii) ensure that marine megafauna are not entangled, iv) improve deployment opening success, and v) test their use with surface buoys. The positive relationshiop we found between ambient lionfish densities and their recruitment to Gittings traps indicates that using these traps could be more viable in areas of higher lionfish densities. Lobster traps demonstrated more promise than the sea bass traps, whose high bycatch rates suggest they would be untenable for directed lionfish harvest. Future work on modified lobster traps could test wire traps rather than the wooden slat traps used in our study. Potential modifications for lobster traps to catch more lionfish could include i) modified openings to encourage lionfish to enter the trap, ii) escape gaps for other fishes, and iii) alternative baits. These modified lobster traps may also pose a lower risk of snagging hardbottom than Gittings traps, and may be more readily adopted by commercial lobster trappers.

The low catch rates observed by lionfish traps may be explained in part by the low lionfish densities observed by the ROV surveys. Nevertheless, it is presently unclear what catch rates are needed for a deepwater trap fishery to be profitable. Critical techno-economic and bioeconomic assessments appear warranted to consider the range of scenarios for lionfish densities, gear catchability, market prices, and operating costs that could support the development of deepwater lionfish fisheries. These values could then serve as targets for future experimental testing efforts. Ultimately, a deepwater lionfish fishery will likely need to integrate into already established fisheries such as trap fisheries for lobster or other fishes, and we recommend that research efforts cooperate with commercial fishers in all stages of the RD&T process.
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Introduction

Most Mediterranean fish stocks are overexploited owing to high fishing efforts and poor exploitation patterns. Demersal trawl fisheries are considered the most impactful fishery type because of the high quantities of unwanted catch that is then routinely discarded at sea.





Methods

In the present study, two types of by-catch reduction devices (BRDs), that is a sorting grid (Grid-T45 40 mm) and a T90 50 mm codend, were compared to a typical commercial bottom trawl net (control) in terms of size structures and catch per unit effort to assess the effect of gear modification on the selectivity of crustacean fisheries in the central Mediterranean Sea. In particular, three randomly selected trawlers were involved in a paired hauls experiment fishing at the same time in the same fishing ground. Each trawler carried out four hauls per day during a 3-day campaign for a total of 36 hauls. The target species of the fishery is Parapenaeus longirostris (herein DPS), and the main commercial by-catch is Merluccius merluccius (herein HKE).





Results

The results showed that the landing per unit effort (LPUE) of DPS was higher for Grid-T45 40 mm net, although it did not differ significantly from that of the control net. Conversely, the discard per unit effort (DPUE) of the control net was significantly higher than of both BRD configurations. For HKE, a slightly higher LPUE was recorded using the T90 50 mm codend compared to that of the control, but this result was not statistically significant. The lowest DPUE was found for the T90 50 mm codend, with significant differences compared to that of the control and Grid-T45 40 mm net. The catch comparison of the size structures analysed through generalised linear mixed models highlighted that the Grid-T45 40 mm net was more effective in catching adult DPS, whereas the T90 50 mm codend was more selective for adult HKE.





Discussion

In conclusion, although further studies should be carried out in future to test the performance of the BRDs in different areas and seasons, the investigated gear seems to be promising for reducing the catch of undersized individuals and contributing to mitigating the current overfishing of DPS and HKE.





Keywords: selectivity, discard, Parapenaeus longirostris, Merluccius merluccius, T90 codend, sorting grid




1 Introduction

The Mediterranean Basin is affected by a very high level of human pressure (Micheli et al., 2013). Among these pressures, fisheries are considered one of the main sources of impact on marine ecosystems, with most of the exploited stocks being overfished (Colloca et al., 2013; Vasilakopoulos et al., 2014; Colloca et al., 2017). Despite efforts to establish an effective legal framework and ensure the implementation and compliance of the fishery sector, 75% of the assessed stocks in the Mediterranean are still considered to be threatened by overfishing (Food and Agriculture Organization (FAO), 2020). Furthermore, the increasing level of fishing effort applied in the last three decades has led to profound modification of the marine ecosystem in terms of loss of biodiversity (Coll and Libralato, 2012; Piroddi et al., 2017).

Among the different fisheries, bottom trawling is considered one of the most impactful techniques in the Mediterranean, due to high quantities of unwanted catch, including the incidental catch of non-target species and juveniles of both target and non-target species, which are either discarded because of their low economic value or because of legal restrictions (Pravin et al., 2011; Gorelli et al., 2016; Tsagarakis et al., 2017; GFCM, 2018; Sardo et al., 2020a).

In the Strait of Sicily, one of the most productive areas for demersal resources in the Mediterranean Sea, a large trawler fleet is present, where 785 trawlers from Italy, Malta, and Tunisia exploit shared resources in international waters (Colloca et al., 2017). Among the different species targeted by bottom trawling, the deep-water rose shrimp Parapenaeus longirostris Lucas, 1846 (herein DPS) is one of the most important in terms of landings and revenue (Di Maio et al., 2022). However, in the DPS trawl fisheries of the Strait of Sicily, a discarded fraction of 25-40% of the total catch has been reported (Milisenda et al., 2017). Therefore, the General Fisheries Commission for the Mediterranean (GFCM) adopted the Recommendation GFCM/44/2021/12 on a multiannual management plan for bottom trawl fisheries exploiting demersal stocks in the Strait of Sicily, which aims to ensure the sustainable use of marine living resources through measures to prevent overfishing, including selectivity to minimise discard. In addition, according to Reg. UE 1241/2019, fishermen must use square mesh codends (terminal end of the net) with a minimum mesh size of 40 mm or, only upon approval of a request, a 50 mm diamond mesh. These legal codend mesh sizes allow the catching adults of small to medium sized species, such as shrimps, red mullet, and cephalopods, but do not prevent the catching of undersized specimens of medium to large sized species, such as European hake (Merluccius merluccius, herein HKE), monkfish, and horse mackerel (Vitale et al., 2018a; Vitale et al., 2018b; Lucchetti et al., 2021). Because adopting a larger mesh size in the codend implies a strong reduction in the valuable fraction of catch, different technical solutions are being tested to modify the mesh shape to reduce the unwanted by-catch from trawling in the Mediterranean Sea. Considering the selectivity of the T90 (i.e., a diamond mesh turned 90°) codend, this solution was tested in the Adriatic Sea (Petetta et al., 2020) and the Aegean Sea (Dereli and Aydin, 2016; Deval et al., 2016; Genç et al., 2018), but not in the Strait of Sicily. The T90 codend, compared to other meshes currently used by trawlers, should remain more open during fishing operations, allowing undersized fishes and shrimps to escape. Given that the T90 codend is a very simple modification that does not involve any technical handling problems or any safety risk, it could be more easily accepted by fishing communities of the Strait of Sicily. Other promising by-catch reduction devices (BRDs) are the sorting grids, which are placed in the extension section of the trawl net. In the Mediterranean, the adoption of sorting grids in bottom trawling fisheries was tested to avoid catching undersized specimens of the target species, such as DPS and HKE (e.g., Sardà et al., 2004; Sardà et al., 2005; Bahamon et al., 2007; Aydın and Tosunoğlu, 2012; Vitale et al., 2018a; Vitale et al., 2018b), as well as to reduce the unwanted by-catch of sharks (Brčić et al., 2015) and sea turtles (Lucchetti et al., 2016; Lucchetti et al., 2019). The grid tested in the present study was similar to that tested by Vitale et al. (2018a); Vitale et al. (2018a), but the novelty was that, for the first time, to our knowledge, it was installed in a commercial, rather than an experimental, trawl net. In particular, it was constructed with a steel frame and a stretched 40 mm square mesh in the selective area. The fishes and shrimps were conveyed toward the selective area of the grid through a funnel, allowing them to pass through this area, thus by-catch could be released, while the individuals that did not pass through the grid meshes were pushed down and retained by the codend mesh. Although the previous finding of all relevant studies point to a generally positive impact of sorting grids on the size at capture of commercial species as well as reducing the amount of unwanted by-catch, their adoption in Mediterranean trawl fisheries remains very low. The lack of sorting grid implementation could be linked to several causes, including fishers’ resistance to changing their behaviour and, consequently, their unwillingness to modify their fishing gear (Vitale et al., 2018a). Other possible causes are linked to the lack of efficient technology transfer from researchers to fishers (e.g., Morrissey and Almonacid, 2005) as well as the overall weakness of fishing management in the Mediterranean region (Colloca et al., 2017).

To reduce the catch of undersized DPS and of HKE (unwanted by-catch according to the definition provided by ICES, 2020), the present study explored options to facilitate the transfer of BRDs to DPS trawl fisheries, showing important implications for their long-term sustainability, in- line with the management goals of the EU Common Fisheries Policy, CFP (reg. EC 1380/2013).




2 Material and methods



2.1 Study area

The study area, located in the northern part of the Strait of Sicily, belongs to Geographical Sub-Area 16 (GSA16 - South of Sicily), according to the GFCM classification (GFCM, 2007; Figure 1). GSA16 is characterised by a wide continental shelf with an intense hydrographic circulation pattern, a stable upwelling system, and high biodiversity (Di Lorenzo et al., 2018). These abiotic and biotic features lead to high productivity of fish resources, which are exploited by a multinational fleet in national and international waters (Di Maio et al., 2022; Falsone et al., 2022; Jarboui et al., 2022).




Figure 1 | Maps of the hauls carried out with the control (blue line), T90 50 mm codend (green line), and Grid-T45 40 mm (red line) nets over 3 days of the survey. The study area is highlighted with a red square box.






2.2 Sampling design

In December 2020, a 3-day selectivity campaign was conducted with three trawlers based at the Mazara del Vallo harbour. The fishing vessels operated simultaneously and in parallel according to a paired hauls design (Wileman et al., 1996) in a DPS fishing ground where the main commercial by-catch, according to the definition of ICES (2020), is HKE (Figure 1).

Given that the involved trawlers were not exactly the same in terms of overall length, to assess the potential variability among them, the swept area (A) of each haul to which the catch was estimated according to the formula proposed by Sparre and Venema (1998):

 

where D is the distance covered during the haul, Hr is the length of the head-rope, and X is a fraction of Hr. Multiplying X * Hr gives the width of the path swept by the trawl, the so-called wing ‘spread’. According to Pauly (1980), a value of X of 0.5 is the best compromise for a demersal otter trawl. Finally, for each haul, the higher swept area recorded by a vessel was compared to the other areas as a percentage difference (Δ%) (Table S1).

On a daily basis, each vessel carried out four hauls of 90 min (usually in the commercial fishery, the haul duration ranged between 120 and 150 min) for a total of 12 hauls per day per vessel and 36 hauls over the campaign. In particular, one vessel used a control net; namely, a typical trawl net used by the Italian fleet in the Strait of Sicily with a 40 mm square mesh codend, whereas the other two vessels rigged the nets (test) with a sorting grid (i.e., Grid-T45 40 mm; see section 2.3 and Vitale et al., 2018a, for details) in the extension section (just in front of the codend) and a T90 50 mm codend, respectively. Due to the SARS-CoV-2 pandemic, scientific observers were unable to follow fishing operations on board. To overcome this problem, a video camera was installed on the stern of each vessel to register all fishing operations. The fishers were trained on the aims of the project and the sampling procedures of the commercial and discarded fractions of DPS and HKE. In particular, for the purpose of the study, for each haul the on-board activity included: i) recording of the geographical coordinates, depth, and fishing time (start and end); ii) sorting the catch and sampling the commercial fraction of DPS and HKE selected according to the fishers’ habits; iii) recording the weight (in kg) of the commercial catch of DPS and HKE by counting the box number (a box of DPS corresponded to 2 kg, while a box of HKE corresponded to 6 kg), iv) sampling the discarded marine organism fraction (including undersized specimens of DPS and HKE); and v) recording the total amount of marine organisms rejected and returned to the sea, the so-called discard. Each fishing trip was monitored remotely using an AIS tracking system. The sorting of the catch on-board and how fishers sub-sampled discard were assessed through visual inspection of the frame recorded by the video camera. The recordings of discard sampling were compared to the fishers’ self-reported data. In addition, given that the number of hauls carried out on each fishing day was known (i.e., four), the number of boxes of both species was counted at the landing port, which was compared with the fishers’ self-reported data by summing the number of boxes reported in each haul. Representative samples of DPS and HKE commercial (one box per category) and discarded (5–10 kg, min–max, of discard) fractions by haul were brought to the National Research Council (CNR) laboratory, weighed (0.1-gram accuracy), and measured (to the nearest 5 mm total length [TL] for HKE and to the nearest 1 mm for carapace length [CL] of DPS) individually.




2.3 Gear description

During the campaign, the vessels used very similar trawl nets, except for the BRDs (Supplementary Figures 1–3).



2.3.1 Control trawl with a T45 40 mm codend

The control trawl was built with a nominal 50 mm diamond mesh and polyamide nylon netting in the main body and extension sections of the net whereas the codend had a 40 mm square mesh. The control trawl had an overall length of 54.75 m, a 57 m-long headrope (diameter, hereinafter Ø, 24 mm, polyamide–stainless-steel combined material), a 64.90 m-long footrope (Ø 36 mm, polyamide–stainless-steel combined material) with steel chain, and 800 and 900 meshes of circumference in the upper and lower part of the net, respectively (Supplementary Figure 1). It was rigged with two bottom trawl doors high yield type (150×95 cm, 200 kg each).




2.3.2 Test trawl mounting Grid-T45 40 mm

The design of the test trawl, which mounted the grid system in the extension section, was equivalent to that of the control trawl. Therefore, the only major difference between the two trawls was the presence of the grid in the test one. The sorting grid was similar to that tested by Vitale et al. (2018a), including a funnel panel (opening 20 mm, square mesh) of approximately 3 m, adapting its size to the local trawl nets (Figure 2). Specifically, the grid was built with a stretched net of 40 mm square mesh (selective area of the grid) directly sewn to a steel frame (150 × 110 cm) and placed in the extension part of the trawl net. Other slight differences to the control trawl were their overall length (54.75 m control vs 56 m Grid-T45 40 mm), the headrope length (57 m control vs 60 m Grid-T45 40 mm), and the footrope length (64.90 m control vs 68 m Grid-T45 40 mm) (Supplementary Figure 2). It was rigged with two bottom trawl doors high yield type (158 × 97 cm, 230 kg each).




Figure 2 | The sorting grid used during the bottom trawl campaign and its size features (modified from Vitale et al., 2018a).






2.3.3 Test trawl mounting T90 50 mm codend

The design and dimensions of this test gear were similar to those used in the DPS fishery, except for the T90 50 mm codend. The trawl slightly differed from the control one for the overall length (54.75 m control vs 55.15 m T90 50 mm codend), the headrope length (57 m control vs 58 m T90 50 mm codend), and the footrope length (64.90 m control vs 66 m T90 50 mm codend) (Supplementary Figure 3). The trawl was spread using the same trawl doors as the Grid-T45 40 mm.

Notably, the extension pieces of the three trawl nets were cylindrical, with a total length of 10 m and 500 meshes in circumference, whereas the codend was 6 m long, with a twine Ø of 3 mm and 350 meshes in circumference. The sweeps of the three trawls were approximately 652 m long (slightly changing according to the depth of the fishing ground) and had a Ø of 14 mm, while warps were approximately 250 m long and had a Ø of 30 mm.

The mesh openings of the extension pieces and the codends of the three types of gears were measured 30 times each in wet conditions with a digital Vernier calliper, with a 4 kg weight tied vertically to the stationary jaw (Cárdenas et al., 1997; Aydın and Tosunoğlu, 2012). The meshes in the extension section of the three nets were equal to 48.95 ± 2.10 mm (control; mean ± standard error), 49.10 ± 1.56 mm (Grid-T45 40 mm), and 50.21 ± 1.34 mm (T90 50 mm codend). The meshes in the codends were 39.45 ± 1.13 mm (control), 38.95 ± 1.56 mm (Grid-T45 40 mm), and 49.65 ± 1.45 mm (T90 50 mm codend).





2.4 Catch comparison analysis



2.4.1 Landing per unit effort and discard per unit effort

The commercial and discarded DPS and HKE fractions classified according to the fishers’ habits had two different subsampling ratios (where the subsampling ratio was calculated as sample in kg/total catch in kg). To ensure that the global subsampling was correctly calculated, the methodology proposed by Cosgrove et al. (2019) was applied. The required sub-sampling ratio   for the combined discarded (qd) and commercial (qc) fractions solves the following equation:

 

where   is the raised count of the discard and   is the raised count of the commercial fraction. Re-arranging (2) gives the following equation:

 

This demonstrates that the combined sub-sampling ratio of the combined fractions was length-dependent. This ensures that the raised counts for the total (right-hand side of Equation 2) were equal to the sum of the separately raised counts (left-hand side of Equation 2). After being raised, the DPS and HKE individuals were re-classified into commercial and discarded fractions according to the minimum conservation reference size (MCRS) defined by Reg. EU 1241/2019, that is, above (commercial) and below (discarded) 20 mm CL and 200 mm TL, respectively. Then, their total weight in kg was standardized to 1 h to obtain the catch per unit effort (CPUE) expressed as kg/h by species. In particular, the catch rates of the commercial fraction were herein named landing per unit effort (LPUE) while the catch rates of the discard fraction were herein named discard per unit effort (DPUE). Linear mixed models (LMMs) were applied by species to evaluate whether the control and test nets differed significantly, without any assumption regarding the direction (i.e., two-tailed). The catch rates were contrasted against gear on a logarithmic scale, including the hauls as a random intercept, i.e., assuming that an intercept was different for each level of the variable ‘gear’. To check the significance of the variable ‘gear’ in the model, a likelihood ratio test was applied. In the case of significant differences, post-hoc Tukey HSD tests were performed to compare the gear to one another. To directly interpret the coefficient estimates of the LMMs and Tukey HSD tests, they were transformed as antilogs. The LMMs were run through the ‘lme4’ package (Bates et al., 2015) whereas the Tukey HSD test used the ‘multicomp’ package (Hothorn et al., 2008). All analyses were carried out in R Studio version 3.6.3 (R Core Team, 2020).




2.4.2 Size structures

The probability of retaining a fish of a given length in the test net in relation to the total catch was assessed according to the method proposed by Fryer et al. (2003) and Holst and Revill (2009). A comparison was made between 12 hauls (i.e., 12 in the test and 12 in the control nets), and the length classes were set at 2 mm CL and 20 mm TL for DPS and HKE, respectively. The undersized specimens were identified as fish with lengths below the MCRS.

The observed average catch comparison for each length class (CCl) was expressed as follows:

 

where nc and nt are the number of fish caught in each length class l in the control and test nets, respectively (e.g., Vitale et al., 2018a; Geraci et al., 2021a). The observed proportion of catch caught in the test gear of each selected species was modelled to obtain a catch comparison curve using generalised linear mixed models (GLMMs) with a binomial distribution, where hauls were included as random intercept, using the Laplace approximation, to remove the variance linked to the expected change in abundance/catchability of the investigated species during the days and timeframes (Holst and Revill, 2009). A value of 0.5 for the catch comparison curves, CC(l), indicates that there is the same probability of capturing a fish of length l in the test and control. A value above 0.5 indicates a higher probability of catching a fish of length l in the test compared to the control, and vice versa for a value below 0.5. The global sub-sampling ratio (ql, see Section 2.4.1) in the test and control nets was also included as an offset in the model (Fryer et al., 2003; Holst and Revill, 2009). In addition, the models were fitted using splines with different degrees of freedom (df). The df in the model were assigned based on the fitting of predictions and observations. Subsequently, the model fit was checked by assessing the residuals.

To directly quantify the relative length-dependent gear catch efficiency of the test versus control net, the so-called ‘catch ratio’ (CR), that is, the ratio between the catch of the control and test trawl nets of a given length, l, was estimated (e.g., Melli et al., 2020; Lomeli et al., 2021; Geraci et al., 2021a). In particular, CR(l) was computed as:

 

being CC(l) the predicted values of the catch comparison model (based on Equation 4). A value of 1.0 for CR(l) indicates no difference in catch efficiency between the test and the control. On the other hand, a value of 0.60 or 1.45 indicates that the probability of fish being caught for a given length with the test net is 40% less or 45% more, respectively, than that sampled with a control net. To provide a global idea of the effect of the tested BRDs, the CR(l) has been shown as the overall mean. The 95% confidence intervals of CC(l) and mean CR(l) were estimated from the model predictions and using the qt() function in R language to return the inverse probability cumulative density of the Student t-distribution. All size structure analyses were carried out with R version 3.6.3 using the package ‘glmmTMB’ (Brooks et al., 2017).






3 Results



3.1 Operational information and catches

The depth of the surveyed fishing grounds ranged between 89 and 170 m (i.e., the continental shelf). The commercial sub-sampled fraction for DPS ranged between 2 and 15 whereas no subsampling was required for the commercial fraction of HKE. The sub-sampling fraction of the discard for DPS ranged between 2 and 16, whereas that for HKE ranged between 2 and 6. The size ranges of the DPS specimens caught by the control and T90 50 mm codend (5/6–31 mm CL) were very similar, while specimens retained by the Grid-T45 40 mm net were slightly bigger (10–34 mm CL). The size ranges of HKE specimens were 55–700 mm TL for the control, 55–570 mm TL for Grid-T45 40 mm, and 75–635 mm TL for the T90 50 mm codend (Table 1).


Table 1 | Description of the fishing operations by haul carried out during the survey.






3.2 LPUE and DPUE

The LPUEs of the DPS, were higher for the Grid-T45 40 mm configuration than for either the control or T90 50 mm codend, whereas the DPUEs were highest for the control gear. Conversely, the lowest catch rates were recorded for the T90 50 mm codend, for both LPUE and DPUE (Figure 3; Table 2). The LMMs considering LPUEs and DPUEs of DPS showed significant differences between the gear (LPUE, p< 4.045-13; DPUE, p< 2.2-16). In particular, for LPUEs the HSD Tukey post-hoc test revealed significant differences between the T90 50 mm codend and control net and between the two BRDs, whereas no significant difference between the Grid-T45 40 mm and control net was recognized. The DPUEs differed significantly for all gear (Table 3).




Figure 3 | Boxplots of Parapenaeus longirostris (herein DPS) catch rates (kg/h) per gear caught during the campaign classified in landing per unit effort (LPUE; commercial) – left – and discard per unit effort (DPUE; discard) – right – according to the minimum conservation reference size (MCRS) established by the Reg. EU 1241/2019.




Table 2 | Coefficient estimates for the catch rates of DPS and HKE modelled through linear mixed models in the catch fraction (commercial, LPUE and discard, DPUE).




Table 3 | Outcomes of the Tukey HSD post-hoc test of the catch rates of DPS and HKE, classified in catch fraction (commercial, LPUE and discard, LPUE), among different gear.



For HKE, slightly higher median LPUEs were recorded using the T90 50 mm codend, followed by the control net, whereas the DPUEs were higher for the control gear and negligible for the T90 50 mm codend (Figure 4). The LMMs for LPUEs and DPUEs of HKE showed significant differences among the gear (LPUE, p = 0.025; DPUE, p = 0.001). Specifically, for LPUEs, the Tukey HSD post-hoc test revealed significant differences between Grid-T45 40 mm and control net and between the two BRDs, whereas no significant difference between the T90 50 mm codend and control net was recognised. For DPUEs, significant differences between the pairwise comparison of Grid-T45 40 mm–T90 50 mm codend and T90 50 mm codend–control were detected (Table 3).




Figure 4 | Boxplots of Merluccius merluccius (herein HKE) catch rates (kg/h) per gear caught during the campaign classified in landing per unit effort (LPUE; commercial) – left – and discard per unit effort (DPUE; discard) – right – according to the minimum conservation reference size (MCRS) established by the Reg. EU 1241/2019.






3.3 Size structures analyses

The length-frequency distributions of DPS and HKE showed that the bulk of the catch of the control was mainly composed of undersized specimens, indicating a potentially poor selectivity of the gear with legal mesh size in the codend. As for the BRDs, the Grid-T45 40 mm caught more commercial DPS whereas the T90 50 mm codend was more effective in catching adult HKE (Figures 5C, 6C).




Figure 5 | (A) Catch comparison curves for DPS caught with the Grid-T45 40 mm, and (B) with the T90 50 mm codend. Blue circles show observed proportions by haul, black dashed lines represent the model prediction, and the grey band indicates the 95% confidence limit. The level of no effect (CC(l) = 0.5) is shown by horizontal black dashed lines while the MCRS is shown by the black vertical dashed lines. (C) Length frequency distributions of DPS caught during the campaign. The blue dashed line represents the control, the continuous black line represents the Grid-T45 40 mm, and the dark grey line represents the T90 50 mm codend. Black vertical dashed lines depict the MCRS according to the Reg. EU 1241/2019. (D) The blue dots indicate the mean catch ratio (CR(l)), and horizontal bars indicate the 95% confidence limit. The level of no effect (CR(l) = 1.0) is depicted by horizontal black dashed lines.






Figure 6 | (A) Catch comparison curves for HKE caught with the Grid-T45 40 mm, and (B) with the T90 50 mm codend. Blue circles show observed proportions by haul, black dashed lines represent the model prediction, and the grey band indicates the 95% confidence limit. The level of no effect (CC(l) = 0.5) is shown by horizontal black dashed lines while the MCRS is shown by the black vertical dashed lines. (C) Length frequency distributions of DPS caught during the campaign. The blue dashed line represents the control, the continuous black line represents the Grid-T45 40 mm, and the dark grey line represents the T90 50 mm codend. Black vertical dashed lines depict the MCRS according to the Reg. EU 1241/2019. (D) The blue dots indicate the mean catch ratio (CR(l)), and horizontal bars indicate the 95% confidence limit. The level of no effect (CR(l) = 1.0) is depicted by horizontal black dashed lines.



The catch comparison, modelled through GLMMs for DPS, was run with 3 df when considering the Grid-T45 40 mm and control, whereas 4 df were set for the T90 50 mm codend vs. control. As for HKE concerns, 4 df (Grid-T45 40 mm vs Control) or 3 df (T90 50 mm codend vs Control) were used.

The final GLMMs by species, including their R codes, are presented in Table 4.


Table 4 | Selected GLMM models with coefficients estimates for the catch comparison curves (test vs control net) of DPS (Parapenaeus longirostris), and HKE (Merluccius merluccius) and the used R code to run them.



In particular, for DPS the Grid-T45 40 mm had a lower probability of catching undersized specimens compared to the control as the CC(l) values were always lower than the level of no effect, that is, the same probability of catching an individual at a given length for both types of gear, or numerically CC(l) = 0.5. In contrast, there was an increase in the CC(l) recorded for adults, showing that the Grid-T45 40 mm had a higher catch probability than the control, particularly for legal-sized specimens. An important increase in catch above the level of no effect was detected for individuals from 25 mm CL onward (Figure 5A). This trend is reflected in the mean CR(l), which is very high (6.68, confidence interval: 6.63–6.77) (Figure 5D). However, the probability of catching DPS was always lower for the T90 50 mm codend configuration than for the control net (Figures 5B, D).

For HKE, the Grid-T45 40 mm showed lower efficiency than the control in capturing undersized fish. Conversely, the probability of catching adults was equal to that of the control (Figure 6A). Importantly, the T90 50 mm codend showed a lower probability of catching undersized HKE specimens, whereas the CC(l) values generally exceeded the level of no effect for commercial-sized specimens, except for a few individuals caught in the latest size classes (Figure 6B). The mean CR(l) was below and above the level of no effect (CR(l) = 1.00) for Grid-T45 40 mm and T90 50 mm codend, respectively (Figure 6D).





4 Discussion

The adoption of both BRDs in DPS fisheries resulted in a reduction in the number of undersized DPS and HKE specimens in the catches, suggesting a potential overall enhancement in the exploitation pattern. In particular, the Grid-T45 40 mm seems to be a technological solution that could be capitalised on by commercial trawlers targeting DPS. In fact, the Grid-T45 40 mm provided a higher LPUE and a significant reduction in undersized DPS when compared to the other trawl net configurations. However, the T90 50 mm codend, tested in the Strait of Sicily for the first time, strongly reduced the catch of both legal and undersized DPS, thus, would not ensure the economic sustainability of the DPS fisheries. Regarding HKE, the most efficient gear was the T90 50 mm codend. It is worth noting that, although this device excluded almost all of the undersized HKE, higher catch rates were recorded for HKE due to an elevated number of legal-sized specimens. Given that the Tukey test did not detect significant differences between the LPUE of the T90 50 mm codend and the control, while overall the CC(l) highlighted a higher efficiency for the T90 50 mm codend in catching larger-sized HKE, an apparent inconsistency appeared. These differences were due to the different analyses applied; in particular, Tukey’s test compared the mean value of catch regardless the size structure while CC(l) described the variation of proportions in the catch of individuals by size, making it more informative in terms of selectivity aspects.

Considering the intrinsic relationship between the ecological purpose of the MCRS and mesh size, it seems clear that the common goal is to avoid catching juveniles until they are large enough to spawn (Beverton and Holt, 1957). From an economic standpoint, this means that juveniles are given time to grow to an economically valuable size before harvest. Indeed, according to Vasilakopoulos et al. (2014), overexploitation of HKE juveniles was particularly severe as they were being harvested during the first and second years of life before reaching sexual maturity. Despite the basic nature of this notion, the identification of an adequate legal mesh size could involve practical difficulties and management problems, mainly in fisheries where small-sized species, such as DPS, are caught together with fish that can reach a large size, such as HKE (Caddy, 1990; Fiorentino and Vitale, 2021). In other words, the adoption of a more selective mesh size for HKE would imply the loss of a large number of shrimp and other small-sized species, significantly reducing fishery profitability (Lucchetti et al., 2021).

For sorting grids, Vitale et al. (2018a) used an experimental trawl net with Grid-T45 40 mm in the same area and found a high sorting capability for DPS and HKE in the reduction of undersized specimens with a minor loss of the marketable fraction for DPS; however, similar to the present study, a low amount of legal-sized HKE was retained by the Grid-T45 40 mm (Table 5; Vitale et al., 2018a). Similarly, Vitale et al. (2018a) further reported a higher number of larger-sized DPS individuals caught with the Grid-T45 40 mm compared to the control. These confirmed results could be due to the slightly higher vertical aperture of the trawl equipped with the Grid-T45 40 mm allowing the catching of larger DPS individuals while remaining at a greater height from the bottom. To support this hypothesis, by studying the catch of the lower, middle, and upper compartments in the codend of the bottom trawl fisheries of the Barents Sea, Larsen et al. (2021) found that the majority of deep-water shrimps (Pandalus borealis) Krøyer, 1838 that entered the highest compartments of the trawl net were larger-sized individuals. Although further investigations through ad-hoc experiments are needed, the size-depth separation of the shrimps in the water column (vertical separation) can help improve the species/size selectivity of Mediterranean DPS bottom trawl fisheries, as suggested by oceanic studies (e.g. Engås et al., 1998; Graham and Fryer, 2006; Ferro et al., 2007; Karlsen et al., 2019).


Table 5 | Results of research in the Mediterranean Sea during which the sorting grid or T90 mesh was tested.



In other Mediterranean demersal trawl fisheries, according to the present study, a substantial improvement in DPS and HKE selectivity was found through the incorporation of a sorting grid in the trawl net (Massutí et al., 2009; Aydın et al., 2011; Aydın and Tosunoğlu, 2012). Recently, in the Adriatic Sea, an improvement in the catch pattern of HKE was found even if a loss of marketable DPS was at the same time detected (Table 5; Sbrana et al., 2022).

Similar to the present study, an improvement in the selectivity of HKE was found using a T90 50 mm codend in the Adriatic Sea, even if the nominal mesh size was inefficient at retaining specimens of commercial sizes of Mullus barbatus (Linnaeus, 1758), Trachurus mediterraneus (Steindachner, 1868), Loligo vulgaris (Lamarck, 1798), and Merlangius merlangus (Linnaeus, 1758; Petetta et al., 2020). Conversely, an increase in selectivity for mantis shrimp (Squilla mantis) (Linnaeus, 1758), allowing the escape of juvenile individuals often discarded by fishers, was reported. In the Aegean Sea, the T90 44 mm codend improved in the size of the first capture of HKE (Genç et al., 2018) whereas the T90 40 mm improved selectivity for M. barbatus and T. trachurus (Dereli and Aydin, 2016). Recently, on the eastern coast of Spain, modifying trawl extension with a T90 50 mm panel resulted in decreased fishing mortality for younger age classes of HKE and M. barbatus (Maynou et al., 2021), while in the Adriatic Sea (Petetta et al., 2022), and northern Tyrrhenian Sea (Sbrana et al., 2022) the application of a T90 40 mm panel in the extension piece did not significantly reduce the catch of juveniles of the target species (Table 5).

Given that demersal twin trawls are not present in the Strait of Sicily, the trawlers involved in this study were as similar as possible to those available to collaborate. Therefore, to verify whether the slight differences among vessels could introduce a potential bias in the sampling design, the swept areas were estimated and compared by haul. The results showed negligible differences between the swept areas amounting to no more than 5% (Table S1). The inevitable slight differences in the allocation of the hauls were implicitly accommodated considering the random effect (the hauls) within matrix D, which measures the variation in relative catch rate between paired hauls, which are assumed to occur at random and to average out over a series of paired hauls (Fryer et al., 2003; Holst and Revill, 2009). In addition, to corroborate the minimal effect of haul spatial allocation, the distance (at the beginning, intermediate, and final haul points) among vessels by haul was measured. Except for the fourth haul of the second day, during which distance reached a maximum of 2.3 nm during the intermediate and final haul points, the distances among vessels during the survey were negligible, ranging between 0.02 and 1.5 nm (Figure S4). Moreover, all fishing operations were conducted on the same biocenosis (Table 3) ensuring that the differences in catch rates were due to the different selectivity of the gear. The shorter haul duration in the present study (90 min) compared to the commercial hauls’ duration (120–150 min) might be considered a potential weakness. This shorter time was due to the trade-off between the logistics needed to carry out all of the hauls in 1 day and having a haul that was long enough to collect a sufficient number of specimens.

Overall, the findings of the present study are consistent with those of previous studies obtained in other areas of the Mediterranean Sea, emphasising DPS and HKE a selectivity improvement through the adoption of the Grid-T45 40 mm and T90 50 mm codend mounted on commercial trawl nets. These findings confirmed that in a multi-specific fishery, such as Mediterranean otter trawling, it is unrealistic to secure a gear configuration that is ideally suited for all species (Fiorentino and Vitale, 2021; Lucchetti et al., 2021). This is because to the different shapes, sizes, swimming abilities, and behaviours of the various species caught during trawling activities. Therefore, it is important to explore technological solutions that are selective for the main target species of trawl fishery, such as DPS in the Strait of Sicily, with acceptable levels of losses of valuable by-catch, such as HKE, and mitigation of the impact on benthic habitat and communities (Maynou et al., 2021), considering the different behaviour and vertical distribution from the seabed of the species.

In addition, given that the success of the adoption of gear is affected by the acceptance of fishers, their viewpoints are of paramount importance. During the campaign, no negative feedback toward the use of sorting grids from the involved fishers was detected, and no handling issues were raised from them. As for concerns relating to the T90 50 mm, even though it was a very simple modification without any possible handling issues, some concerns were raised by the fishers owing to the important loss of marketable DPS.

Therefore, in the future, it will be of vital importance to take into account the trade-off between the socio-economic and ecological points of view and to engage with as many fishers as possible in developing and optimising more selective gear (e.g., Geraci et al., 2019; Sardo et al., 2020b; Geraci et al., 2021b) to be translated into the decision-making process of the management regulations.

However, before transferring the tested BRDs to fishing enterprises and improving the selectivity of bottom trawling, is desirable to carry out generously planned surveys using commercial vessels fishing in different conditions (time, season, and grounds) with a shared protocol, and with fishing gear that is comparable as much as possible. Once more robust data on the effect of BRDs are obtained, mitigation of the current poor exploitation pattern of DPS and HKE could be achieved by adopting a set of management measures. In particular, the Fisheries Restricted Areas where bottom trawling is prohibited, implemented by the GFCM to protect juveniles of HKE and DPS in the Strait of Sicily (Russo et al., 2019; Di Maio et al., 2022), could be coupled with the adoption of a boundary zone in which trawling is allowed only for vessels that mount a BRD that minimises the capture of undersized individuals. Another measure could be the introduction of a total allowable catch for DPS and the application of the T90 50 mm codend when the quota is reached. All these potential management rules should be carefully monitored to determine their effective application. In addition, as already shown by Vitale et al. (2018b), in the near future, to simulate the effect of mounting the tested BRDs or the adoption of the above-mentioned management rules, it would be worthwhile to incorporate the selectivity results in an ecosystem model (e.g., Ecopath With Ecosim) to assess the effects not only on commercial target species but also on the other components of the trophic web in the area (Agnetta et al., 2022).

In conclusion, although further studies should be carried out in the future to test different fishing arrangements, the investigated gear appears to be promising tools to contribute to reducing the overexploitation of DPS and HKE at the same time to ensure long-term socio-economic sustainability of the fishing process in-line with the goals of the EU Common Fisheries Policy (reg. EC 1380/2013).
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SUPPLEMENTARY FIGURE 1 | Scheme of the control net used in the campaign, with details of the length and mesh number by net portion.

SUPPLEMENTARY FIGURE 2 | Scheme of the test net with sorting grid (T45 40 mm) used in the campaign, with details of its insertion, the length, and mesh number by net portion.

SUPPLEMENTARY FIGURE 3 | Scheme of the test net with T90 50 mm codend used in the campaign, with details of the length, and mesh number by net portion.

SUPPLEMENTARY FIGURE 4 | Distance of among vessels, in nautical miles, during the initial, intermediate, and final haul position over the days (columns), and hauls (rows).
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The Spanish bottom trawl fleet operating in the Mediterranean currently uses 40 mm square mesh codends. Its selectivity is still too low to overcome the overall problem of high proportions of immature specimens in the catches. Even for some target species such as the European hake (Merluccius merluccius), there are high proportions of individuals smaller than the minimum conservation reference size (MCRS). The aim of the present work is to assess the selectivity of three different configurations of the traditional net (TRA) used in the bottom trawl hake fishery off the northwest Iberian Peninsula, each including the following modifications: i) an extension piece made of 90° turned diamond mesh (T90), ii) a 52 mm square meshed codend (52S), and iii) both modifications combined (EXP). The experimental fishing survey applied two methodologies: alternate hauls to compare the different net configurations; and the covered codend method to calculate the selectivity parameters of 52 mm square meshed codend for the main commercial species. Catch comparisons showed no discard reduction using the T90 extension piece for any of the species analysed, nor any selectivity improvement. Conversely, the 52 mm square meshed codend showed a clear discard reduction for M. merluccius and a generalized improvement of selectivity for most commercial species. This improvement raised the 50% retention length (L50) for M. merluccius to 22.2 cm, well above its MCRS (20 cm), allowing to escape 90% of the undersized individuals. However, the implementation of the 52 mm square meshed codend would involve important economic losses for main target species, like M. merluccius and Mullus barbatus, representing up to 32 and 28% of the incomes, respectively. Considering all analysed species, economic losses using the 52 mm square meshed codend would represent 27% of the incomes obtained using the current 40 mm square meshed codend in force. Despite it, transition analyses showed that the yield per recruit of the main target species would recover after two years, and even increase up to 30% and 17% for M. merluccius and M. barbatus, respectively, after the fourth year of the implementation of the 52 mm square meshed codend.
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1 Introduction

The Mediterranean fisheries are characterized by high diversity of catches, which is particularly clear for the bottom trawl, highly multi-specific, with a large amount of by-catch of both commercial and non-commercial species (Stergiou et al., 1997; Moranta et al., 2000; Lleonart and Maynou, 2003). Currently, most of the assessed stocks in the area are overexploited. Even though exploitation state of stocks seems to have improved since the 2014 peak with 88% of overexploited stocks, still more than 70% of stocks are fished exceeding biologically sustainable limits (FAO, 2022), i.e. exploited beyond the maximum sustainable yield (MSY). This overexploitation results not only in reduced stock productivity but also in low economic yields. The Multiannual Plan for the Fisheries exploiting demersal stocks in the western Mediterranean Sea (EU-MAP; Regulation (EU), 2019/1022 of the European Parliament and the Council of 20 June 2019) is aiming to reverse this situation, by restoring exploited populations above levels which can produce the MSY. To do so, the EU-MAP will apply technical measures such as the reduction of fishing effort, the establishment of closure areas and the improvement of the selectivity of the gears. In this sense, Colloca et al. (2013) showed that for most overexploited stocks, a simple fishing effort reduction “will not allow neither to maximize the stock biomass nor the fisheries yield and revenue”, being imperative a selectivity improvement. However, this improvement is challenging in the Mediterranean multi-species demersal fishery, due to the different sizes, shapes, behaviors and other characteristics of the species, as well as their different minimum conservation reference sizes (MCRS) (Lucchetti et al., 2021). For the bottom trawl fishery, the General Fisheries Commission for the Mediterranean recommended a selectivity improvement (GFCM, 2001), which was also made compulsory by the European Parliament in order to eliminate discards of undersized specimens (EU, 2013). The main characteristics affecting the selectivity of the trawl catches are not only the mesh size but also its shape, because squared meshes increase the openness of the codend when compared to diamond shaped meshes (Robertson and Stewart, 1988; Reeves et al., 1992).

The most recent regulation aiming to improve the selectivity of the bottom trawl codend is the Council Regulation (EC) No 1967/2006 of 21 December 2006 concerning management measures for the sustainable exploitation of fishery resources in the Mediterranean Sea, which replaced the 40 mm diamond mesh in the codend by a 40 mm square mesh or, at the duly justified request of the ship owner, a diamond mesh of 50 mm. Currently, the Spanish bottom trawl fleet uses 40 mm square mesh codends. This selectivity improvement involved a reduction of catches of individuals below the Minimum Conservation Size (MCRS) although it still does not guarantee that the 50% retention length is above the MCRS for most of the species (Bahamon et al., 2006; Guijarro and Massutí, 2006; Ordines et al., 2006). In the case of the European hake (Merluccius merluccius Linnaeus, 1758), one of the main target species of this fleet, the 50% retention length (L50) using 40 mm square-meshed codends is well below its MCRS: 15.2-17.2 cm vs. 20 cm, respectively (Bahamon et al., 2006; Guijarro and Massutí, 2006; Ordines et al., 2006, Baro and Muñoz de los Reyes, 2007).

Modifying the design of the extension piece by turning 90° the diamond mesh netting (T90) can also affect the selectivity of trawl nets. However, the use of T90 extensions has shown contradictory results in the Mediterranean, even for the same species. Whereas Sola and Maynou (2018) detected a reduction of catches of small-sized M. merluccius and red mullet (Mullus barbatus Linnaeus, 1758) when using T90 in the western Mediterranean, Petetta et al. (2022) did not detect such selectivity improvement for these two species when using this gear modification in the Adriatic Sea.

According to official data from 2021 (Data Collection Framework), the FAO-GFCM geographical sub-area 6 (GSA 6), northern Spain, harbors the majority of bottom trawlers of the Spanish Mediterranean, up to 420 vessels, almost the triple of those in GSAs 1 (northern Alboran Sea) and 5 (Balearic Islands) together (153 vessels). Although the landings of bottom trawlers fleet represented 33% (ranking second in importance after purse seine corresponding to 55%) of the total fish biomass landed in GSA 6, it was the most important fleet in terms of economic benefit. Bottom trawlers’ landings accounted for up to 50% of total revenues in 2019, followed by purse seiners, small scale fishery and longliners (31, 15 and 4%, respectively) (Data Collection Framework). The most important landings of the bottom trawl fleet in the GSA 6 are those of M. merluccius, representing around the 7% of total landings, although being second in terms of economic income (12%) after red shrimp (Aristeus antennatus Risso, 1816) with 21% (Martín et al., 2019). Despite the importance of the M. merluccius fishery in GSA 6, this species has a long-term history of overexploitation, with a negative trend of both spawning stock biomass and recruitment. It was diagnosed in recruitment overfishing in 2019 from an assessment using Mediterranean International Trawl Survey (MEDITS) data (Ordines et al., 2019), although recruitment seemed to recover in 2020 (GFCM, 2022).

Therefore, the aim of this work was to assess the effects of both 52 mm square meshed codend and T90 extension on the selectivity, catches and economic yields in one of the most important ports exploiting M. merluccius in northwestern Mediterranean. We evaluated the potential economic consequences of such measure, discussing on its viability for the sustainability of trawl fishery and the consequent variation in the exploitation pattern of its most important target species.




2 Material and methods



2.1 Experimental fishing survey

The fishing trials were conducted off the Ebro River delta (northwestern Mediterranean), between September the 11th and the 25th, 2020, onboard the F/V ‘Vicent Gras’ (length 25 m; 44.5 grt; nominal engine power 323 kw) from La Ràpita harbor (Figure 1). The vessel is equipped with ITI systems allowing to monitor, in real time, the gear geometry during the fishing operations and to estimate the effective duration of the trawls. This vessel is a typical bottom trawler that operates in the continental shelf of the area, targeting M. merluccius. In fact, the previous year it was dedicated more than 97% of the fishing days to exploit depths between 60 and 200 m, where the most important catches in terms of both biomass and economic benefit were M. merluccius and M. barbatus.




Figure 1 | Study area and hauls’ positions by net configuration: traditional (TRA), traditional equipped with a 90° turned mesh in the extension (T90), traditional equipped with a 52 mm square meshed codend and a codend cover (52S), and T90 equipped with a 52 mm square meshed codend (EXP).



The traditional gear used by this fishing vessel is composed of: (i) Viking doors MX (2.6 m2 and 570 kg); (ii) wire and Nylon sweeps of 40 mm diameter and 220 m length; (iii) 50 m bridles (Nylon, and Nylon and wire 44 mm diameter in the headrope and footrope parts, respectively); and (iv) a four panel net “Quadrat” type, with 84.3 and 110.5 m headrope and footrope, respectively, made in polystyrene in the conical anterior section, with an extension piece (untapered section) of 14.10 m made of 44 mm diamond mesh (44.1 ± 0.7 mm ( ± SD)) built with 4 mm twine Nylon, and a 1.5 x 1.5 m codend made of 42 mm (42.1 ± 0.4 mm) knotted square mesh built with 3 mm twine Nylon. A schematic diagram of this net is shown in Supplementary Material Figure S1. Four different net configurations were used:

	the traditional gear equipped with a 42 mm square mesh codend (TRA);

	the traditional gear equipped with a T90 44 mm (44.1 ± 0.9 mm) diamond mesh extension (T90);

	the traditional gear equipped with a 52 mm (52.3 ± 0.5 mm) square mesh codend and a codend cover made of 18 mm diamond mesh (52S); and

	the T90 configuration equipped with the 52 mm square mesh codend (EXP).



The mesh size in the extensions and codends used in the different net configurations was checked using an OMEGA mesh gauge. The gauge was set at 50N and 20 consecutive measures were made on the wet net, selecting the meshes on the longitudinal axis of the net or perpendicularly to this axis depending on the measures were taken from diamond and square meshes or T90, respectively, following Commission Regulation (EC) No 517/2008.

An alternated hauls strategy was applied to compare catches and yields between different gear configurations. To do that, fishing trials were made under strictly commercial conditions. Hauls were alternated between control and test nets and carried out as close in time (repeated the day after or after two days) and space as possible in order to trawl the same fish populations. A total of 46 hauls between 64 and 85 m of depth with duration of 45-65 minutes were done: 10 alternated hauls with each gear type, plus 6 more hauls using the 52S net configuration. Hence, to determine selectivity parameters of the 52 mm square meshed codend, 16 hauls using the covered codend methodology were carried out. During these hauls, the 18 mm diamond mesh codend cover was attached directly to the funnel end of the net. To maintain a good flow of water and to avoid masking the codend meshes, the cover was 1.5 m wider and longer than the codend. This method has been considered appropriate where catches are not very large (Wileman et al., 1996), and it has been used in most of the trawl selectivity studies in the Mediterranean. For specifications regarding the performed hauls see Table S1.

After each haul, the crew sorted the catches between landings and discards, and further sorted landings according to commercial categories. All commercial categories and discards were counted and weighed separately by the scientific team, they also measured all the individuals of fish (total length at the lowest half cm; TL) and cephalopod (mantle length at the lowest half cm; ML) species, and commercial species of crustaceans (carapace length at the lowest mm; CL).




2.2 Catch comparison

The biomass yields of the total catch, the main taxonomic groups and the most important commercial species (M. merluccius, Lophius budegassa, Eledone cirrhosa, Scomber scombrus, Illex coindetii, Parapenaeus longirostris, M. barbatus, Trisopterus minutus, Trachinus draco, Chelidonichthys lucerna, Squilla mantis, Citharus linguatula, Chelidonichthys gurnardus, Loligo vulgaris, Sepia elegans, Arnoglossus laterna, Scyliorhinus canicula, Lepidotrigla cavillone and Alloteuthis media, from most to less abundant) were compared among net configurations. The selected species altogether represented more than 96% of the total biomass yield in the hauls using TRA.

Catches were standardized based on the formulae:

	

where CPUEW is the catch per unit effort expressed as weight (W; kg) per hour of trawling, CPUEI is the catch expressed in terms of individuals (Ind) caught per hour. Trawl duration is the effective fishing time in minutes.

Mean biomass yield and its standard error were calculated for the landings and discards, considering total catch and main taxa by net configuration and pooling hauls carried out using 42 mm square meshed codend (TRA+T90) and using 52 mm square meshed codend (EXP+52S). Pooling was done after checking no differences attributable to selectivity were detected. For those species with MCRS in the study area, the percentage of individuals below the MCRS retained in the codend was calculated for each net configuration and also pooling data by codend mesh size (TRA+T90 and EXP+52S). For the 52S configuration, the data collected from the cover allowed to calculate the percentage of individuals below the MCRS in relation to the total number of individuals entering the net (retained and escaped), and the percentage of individuals below the MCRS escaped in relation to the total number of undersized individuals. The species included in these analyses and their MCRS were M. merluccius (20 cm TL), L. budegassa (30 cm TL), T. trachurus (15 cm TL), M. barbatus (11 cm TL) and P. longirostris (20 mm CL).

In order to compare the percentages of individuals below the MCRS retained in the codend between net configurations, the Student’s t-test was applied using R software (R Core Team, 2022). The comparisons included: TRA vs. T90, TRA vs. 52S, EXP vs. 52S and TRA+T90 vs. EXP+52S.

To assess the influence of the T90 extension on the size of catches, the standardized length frequency distributions (LFDs) of the main commercial species were analyzed. The catch efficiency (at length) was assessed by means of the polynomial regression generalized linear mixed model (GLMM, with hauls as random intercept to account for between haul variability) (Holst and Revill, 2009). According to Robert et al. (2020), observations outside 95 quantiles of the length distribution of each species were excluded from the analysis to reduce the influence of outliers on the fits. The probability of a fish being retained by the test net (the net with T90 extension) relative to the control net (net without T90 extension) follows from:

	

where   and   are species subsampling ratios in each test and control of the h haul (although in our case they have not been used as all fishes caught were measured), and k is the order of the polynomial to be tested. A binomial error distribution is used to calculate the probability of the number of fish caught in the test net given they enter both gears. A probability of 0.5 corresponds to equal catches on both gears to be tested. According to Holst and Revill (2009), the best model is the minimal degree polynomial curve that captures the main trends indicated by the observed proportions, while the third order polynomial followed by subsequent reductions until all terms showed significance would be adequate for most cases, although in some instances a 1st or 2nd order would be enough. The best model describing the retention probability was chosen based on the Akaike’s Information Criteria (AIC; Akaike, 1974). According to the parsimony rule, when two models showed AIC values difference less than 5 units, the best model was considered the one with less degree of freedom (i.e., the simpler model). We then estimated the 95% Efron’s Confidence Intervals (Efron, 1987), by accounting for within- and between-hauls variation (Millar, 1993). Confidence intervals were calculated by means of a double bootstrap, resampling first hauls, then resampling fish within hauls and fitting the chosen model to the resampled data. This procedure was repeated 1000 times. Catch comparison analysis was performed using the selfisher R package (Brooks et al., 2022; R Core Team, 2022).




2.3 Size selectivity

Selectivity parameters of the 52 mm square meshed codend were calculated using the data collected during the hauls applying the covered codend method. The retention probability of individuals entering in the codend (SL) by length class (L), i.e. the number of individuals of a given length class retained in the codend divided by the total number of individuals of that size class retained in both codend and cover pooled together, was modeled using the logistic curve (testing different link functions: logit, probit and cloglog) or the Richard’s curve (Wileman et al., 1996). The best fitting curve and model for every selected species was chosen taking into account the lowest AIC value. Prior to apply the logistic or Richard’s curve, the rule by Krag et al. (2014) to not consider the hauls with less than 10 individuals between codend and cover was applied.

The 50% retention length (L50, length at which the probability of being retained in the codend is 50%; Wileman et al., 1996) and the selection range (SR: L75−L25, length range at which the retention probability increases from 0.25 to 0.75) were calculated from the expressions:

	

where S1 and S2 are the parameters derived from the selected model.

Selectivity parameters and uncertainty (calculated by means of double bootstrap 999 times) were estimated using the R package Selfisher v. 1.0 (Brooks et al., 2022).




2.4 Biomass and economic yields

We applied a theoretical approach to assess the economic consequences of the implementation of the 52 mm square meshed codend, as compared to the currently used 40 mm square meshed codends. To do that, only the 52S net configuration hauls were used (16 hauls). This net configuration allowed us to simulate, considering that codend and cover catches represent the total population of the studied species in the area swept by the net, the theoretical catches that would be obtained using 40 mm and the 52 mm square meshed codends. These theoretical catches were calculated for the most important species (representing 83% of the total catches, see Supplementary Material Tables S2, S3) by applying the probability of retention at a given size (selectivity curves) with the 40 mm and 52 mm square meshed codends, obtained from the bibliography (see Supplementary Material Tables S4) and the present work, respectively. To do so, the probability of retention at a given size was multiplied by the total number of caught individuals in that size including codend and cover pooled together. Then, taking into account that some species can have different prices depending on their size, individuals theoretically retained with each codend were sorted by size categories according to the size ranges corresponding to each of the size categories in which fishermen from La Ràpita distribute fish (this ranges were measured during their normal fishing activity, see Supplementary Material Tables S5). The theoretical weight of each size category in each haul by mesh size was determined applying the weight-length relationship to each individual within each category. Finally, the biomass yield of each commercial category was standardized to one hour of effective trawling and this was multiplied by the corresponding price per kg at the first sale of each category (see Supplementary Material Tables S5, S6 to obtain the economic yield (€/h), both by size category and by species (pooling €/h of all size categories of a particular species).

The Student-t test was used to assess significant differences in biomass and economic yields between both mesh sizes in the codend, both at species level and size category within a species.

Economic losses (€/h) were calculated as the difference between the theoretical economic yield obtained using 40 mm and 52 mm square meshed codends for every selected species. The percentage that this economic yield loss represented in relation to the economic benefits theoretically obtained using 40 mm square meshed codend was also calculated. This percentage was used to calculate the expectable economic loss resulting by a change from 40 mm to 52 mm square meshed codend in the M. merluccius fishery exploited by the trawl fleet from La Ràpita.

To do so, the fishing days dedicated to the fishing strategy exploiting the M. merluccius fishery were determined by means of cluster analysis of the official daily sales bills (one bill per day and boat, including the weight and price of all landed commercial categories) recorded in the fish market from La Ràpita in 2019. In this cluster analysis, the Bray-Curtis index was used as a between-daily sales bills similarity measure and the unweighted pair-group method with arithmetic mean was applied to link daily sales bills into clusters. Previously to the cluster analysis, those commercial categories (not taking into account size categories) representing less than 1% of the total biomass landed in 2019 were eliminated. Landings analyzed represented up to 91% of the landed biomass. The groups identified in the cluster analysis were assigned to a fishing strategy (named after the approximate bathymetric range) according to their composition, the bathymetric distribution of the main species, and the expert knowledge of the fishermen from La Ràpita. The sum of the number of daily sales bills included in each cluster were considered as the fishing days dedicated to each fishing strategy. For each fishing strategy we calculated total landed biomass and economic income by commercial category. The cluster analysis was performed with R software.




2.5 Effect of the 52 mm square meshed codend implementation

We used the transitional analysis implemented in the VIT software (Lleonart and Salat, 1992), widely applied for stock assessment in the Mediterranean, in order to assess the effect, at short and medium term, of a change from 40 mm to 52 mm square meshed codend on the yield per recruit (expected life time yield per fish recruited into a stock, Y/R) of the main target species of the M. merluccius fishery in the study area, sited in the GSA 6. First, using this software, we ran a Virtual population analysis (VPA) for the three target species currently assessed by the GFCM in the GSA 6: M. barbatus, M. merluccius and P. longirostris. The VIT software accepts length frequencies as input data to develop a length cohort analysis (LCA) working with pseudocohorts. Although the LCA assumes a steady state, it provides a more general and synthetic outlook of the state of the fishery (Lleonart, 1993). Two files are required to develop this model: (i) the length frequency distribution of the species (from official catch and discards data and data collected by the observers oboard the commercial fleet in the GSA6), which the software converts into age distribution; and (ii) its biological parameters (same data used as in GFCM for 2019 assessments; GFCM, 2021). Once the VPA had been run, transitional analyses were conducted. For this, the probability of retention of the 40 mm and 52 mm square meshed codends by age class was calculated as the mean between the minimum and the maximum probability of retention for the size classes included in every age class. Then, considering the current fishing mortality (F) using 40 mm square meshed condend for every age class, calculated in the VPA, we extrapolated a theoretical F for every age class if the fleet used 52 mm square meshed codends. To do so, we multiplied the current F by a factor calculated dividing the probability of retention using a 52 mm square meshed codend by that of the 40 mm square meshed codend. Based on these results, transition and yield per recruit analyses for the next 20 years were conducted for each of the three target species mentioned above.





3 Results



3.1 Catch comparison

In general, no significant differences were found for the biomass yields between net configurations with the same codend mesh size (i.e. TRA vs. T90 and EXP vs. 52S; Table 1 and Table S2). The only differences comparing TRA and T90 appeared comparing total catches (pooling commercial and discards) for S. elegans and A. media with higher yields using TRA than T90, and for the discards of L. cavillone, with higher yields with T90 than TRA. When comparing EXP with 52S, higher yields were observed using 52S in the case of M. barbatus. By contrast, higher yields were seen using EXP for commercial and discards of benthic species, total, commercial and discard yields of I. coindetii, and total and commercial yields of S. scombrus. In the case of pooled data by codend mesh size, all detected differences were due to higher yields when using the 42 mm square meshed codend (TRA+T90) than using the 52 mm square meshed codend (EXP+52S), including total catches and total discards, total catches of osteichthyes, total and commercial catches of L. cavillone, M. merluccius, T. minutus, I. coindetii, Alloteuthis media and Arnoglossus laterna, and discards of M. merluccius (Table 1).


Table 1 | t-Student analyses comparing the biomass yields of the main taxonomic groups and target and by-catch species, for the total, commercial (COM) and discarded (DIS) fractions obtained using the different net configurations: traditional (TRA), traditional equipped with a 90° turned mesh in the extension (T90), traditional equipped with a 52 mm square meshed codend and a codend cover (52S) and, T90 equipped with a 52 mm square meshed codend (EXP).



Trachurus was the species with the highest percentage of individuals below MCRS in the retained catch using all net configurations (ranging between 79 and 95%; Table 2). However, it ranks second after M. barbatus and P. longirostris (with 100% and 98% of individuals below the MCRS escaping) in the percentage of individuals below the MCRS that escape from the codend in the 52S net configuration, up to 95%. For this species the percentage of individuals below MCRS in the retained catch showed no significant differences either between TRA and T90 net configurations nor between EXP than 52S, although significant differences (p<0.01, t = -3.12) were found when pooling data according to codend mesh size, with higher percentages using TRA+T90 than 52S+EXP. In the case of M. merluccius, up to 90% of the individuals below MCRS escaped from the codend when using the 52S net configuration. For this species the percentage of retained individuals below MCRS showed no significant differences between TRA and T90 net configurations but values were significantly higher using EXP than 52S (p<0.001, t=3.75), and significantly higher values were observed for TRA+T90 (56%) than for 52S+EXP (36%) when pooling data according to codend mesh size (p<0.001, t=6.01). No individual of L. budegassa escaped from the codend of the 52S net configuration. No significant differences were detected for the percentage of retained individuals below MCRS among the different net configurations, with values of 56 and 54% for TRA+T90 and 52S+EXP, respectively. For M. barbatus, individuals below the MCRS only appeared in the retained catch of the TRA and T90 net configurations, representing very low percentages, 0.1 and 0.3, respectively. Finally, for P. longirostris, up to 98% of the individuals below MCRS escaped from the codend when using the 52S net configuration. For this species the percentage of individuals below MCRS in the retained catch showed no significant differences between TRA and T90 and between 52S and EXP, but significantly higher values (p<0.05, t=2.38) were detected using TRA+T90 (7.3%) than using 52S+EXP (3%) (Table 2).


Table 2 | Minimum conservation reference sizes by species and percentage of undersized retained individuals in relation to the total number of retained individuals (%<MCRS retained) by net configuration (traditional (TRA), traditional equipped with a 90° turned mesh in the extension (T90), traditional equipped with a 52 mm square meshed codend and a codend cover (52S) and, T90 equipped with a 52 mm square meshed codend (EXP)).



The catch comparison analysis to assess the effect of the T90 extension showed contrasting results between net configurations. The results obtained for M. merluccius, M. barbatus and P. longirostris, the three main species caught during the surveys, did not display differences in the selection of lengths between TRA and T90 net configurations (Figure 2, Table 3) as shown by the overlap of the 95% confidence intervals area with the 0.5 probability line. Only for P. longirostris a small size interval (2 mm among the whole length range) seems to be significantly different between the two nets, but this is a negligible difference in relation to the general pattern of the model and the generally large confidence intervals. Conversely, the comparison between EXP and 52S net configurations showed EXP appeared to be much more efficient than 52S at catching individuals below the MCRS in the case of M. merluccius. In the case of M. barbatus, with very few individuals below the MCRS, EXP caught 80% less of individuals than 52S throughout the whole size range caught during the survey, while for P. longirostris, no clear differences were detected between EXP and 52S for individuals below MCRS, although the EXP net configuration appeared less efficient than 52S for catching the largest ones. For I. coindetii, T90 was less efficient than TRA to catch large individuals, but this difference was not noticed when comparing EXP and 52S. The contrary was obtained in the case of T. minutus, with a higher efficiency to catch larger individuals when using EXP than 52S, but no such difference when comparing TRA and T90.




Figure 2 | Catch comparison results for Merluccius merluccius, Mullus barbatus and Parapenaeus longirostris between the different net configurations (traditional (TRA), traditional equipped with a 90° turned mesh in the extension (T90), traditional equipped with a 52 mm square meshed codend and a codend cover (52S) and, T90 equipped with a 52 mm square meshed codend (EXP)) equipped with the same codend mesh size. Solid grey line corresponds to the length frequency distribution of the net mounting the T90 extension while the dashed grey line corresponds to the length frequency distribution of the control net (TRA on the left, and 52S on the right). For Merluccius merluccius and Parapeneaus longirostris, the point grey line corresponds to the minimum conservation reference size of the species. The grey area is the confidence interval at 95% of the modelled catch comparison (black solid line). Dots correspond to the individual proportions retained and the size is proportional to the total individual of each size class. The point-dashed horizontal line at 0.5 represents the point at which both gears have equal catch rates.




Table 3 | Catch comparison of the Generalized Linear Mixed Model parameters from trials with nets mounting the T90 extension.






3.2 Size selectivity

Selectivity parameters could be calculated for 6 fish species, 2 decapod crustaceans and 4 cephalopod mollusks (Table 4). Selection curves for these species can be found in Supplementary Figures S4, S5. The retention probability at size was better fitted using a general logistic function for most of the species, except for M. merluccius, M. barbatus and P. longisrostris, which were better fitted using Richard’s curve. The L50 calculated for the 52 mm square mesh (Table 4) was higher than the L50 reported for the 40 mm square mesh for all species analyzed (see Supplementary Material Table S4). Among the rounded fishes, T. draco and M. merluccius showed the largest values of L50, 24 and 22.2 cm in TL, respectively, whereas L. cavillone showed the smallest one, 11.3 cm TL (Table 4). The flatfish C. linguatula showed an L50 of 13 cm TL. The two crustacean species, P. longirostris and S. mantis, showed similar L50 values of 22.6 and 19.7 mm CL, respectively, whereas the octopus E. cirrhosa and the squid I. coindetii had L50 values of 8.5 and 10.4 cm ML, respectively (Table 4).


Table 4 | Selectivity parameters (mean ± standard error) of the 52 mm square meshed codend.






3.3 Biomass and economic yields

The species selected for the comparison of economic yields between 40 and 52 mm square meshed codends represented altogether the 86.4% of the total theoretical economic yield obtained during the survey. In general, biomass and economic yields were higher using 40 mm square meshed codend than the 52 mm square meshed codend (Figure 3). These differences were significant for the smallest categories of M. merluccius and M. barbatus (Figure 3) and the two size categories of T. minutus and I. coindetii, whereas no significant differences were observed for any of the two size categories of P. longirostris. Regarding species that do not have size categories, all of them also showed higher biomass and economic yields using the 40 mm than the 52 mm square meshed codend, although significant differences were only found for A. media (Figure 3).




Figure 3 | Mean (± standard error) economic and biomass yields of the 40 mm square meshed codend (in grey) and the 52 mm square meshed codend (in black), estimated from the hauls carried out using the 52S net configuration (traditional net equipped with a 52 mm square mesh codend and a codend cover) for the main species. Five of these species have size categories: for Merluccius merluccius A (20-25 cm), B (26-29 cm), C (30-37 cm), D (38-42 cm) and E (>42 cm); for Mullus barbatus A (11-16 cm) and B (>16 cm); for Trisopterus minutus A (11-14 cm) and B (>17 cm); for Parapenaeus longirostris A (<2.7 cm) and B (>2.7 cm); and for Illex coindetii A (<10 cm) and B (>10 cm). Results of the t-Student tests comparing the yields between the two mesh sizes are also presented. Significant differences identified as *: p< 0.05; **: p< 0.01; ***: p< 0.001.



Considering the total catch, the mean loss of economic yields with the implementation of the 52 mm square meshed codend was estimated in 56 €/h, which represented 26% of the total estimated economic yield when using 40 mm square meshed codend. Lophius budegassa was the only target species that did not show any economic loss when using 52 mm square meshed codend. The species representing the highest economic loss was M. merluccius (30 €/h, up to 32% of the benefit obtained with this species; Figure 4). Although the losses for T. minutus were low (3 €/h), they represented losing up to 74% of the benefit obtained with this species. Losses for E. cirrhosa ranked second after M. merluccius, up to 12 €/h, representing 26% of the benefit obtained with this species. The rest of the species represented lower losses, all below 5 €/h and with percentage losses related to each species ranging between 50 and 20% (Figure 4).




Figure 4 | (A) Absolute and (B) percentage economic losses, expected for the main commercial species due to the change of mesh size in the codend from the current 40 mm square meshed codend to the 52 mm square meshed codend; estimated from hauls carried out using the 52S net configuration (traditional net equipped with a 52 mm square mesh codend and a codend cover).



Almost half of the fishing days in La Ràpita were dedicated to the fishing strategy (FS) that exploits the deep shelf (60-200 m depth; Figure S3 and Table 5). This FS also accounts for 56% of the biomass caught and for 57% of the earnings (Table 5) in this port. Within this FS, M. merluccius and M. barbatus were the species that represented the highest percentage of biomass, 10% and 9%, respectively, and the highest percentage of economic incomes, 17% and 12%, respectively (Table 6). For each of the taxa analyzed, the economic income from this FS represented at least half of the total incomes obtained from all FS conducted in La Ràpita (Table 6). Taking into account the composition of the annual catches of this FS in La Ràpita in 2019, economic losses would represent up to 27% of revenues obtained using the 40 mm square meshed codend.


Table 5 | Summary of the importance in terms of fishing days, landings and economic incomes of the different fishing strategies carried out by the bottom trawl fleet in La Ràpita in 2019.




Table 6 | Summary of the percentages represented by the most important commercial species in terms of both landed biomass and economic benefit (€) obtained in the fishing strategy (FS) exploiting the deep shelf (60-200 m depth) M. merluccius fishery from La Ràpita in 2019.






3.4 Effect of the 52 mm square meshed codend implementation

Transition analyses showed a pronounced initial decrease of the yield per recruit (Y/R), almost 2 g/individual, during the first year after the implementation of the 52 mm square meshed codend for both M. merluccius and M. barbatus, but an almost negligible effect for the Y/R of P. longirostris. Two years after this implementation, the current Y/R of M. merluccius and P. longirostris would be recovered (Figure 5), and half a year later it would also be recovered for M. barbatus. Moreover, after the fourth year, the (Y/R) would increase by 30% compared to the current value in the case of M. merluccius, from the current Y/R of 14.3 g/ind to 18.7 g/ind, whereas for M. barbatus, after four years and a half the Y/R would increase up to 20%, from the current Y/R of 10 g/ind to 12 g/ind. Regarding P. longirostris, its Y/R would not increase after the recovery, remaining at 2 g/ind. The estimated Y/Rmax with the currently used 40 mm square meshed codends is 27.5, 10 and 2 g/ind for M. merluccius, M. barbatus and P. longirostris, respectively.




Figure 5 | Transition analysis results showing the evolution of the yield per recruit (g/individual) in the northeastern Spanish Mediterranean (geographical sub-area 6; GSA 6) during the 20 years following the implementation of the 52 mm square meshed codend, assuming no significant changes in the fishing effort. Black solid line: Merluccius merluccius; grey solid line: Mullus barbatus; and black dotted line: Parapenaeus longirostris.







4 Discussion

Improvement of the selectivity in the Mediterranean bottom trawling is the key to correct the current generalized overfishing and to ensure the conservation of marine fishing resources (Colloca et al., 2013). In this work we have assessed the effects on fishing yields and selectivity of two net modifications, the T90 extension and the 52 mm square mesh in the codend, in a fishery targeting M. merluccius in the northwestern Mediterranean.

The results have shown that the introduction of T90 did not contribute to improve the selectivity of any of the target species of the fishery. Moreover, in the case of M. merluccius, catch comparisons performed between TRA and T90 net configurations and between 52S and EXP showed the same trend, with higher efficiency at catching small individuals when using T90, although this trend was only significant when comparing 52S and EXP. For M. barbatus, results were contrasting when comparing TRA and T90, showing no significant effect of T90 on selectivity, but showing a lower efficiency to catch this species throughout the whole size range when using EXP (equipped with T90) than 52S. Mullus barbatus showed low catches, particularly using the 52 mm square meshed codend, which increased substantially its 50% retention length. These low catches, paired to the relatively high between-haul variability of the catch (see Supplementary Material Tables S2, S3), could be the reason for these contrasting results, perhaps reflecting more the variability of this species between hauls, despite both temporal and space proximity of the samples, than the effect of T90. In any case, our results for M. merluccius are similar to those reported by Petetta et al. (2022), who did not find any indication of improvement of selectivity of M. merluccius when comparing the standard extension of 44 mm diamond mesh with a T90 extension piece of the same netting in the Adriatic Sea bottom trawl fishery. Both works contrast with Sola and Maynou (2018), who found a significant reduction of individuals below the MCRS of M. merluccius and small individuals, although larger than the MCRS, of M. barbatus, when comparing a 53 mm diamond mesh extension piece with a T90 extension piece made of 50 mm diamond mesh, also in the north western Mediterranean M. merluccius fishery, close to our study area (off Blanes at the north of GSA 6). Perhaps one explanation for the contrasting results could be related to the 6 mm larger mesh size used in the extension piece tested in Sola and Maynou (2018), compared to the 44 mm diamond mesh used in the present study and Petetta et al. (2022). Maynou et al. (2021), in the same M. merluccius fishery than Sola and Maynou (2018), also reported a selectivity improvement for M. merluccius and M. barbatus using 50 mm diamond mesh mounted in T90 panels at two different positions, front and back of the extension piece, when compared to a standard extension piece made entirely of 53 mm diamond mesh, with more evident differences when the panel was placed closer to the codend. Although in Sola and Maynou (2018) and Maynou et al. (2021) the standard extension piece was also made of larger diamond meshes than in the present work and in Petetta et al. (2022), the diamond mesh stretches during the towing, due to the pressure exerted by the tow and the accumulation of the catch in the codend, reducing the openness of the mesh to a greater extent than using T90, an orientation of the net that allows to maintain meshes more open than the diamond shape (Wienbeck et al., 2011). This fact could have made negligible, or similarly low, the selection through the diamond mesh extension (standard) in all these studies, independently of the mesh size difference (44-53 mm), while the 6 mm larger meshes could have been enough to significantly improve the selectivity of the T90 in Sola and Maynou (2018) and Maynou et al. (2021). The T90 made of 44 mm tested in the present work and Petetta et al. (2022) simply is too small once stretched as to involve a significant selectivity improvement.

Nevertheless, Maynou et al. (2021) showed that the improvement in selectivity was not general, and that even for morphologically similar species, like M. barbatus and M. surmuletus, the results using T90 can be completely different, i.e. no selectivity improvement was detected for the latter species. On the other hand, when modifications of the net are done in the codend, the improvement is more generalized among the different species. The simple modification, introduced by the Regulation (EC) 1967/2006, of the mesh geometry from diamond to square mesh without changing the mesh size resulted in an increase of the 50% retention length of the most important target and bycatch commercial species in both continental shelf and slope fisheries (Bahamon et al., 2006; Guijarro and Massutí, 2006; Ordines et al., 2006). The larger effect on selectivity of codend modifications compared to modifications in the rest of the net is expectable given that the codend has long been known as the more relevant part of the bottom trawl nets where selectivity occurs. Studies conducted during early 1960’s already demonstrated that the great majority of small fish susceptible to escape from the net does it through the codend meshes (Clark, 1963). Moreover, most fish that escapes from the codend “do so from very near the end” (Beverton, 1963). Our results confirm the effectiveness of codend modifications for improving selectivity. For all the species for which the selectivity parameters could be calculated for the 52 mm square meshed codend, there was an improvement of the selectivity when compared to the currently used 40 mm square meshed codends (Table 4 and Table S4).

Whereas the 40 mm square meshed codend was already enough to achieve a 50% retention length (L50) higher than the MCRS for both M. barbatus and P. longirostris, it failed in the case of M. merluccius for which the L50 (13-16 cm; e.g. Bahamon et al., 2006; Guijarro and Massutí, 2006; Lucchetti, 2008) was still below its MCRS (20 cm). This contradiction in the management of the bottom trawl fishery that allows a minimum mesh size in the codend which L50 is much smaller than MCRS would be resolved using the 52 mm square meshed codend, whose L50 for M. merluccius was 22.2 cm and allowed to escape up to 90% of the individuals below the MCRS. These selectivity improvements also allowed to increase the L50 of M. barbatus (17.6 cm) above its size at firs maturity (12-13 cm; Cherif et al., 2007; Carbonara et al., 2015), although for M. merluccius and P. longirostris (L50 = 22.6 mm), with sizes at first maturity of 32.7 and 35.8 cm (Oliver, 1993; Recasens et al., 2008) and 25.6 and 28.5 mm (females; García-Rodríguez et al., 2009; Guijarro et al., 2009), respectively, this is still far to be reached.

However, the selectivity improvements obtained using 52 mm square meshed codend come along with important decreases in the landed biomass and the economic yields when compared to the 40 mm square meshed codend. The simulations of the theoretical catches obtained using 40 and 52 mm square meshed codends showed important and generalized losses in the landings and economic incomes obtained with the most important commercial species. These losses are particularly important for M. merluccius and M. barbatus, together representing up to 30% of the total incomes obtained from the M. merluccius fishery in the study area, for which up to 32 and 28% of the income obtained with each species, respectively, would be lost due to this increase of the mesh size in the codend. Overall, taking the most important commercial species into account, our simulations anticipate economic losses reaching up to 27% of the economic income currently obtained from the bottom trawl hake fishery in the study area using the 40 mm square meshed codend. These losses are even higher than those estimated in the GSA 6 as results of the previous change in the geometry of the 40 mm meshed codends from diamond to square, introduced by the Regulation (EC) No 1967/2006. That selectivity improvement was estimated to cause losses of around 10% of the yield per recruit for M. merluccius in the first year, with a sharp recovery and an increase up to 55% after the fifth year (Bahamon et al., 2007). In practice, this improvement of the yield per recruit never happened in the GSA 6, and after 2006 the exploitation state of M. merluccius got worse, showing a clear decreasing trend in both recruitment and spawning stock biomass in the successive annual assessments of the exploitation state of this species, until it was diagnosed in recruitment overexploitation (Ordines et al., 2019). Similarly to Bahamon et al. (2007), our results showed that yield per recruit for M. merluccius, M. barbatus and P. longirostris would be recovered, assuming fishing effort do not increase markedly, after 2-2.5 years from the implementation of the 52 mm square meshed codend, and increases by up to 30 and 20% are predicted after four years of implementation for M. merluccius and M. barbatus, respectively. This means that just considering the recovery of these three species, up to 62% of the economic losses would be restored, and it should be expected that other species could experience the same trend.

It seems not plausible achieving the MCRS for all species without compromising the economic sustainability of this fishery. This is the case of one of the target and most economically important species in the study area, L. budegassa, a species for which the increase in mesh size tested in the present work did not represent any possibility of escapement for the individuals caught below MCRS. Similarly, it seems complicated to increase selectivity of the nets to a level that could guarantee the L50 is above the size at first maturity, even for the most important target species (e.g. M. merluccius). However, at least an effort should be made to attempt that the majority of species are managed correctly, and the 52 mm square meshed codend could contribute to it. Nonetheless, the short term predicted decrease of catches and the economic losses involved are so important after an eventual implementation of this codend, that it seems to be unsustainable for the bottom trawl fleet, particularly in the current context of rising operational costs mainly due to fuel prices, unless a subsidy policy is put in place in order to ease losses until yields are recovered.

Clark (1963) concluded that “In terms of managing fisheries this means that control of the codend alone may be necessary, as the escapement within the selection range is, in fact, higher for the codend than for the total remaining area of the trawl. Fish prevented from escaping through the forward parts of the net would still be able to escape from the codend in all probability”. Our results agree with this conclusion and indicate that modifying the codend mesh size is a far more effective way to improve selectivity of the bottom trawl nets than modifying the extension piece.
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Approach
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Steady 360
Upwards 491
Grid contact

Contact 709
No contact 222

Grid reaction

Forward 35
Passive 395
Towards 124

Upwards 377
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0.00%
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0.00%
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62.8% [

32.67%
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50.00%-63.33%
35.11%-56.38%
23.91%-39.86%

20.83%-45.83%
25.13%-37.97%
56.51%-69.08%]

28.13%-37.51%
100.00%

0.00%
15.05%-25.81%
0.00%

89.50%-96.69%

Escape difference

-2.70%
7.49%
8.73%

-5.20%
-3.23%
0.23%

-3.26%
0.00%

0.00%
2.60%
0.00%
4.12%

Total number of observations (n) for both grids, percentage of the total redfish observed (% total), total percentage of fish that escaped with 95% confidence intervals from bootstrap (CI),
percentage of fish that escaped for the 19- and 22-mm bar spacing grids with 95% CI, and the difference in escape between grids are shown.





OPS/images/fmars.2022.920429/table4.jpg
Variables Estimate

Intercept -5.747
Time 0.358
Grid

19 mm 0.264

Grid contact

No contact 17.762
Grid reaction

Passive 3.522
Upwards 6.853

AICc, correction to Akaike’s information criterion.
*Statistically significant.

1.027
0.088

0.227

716.936

1.013
1.036

z-value

-5.595
4.089

1167

0.025

3477
6.617

p>2)

<0.001*
<0.001*

0.243
0.980

<0.001*
<0.001*
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Haul ID Fish release Fish lock Releaser Setting

(cruise-haul design design type
number)

01-1 la Panel Mechanical A
01-2 1b Panel Mechanical B
01-3 lc Panel Mechanical C
01-4 1c Panel Mechanical C
01-5 2 Panel Mechanical D
01-6 3 Panel Mechanical E
01-7 3 Panel Mechanical E
01-8 4 Panel Mechanical ~F
01-9 4 Panel Mechanical ~F
01-10 4 Panel Mechanical ~F
02-11* 4 Cylinder Electronic Test
02-12* 4 Cylinder Electronic Test
02-1 4 Cylinder Electronic G
02-2 4 Cylinder Electronic G
02-3 4 Cylinder Electronic G
02-4 4 Cylinder Mechanical H
02-5 4 Cylinder Mechanical H
02-6 4 Cylinder Mechanical H
02-7 4 Cylinder Mechanical H
02-8 4 Cylinder Mechanical H
02-9 4 Cylinder Mechanical H
02-10 4 Cylinder Mechanical H
02-11 4 Cylinder Mechanical H

“The test hauls (02-11 and 02-12) did not contain any catches but are included as they
provide information on releaser depth.
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The selected models are in bold.

Logit

98.54
190.56
261.89
416.61
287.12
599.22

Probit
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D25
Gompertz

5.85 (5.16-6.18)
0.55 (0.10-0.86)

41.25 (27.24-72.69)
98.91 (93.70-100.00)
0.75 (0.49-151)
42.88 (32.96-60.14)
<0.01
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Codend Mesh opening + SE (mm) Twine diameter = SE (mm) Mesh number in circumference Mesh number in length

D25 2591 + 1.05 1.40 £ 0.36 220 192
D30 29.74 £ 0.70 124 +0.11 183 160
D35 3570 + 1.14 131 +0.10 157 137
D40 40.40 + 0.85 1.36 + 0.17 138 120
D45 44.28 + 0.66 1.24 + 0.09 122 107
D54 54.54 + 0.86 1.26 + 0.09 102 89

Cover 12,51 £ 0.78 1.18 + 0.10 550 480
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Codend Haul number duration (min) depth (m) nR qRr nE qE

D25 2 119 19 28 0.50 6 1.00
D25 3 118 19 16 0.50 0 1.00
D25 4 130 18 15 0.50 0 1.00
D25 5 156 18 34 1.00 1 1.00
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Haul SFA  Tow  Timeof  Set Set bottom Starting Haul Haul bottom  Grid bar  Shrimp Redfish

no. duration the day depth temperature grid angle depth  temperature spacing (kg) (kg)
(m) (°C) ©) (m) (°C) (mm)

1 4 31h  Day 445 38 55 448 39 2 8,797 110

2 4 34h Day 393 319 53 448 4.1 22 9,805 462

3 4 16 h Night 366 37 54 401 37 19 402 100*

4 4 22h Day 307 35 54 306 38 19 8,172 822*

Haul number, shrimp fishing area (SFA), tow duration, time of day, depth, bottom temperature, Nordmore grid bar spacing utilized, total catch of shrimp, and total bycatch of redfish.
*Values estimated by the at-sea observer.
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log(CPUE+1)~s(year)+s(week)-+s(1)+s(hour)+s(lat)+s(lon)+ s(SST)+s(/\50)+s(Chla)+s(SSH)+s(SSS)+s(CV50) —696.104 61.6 0.609
log(CPUE+1)~s(year)+s(week)+s(1)+s(hour)+s(lat)+s(lon)+ s(SST)+s(/A50)+s(Chla)+s(SSH)+s(SSS)+s(CV50)+s -1,448.736 64.0 0.632
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Variable

Retained catches

Wt of total
‘Wt of deepwater flathead, Neoplatycephalus conatus
No. of deepwater flathead
Wt of latchet, Pterygotrigla polyommata
No. of latchet
Wt of gummy shark, Mustelus antarcticus
No. of gummy shark
Wt of ocean jacket, Nelusetta ayraudi
No of ocean jacket
Wt of bight redfish, Centroberyx gerrardi
No. of bight redfish
Wt of ornate angelshark, Squatina tergocellata
No. of ornate angelshark
Wt of yellowspotted boarfish, Paristiopterus gallipavo
No. of yellowspotted boarfish
Wt of red gurnard, Chelidonichthys kumu
No. red gurnard
Wt of knifejaw, Oplegnathus woodwardi
No of knifejaw
Discarded catches
Wt of total
Wt of wide stingaree, Urolophus expansus
No. of wide stingaree
Wt of jackass morwong, Nemadactylus macropterus
No. of jackass morwong
Wt of latchet, Pterygotrigla polyommata
No. of latchet

Random blocking effects for all models included “pairs of deployments’. Weights (Wt) in kg. All variables were Ns at p > 0.05.

Total amount

19,123.8
6,910.0
9,006
3,213.9
12,342
1,995.8
691
1,624.5
2,904
954.6
681
951
114
946.5
594
506.5
688
253.4
289

39,439.8
29,118.0
47,484
287.7
637
5,960.7
23,874

Mean (+ SE) ha™" trawled

TO codend

1.85 (0.15)
0.74 (0.03)
097 (0.07)
027 (0.10)
1.05 (0.45)
023 (0.10)
0.09 (0.05)
0.17 (0.06)
0.27 (0.10)
0.09 (0.04)
0.06 (0.02)
0.08 (0.01)
0.01 (0.00)
0.09 (0.03)
0.06 (0.02)
0.04 (0.01)
0.06 (0.02)
0.02 (0.01)
0.03 (0.01)

325 (0.83)
212 (0.72)
343 (1.16)
0.02 (0.01)
0.06 (0.02)
064 (0.29)
237 (0.97)

T90 codend

1.87 (0.18)
0.59 (0.06)
0.78 (0.09)
0.33 (0.13)
1.24 (0.56)
0.20 (0.07)
0.06 (0.02)
0.15 (0.08)
0.31 (0.18)
0.10 (0.05)
0.08 (0.04)
0.10 (0.03)
0.01 (0.00)
0.09 (0.02)
0.06 (0.02)
0.06 (0.02)
0.08 (0.03)
0.03 (0.01)
0.03 (0.01)

4.72 (1.68)
3.84 (1.67)
6.22 (2.68)
0.03 (0.01)
0.06 (0.02)
0.53 (0.12)
229 (0.52)
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European hake NDRatio (%)
WDRatio (%)
Red mullet NDRatio (%)

WDRatio (%)

Values in brackets represent the lower and upper 95% Cls.

Standard

16.1 (13.7 - 18.6)
59(47-72)
38(26-5.1)
1.2(0.8-1.6)

Reduced

11.8(8.7 - 15.1)
41(29-55)
17.9 (1.8 - 22.4)
7.3(45-96)

T90

3.0-4.7)
1.8-9.3)

113(92-13,7)
8 (
0 (
7(06-832)
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Species Rank Standard Reduced T9O
Mullus barbatus St 31.5(27.0-35.8) 35.6 (27.3 - 42.4) 243 (19.1 - 29.4)
Merluccius merluccius s2 224 (18.7 - 26.3) 19.6 (16.4 - 22.6) 20.9 (17.3 - 25.0)
Lophius spp. S3 13.5(10.3 - 17.4) 11.8(9.4 - 14.8) 20.1(16.2 - 25.3)
Chelidonichthys lucernus S4 3.0(1.4-6.9 1.8(1.2-26) 1 .8(1.2-2.5)
Eledone spp. s5 6(1.3-4.5) 19(1.0-8.0) 1(1.9-45)
llex coindeti S6 6(1.1-22) 18(1.0-28) 4 (1.1-45)
Citharus linguatula S7 9(5.7-84) 6.1(4.9-7.4) .1 (6.1-72)
Loligo vulgaris s8 9(05-1.5) 0(05-1.6) 9(0.4-17)
Sepia officinalis S9 6(0.0-1.4) 3(02-28) (o 0-0.7)
Octopus vulgaris S10 2(0.0-0.6) 3(0.3-4.8) 2(0.2-3.4)
Zeus faber St 6(0.2-25) 03(0.0-1.0) (0 2 -2.5)
Scorpaena scrofa S12 1(0.0-0.4) 7(0.1-22) 8(0.3-5.0
Scorpaena notata S13 6(0.2-1.4) 09(0.3-22) 4(06-22)
Pagellus erythrinus S14 4(2.5-6.5) 58(3.9-82) 8 3.3-9.0
Trachinus draco s15 05(0.3-09) 0.8(0.4-12) 6(0.3-0.8)
Trachurus mediterraneus S16 0.4(0.1-0.8) 1.1 (0.4 -20) 7(0.2-1.3)
Trachurus trachurus S17 0.0(0.0-0.0 05(0.0-1.2) 0.7 (0.1-1.9)
Scomber scombrus s18 1(0.0-0.3) 0.2(0.0-05) 2(0.0-05)
Trisopterus minutus capelanus S19 6(0.3-0.8) 0.9 (0.5-1.4) 8(0.3-1.4)
Uranoscopus scaber S20 4(0.1-0.7) 0.2 (0.0 - 0.6) 3(0.0-0.8)
Scyliorhinus canicula S21 5(3.3-6.0 4.8 (3.2-6.6) 38(25-5.2)
Mustelus mustelus S22 2(0.6-92) 0.3(0.1-1.3) 1.1(02-37)
Squalus acanthias S23 8(0.2-29) 0.4 (0.2-1.7) 0.0(0.0-0.0
Squilla mantis S24 3(0.1-07) 1.1(0.4-20) 1.4 (0.4 - 2.5)

Values in brackets represent the lower and upper 95% Cls.
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Red mullet European hake Monkfish

GSA L50 SR Reference GSA L50 SR Reference GSA L50 SR Reference
24 142 31 (Atesetal, 2010) 22 147 5.4 (Aydin and Tosunoglu, 2010) 22 44 59 (Mytiineou et al., 2021)
22 144 24 (Aydinetal, 2011) i 16.2 2.8 (Baro and Mufoz de los Rejes, 2007)

1 115 1.8 (Baro and Mufoz de los Rejes, 2007) 9 16.8 3.3 (Brcic etal, 2018)

14 11.8 2.0 (Bdioui, 2015) 22 143 3.4 (Dereliand Aydin, 2016)

24 141 3.4  (Demirci and Akyurt, 2017) 5 16.3 2.2  (Guiarro and Massuti, 2006)

22 129 2.0 (Dereliand Aydin, 2016) 17 18.0 3.7  (Lucchetti, 2008)

29 119 1.3 (Kaykagetal, 2018) 5 152 83 (Ordines et al., 2006)

22 133 22 (Mytilineou et al., 2021) 22 151 5.7  (Petrakis and Stergiou, 1997)

24 141 26  (Ozbigin et al., 2015) 17 138 7.4 (Salaand Lucchetti, 2010)

17 109 1.4 (Saaet al., 2008) 17 142 36 (Salaetal, 2008)

22 13.2 1.9 (Tokac et al., 1998)
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Extension piece

Length (m)
Nominal mesh size (mm)
Measured mesh size (mm)
Mesh configuration

No. meshes in circumference

Standard

9.5
44
43.9
Diamond
240

Reduced

9.5
44
43.9
Diamond
170

9.5
44
43.8
T90
170

Codend

40
40.4
Square
170
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ID Date Nets Tested  Haul duration Mean depth Mean wing horizontal Mean vertical net opening Total catch [kg]
Haul [min] [m] opening [m] [m]

Standard Reduced T90 Standard Reduced T90 Standard Reduced T90

1 22/02/ Standard VS 64 76.6 170+ 177+ 1.2+041 11+ 53.4 52.5
2021 T90 0.8 1.3 01

2 22/02/ Standard VS 60 74.4 15.9 + 164+ 14102 12+ 66.7 51.3
2021 T90 0.5 1.0 0.3

3 22/02/ Standard VS 65 74.7 164 + 171+ 15+0.1 1.6+ 103.1 119.2
2021 T90 0.6 07 0.1

4 22/02/ Standard VS 70 71.0 16.1 = 186+ 1.8x02 09+ 143.4 136.3
2021 T90 0.8 12 0.2

5 22/02/ Standard VS 55 751 171 = 166+ 1.8+0.1 1.0+ 49.7 40.8
2021 T9O 0.6 0.5 0.0

6 22/02/ Standard VS 50 74.9 171« 163+ 1.6+0.1 1.0+ 27.8 20.2
2021 T90 0.8 1.5 0.2

7 28/02/ Standard VS 60 76.2 14.9 + 176 + 16+02 1.1+02 33.1 205
2021 Reduced 1.2 12

8 23/02/ Standard VS 57 75.2 16.1 16.7 = 14+00 14x03 91.8 106.9
2021 Reduced 0.8 13

9 28/02/ Standard VS 58 75.2 16.5 + 168 + 1.3+02 1.1x00 90.3 7.8
2021 Reduced 1.4 04

10 23/02/ Standard VS 63 73.3 16.1 = 16.4 + 156+£01 15+01 92.4 95.8
2021 Reduced 0.4 0.8

1 23/02/ Standard VS 60 74.3 150+ 170« 1101 16+01 69.1 62.2
2021 Reduced 0.6 09

12 23/02/ Standard VS 65 81.2 171 = 16.3 + 11+02 15+04 67.7 522
2021 Reduced 0.9 06

13 25/02/ Reduced VS 68 76.6 16.2 + 172+ 13+01 12=% 61.2 71.4
2021 T90 07 07 0.2

14 25/02/ Reduced VS 68 78.5 175+ 16.2 + 1400 12=x 711 145.7
2021 T90 09 13 0.1

16 25/02/ Reduced VS 68 747 16.6 + 16.0 + 1.3+03 12=x 92.0 65.4
2021 T90 09 1.0 0.2

16 25/02/ Reduced VS 62 741 17.8 + 18.5 + 07+04 09=% 926 76.1
2021 T90 04 0.9 0.2

17 25/02/ Reduced VS 64 78.2 169 + 16.4 + 08+02 16+ 1169 1324
2021 T90 04 0.8 0.3

18 25/02/ Reduced VS 69 81.0 178 18.0 + 14+£04 17x 59.7 58.0

2021 T90 08 14 03
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Haul European hake Red mullet Monkfish

Standard Reduced T90 Standard Reduced T90 Standard Reduced
1 22 (1) - 36 (1) 92 (1) S 76 (1) 26 (1) &
2 41 (1) - 43 (1) 128 (0.43) - 179 (1) 17 (1) -
3 57 (1) - 52 (1) 139 (0.26) - 109 (0.27) 15(1) -
4 83 (1) = 7 ) 137 (0.21) . 117 (0.37) 22 (1) -
5 66 (1) - 55 (1) 95 (0.35) - 80 (0.49) 18(1) “
6 29 (1) - (1) 88(0.7) - 26 (1) 17 (1) -
7 46 (1) 33(1) 121 (1) 96 (1) = 13 (1) 14 (1)
8 102 (1) 76 (1) 96 (0.20) 98 (0.65) = 28 (1) 23 (1)
9 81 (1) 44(1) 109 (0.31) 95 (0.64) . 15 (1) 22 (1)
10 93 (1) 66 (1) 106 (0.30) 131 (0.28) - 13 (1) 18 (1)
1 64 (1) 45(1) 103 (0.31) 119 (0.27) 18(1) 13(1)
12 44.(1) 43(1) - 116 (0.25) 114 (0.37) = 19 (1) 20 (1)
18 - 39(1) 42 (1) = 116 (0.19) 126 (0.27) - 17(1)
14 “ 62 (1) 76 (1) - 145 (0.32) 109 (0.50) - 1Q)
15 - 75 (1) 51 (1) - 146 (0.13) 114 (0.67) - 14 (1)
16 - 42 ) 30 (1) . 143 (0.17) 87 (0.66) - 9(1)
17 g 62 (1) 51 (1) = 156 (0.20) 112 (0.25) - 9(1)
18 . 30(1) 34(1) 107 (0.39) 95 (0.70) - 12(1)

Values in parentheses are the subsampling factors.
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T90 VS Standard Reduced VS Standard Reduced VS T90

European hake p-value 0.384 0.3691 0.386
Deviance 50.26 55.83 54.32
DOF 48 53 52

Red mullet p-value 0.0289 0.0002 0.001
Deviance 37.49 54.99 46.7
DOF 23 23 21

Monkfish p-value 0.0018 0.0006 0.0454
Deviance 100.81 106.45 85.38
DOF B3

B3 66
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Blackfin flounder Total catch

Remarks

Net type
Catch number’ Weight' Catch number?
Trammel net 436 473 298
Tie-down gillnet 2.65 2.76 ‘ 209
Single gillnet 1 1 ‘ 1

"The relative catch number and weight of blackfin flounder caught in each net type when these numbers for single gillnets are set to 1.
“The relative catch number and weight of total fish caught in each net type when these numbers for single gillnets are set to 1.

245 Treatment 2
197 Treatment 1
1 Control
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Net type

Total length

(Tfla:fm) Trammel  Tie-down Single

d net net gillnet

<160 0 0 0 0
160 ~ 170 2 0 0 2
170 ~ 180 4 2 0 6
180 ~ 190 6 4 1 11
190 ~ 200 13 2 ' 6 21
200 ~ 210 24 13 10 47
210 ~ 220 29 21 10 60
220 ~ 230 70 43 15 128
230 ~ 240 ‘ 114 78 ‘ 32 224
240 ~ 250 175 117 44 336
250 ~ 260 162 111 29 302
260 ~ 270 127 72 21 220
w020 83 43 ‘ 24 150
280 ~ 290 39 19 9 67
290 ~ 300 25 7 1 33
300 ~ 310 | 7 3 1 1 11
310 ~ 320 5 3 0 8

320 < 0 0 0 0

Total 885 538 203 1,626
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Trammel net Tie-down gillnet Single gillnet

Species Number ~ Weight C2th  CPUE i per Number | Weight | G2t | CPUE | i ber
caught (9) s o/ caught 9 (9) fat 9 caught
©%)'  panel)? 9 (%)'  panel)?
Flounders
Tedmdowin 886 103963 5541 | 324884 538 60575 | 4005 | 189297 203 20965 2868 | 686l 1627 186503 4489
(Glyptocephalus stelleri)
Bt helbow 55 1514 614 | 35981 & 1209 | 800 37800 56 044 | 1361 32575 179 34034 819
(Hippoglossoides dubius)
Sealyeye place 5 751 0.0 247 7 m 047 22 4 59 078 1863 16 2058 050
(Acanthopsetta nadeshnyi)
Bifsaniok 2 29 012 716 3 s02 033 1569 0 0 0.00 0.00 5 71 018
(Pleuronectes herzensteini)
Poiateat fotmder 0 0 000 000 2 391 026 1222 0 0 000 000 2 391 009
(Cleisthenes pinetorum)
Other fish
Blackedged sclpin m 13918 742 43494 67 20509 135 64091 m 13,955 1822 43609 155 8382 1165
(Gymnocanthus herzensteini)
Racifcood 9 9480 505 296.25 16 293 | 1515 71634 16 15,298 1997 47806 a 47,701 1148
(Gadus macrocephalus)
el : %0 5076 271 158.63 50 4453 201 13916 98 5750 751 17969 268 15279 368
(Gymnocanthus intermedius)
Spinyiiead soiin 2 983 63 3747 1 4908 324 15338 9 2936 383 9175 18 19827 | 477
(Dasycottus seiger)
Atkamacker] 5 3423 182 106.97 4 2740 181 8563 2 1167 152 3647 1 7330 176
(Pleurogrammus azonus)
Padfc herring 2 m 041 2409 1 2032 134 6350 2 1054 138 3204 8 3857 093
(Clupea pallas
A 3 21 016 9.09 3 187 012 581 3 299 039 934 s 777 0.19
(Arctoscopus japonicus)
s 1 106 02 1269 3 1037 069 3241 1 340 044 1063 5 1783 0.3
(Careproctus rastrinus)
SmogH lempiae 1 et s s 0 0 ) o o 000 oo ! ooz
(Aptocyelus ventricosus)
Sculpin
i 0 0 000 000 0 0 000 000 1 55 007 172 1 55 001
Mollusks
Sesonlmse Bt puid 0 0 000 000 0 0 000 000 3 1019 137 278 3 1019 025
(Berryteuthis magister)
Japanese flying squid
it poas 0 0 000 000 1 31 002 097 4 50 010 250 5 1 003
Octopus (Octopus spp) 1 132 007 413 1 137 009 128 0 0 000 000 2 269 006
B
b ) 3 107 006 334 1 m 003 138 2 % 013 300 6 247 006
(Neptunea constricta)
" Boyan (ucinum bayan 1 376 020 17s 0 0 000 0.00 0 0 000 000 1 376 009
Crustaceans
g 153 15257 813 47678 95 9594 651 30919 9 930 121 2906 257 26081 628
(Chionaecetes opilio)
Seork e e 101 8681 16 27138 6 7887 521 2647 7 567 074 1772 172 17,138 12
(Chionoecetes opilio)
Kuro shrimp (Crangon lar) 6 131 007 409 s 159 012 591 1 17 002 053 15 337 008
Shrimps, ctc 2 35 002 109 1 12 001 038 3 17 002 053 6 6 002
Total 1395 187621 10000 979 151258 10000 168 76595 | 10000 | 239 2802 415474 10000
Species No. 20 2 19 20

!Catch rate = Weight of species/Total weight.
CPUE = Weight of species/(32 panels).
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Net type

Trammel net

Tie-down
gillnet
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Vertical
mesh
(mesh)
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Horizontal mesh
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Remark
(applied to all
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Sink line 93.3 m
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Haul Fished to end Catch Volume (m”) Catch Weight Releaser Notes CE-ES

ID point (tonnes) position opening
(m) (m)
Theoretical Actual Proportion Target Actual Min Max
01-1 Y 446.1 489 0.11 23 45 136 NA NA
01-2 ¥ 717.9 2174 0.30 130 200 251 NA NA
01-3 ¥ 591.3 68.5 0.12 76 63 19.3 NA NA
01-4 b's 717.9 1359 0.19 130 125 25.1 NA NA
01-5 ¥ 884.9 152.2 0.17 218 140 347 NA NA
01-6 X 884.9 87 0.10 218 80 347 NA NA
01-7 ¥ 934 347.8 0.37 250 320 38.1 NA NA
01-8 ¥ 1030.9 402.2 0.39 322 370 459 NA NA
01-9 ¥ 7284 543 0.07 135 50 257 NA NA
01-10 ¥ 1030.9 2935 0.28 322 270 459 NA NA
02-1 Y 920.7 241 0.26 250 190.4 350 15 4.2
02-2 N 920.7 522 0.57 250 412.4 35.0 ABORTED - premature release; aft catch 19 2.8
sensor triggered
02-3 N 920.7 108 0.12 250 91.8 35.0 ABORTED - suspected premature release 2.4 29
02-4 N 1050.3 320 0.30 400 272.0 45.0 ABORTED - too little catch 21 2.8
02-5 Y 920.7 270 0.29 250 229.5 350 19 55
02-6 N 744.9 314 0.42 100 266.9 250 Leaking Choke Point 2.1 26
02-7 N 1050.3 128 0.12 NA 108.8 45.0 Time limited - BRS observation 17 22
02-8 Y 1050.3 414 0.39 400 351.9 45.0 26 2.8
02-9 N 1050.3 324 0.31 400 275.4 45.0 ABORTED - storm 1.8 2.7
02-10 X 1050.3 350 0.33 400 297.5 45.0 1.8 4.8
02-11 ¥ 744.9 95 0.13 100 80.8 250 18 26

Catch Volume (m®) is presented as the estimated theoretical volume of the codend and the actual volume of the catch. Also presented is the proportion of the theoretical codend volume
occupied by the actual catch. Catch weight (tonnes) is presented as the actual catch. For cruise 2, also presented are the target catches for each haul, as determine by the releaser position. The
minimum and maximum vertical opening at the aft of the catch release section was measured with the CE-ES instruments. Notes column describes hauls in cruise 2 that were known to have
not matched their target catches because of operational limits or releaser failures; and so were excluded from further analysis.

NA, not applicable.
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Haul  Towing Start  Headline Towing Haulback Choking  Target Actual Target Actual Additional

ID depth  duration duration position (m catch catch  release release restrictor rope
day.month hr: (m) (hr:min)  (hr:min) aft in (tonnes) (tonnes) depth depth ahead of
min codend) (m) (m) releaser

01-1 14.03 1242 111-455 0:58 00:42 136 23 45 150 NA  None

01-2 14.03 1743 122423 4:45 NA 251 130 200 150 NA  None

01-3 1503 09:47  132-399 151 00:42 193 76 63 150 NA  None

01-4 15.03 1735 139-516 5:07 NA 251 130 125 150 NA  None

01-5 16.03 09:11  103-442 2:50 00:43 347 218 140 150 NA  None

01-6 1603 16:40  124-426 126 00:36 347 218 80 150 NA  None

01-7 16.03 2138 123-413 3:01 00:37 381 250 320 150 NA  None

01-8 2003 00:58  129-304 631 00:29 459 322 370 150 NA  None

01-9 2003 1245 264-383 410 00:32 257 135 50 150 138 10mm nylon

(12 m)t

01-10 2003 2330 100-235 7:29 00:24 459 322 270 150 NA  None

02-11 23.03 2114 90-121 039 00:11 NA NA NA 120 118 None

02-12 25.03 18:08  450-584 0:53 00:24 NA NA NA 120 119 None

02-1 26.03 1930 233 - 361 3:09 NA 350 250 190.4 200 202 None

02-2 27.03 0725 335-425 647 NA 350 250 4124 120 461 None

02-3 27.03 19:08 331 -395 124 NA 350 250 918 120 114 None

02-4 28.03 00:34 320 - 423 10:30 00:37 450 400 272.0 150 NA  None

02-5 28.03 1627 323 -416 5:57 00:36 350 250 2295 150 69 None

02-6 29.03 02:40 342 - 420 6:43 00:32 250 100 266.9 150 23 None

02-7 06.04 03:11 243 -263 1:48 00:34 450 NA 108.8 100 52 10mm nylon
02-8 06.04 10:03 176 - 197 130 00:26 450 400 3519 150 39 10mm nylon
02-9 06.04 1510 193 - 367 5:37 00:34 450 400 2754 150 44 10mm nylon
02-10 07.04 1434 269 - 319 3:32 00:28 450 400 297.5 150 85 10mm nylon
02-11 07.04 2155 264 - 297 344 NA 250 100 80.8 150 35¥ 10mm nylon

t Depth sensor was mounted 12 m aft of the codend releaser, so depth of the releaser could have been as much as 12 m shallower or deeper than the depth recorded.

* The 18 mm choking rope used in conjunction with the codend releaser was broken upon retrieval on hauls 02-5 and 02-11.

The presence of an additional weak restricting rope (10 mm nylon, breaking strength ~2080 kg) on six hauls is also noted. Two test hauls (02-test 1 and 02-test 2) are included as they
provide additional data on target and actual release depths for the electronic releaser, however they were carried out before reaching the fishing grounds and do not have associated catches.
NA, not applicable.
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Trip 2

Wilcoxon Welch Two

Species Signed-Rank Sample t-test
Haddock two na 0.27
Monkfish one 0.01 na
Grey Sole one na 0.02
American Plaice 1 one 0.18 na
Barndoor Skate one 0.01 na
Little Skate one 0.00 na

Tests are applied as appropriate or not applicable “na” if not. “Sided” describes if tests are one-
tailed or two-tailed. Values in green are not significantly different (0:=0.05); values in pink
show significant differences.
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Trip 2 Catch (kg)

Common Name Scientific Name OBT

Haddock Melanogrammus aeglefinus 2,953.1 3,2824 6,235.5
Squid, Short-Fin (Illex) Illex illecebrosus 548.4 141.2 689.6
Shark, Porbeagle Lamna nasus 4136 187.8 601.4
Skate, Winter Leucoraja ocellata 5222 5222
Monkfish Lophius americanus 307.3 5.6 3129
Dogfish, Spiny Squalus acanthias 2643 9.2 273.5
Skate, Barndoor Raja laevis 199.9 10.3 210.2
Hake, Silver (Whiting) Merluccius bilinearis ' 837 8.5 922
Skate, Little Leucoraja erinacea 81.0 0.5 815
Grey Sole Glyptocephalus cynoglossus 257 15.1 408
Flounder, Winter Pseudopleuronectes americanus 24.1 24.1
Lobster, American » Homarus americanus 18.7 18.7
Hake, Red Urophycis chuss ‘ 10.1 0.9 11.0

Total weights <10 kg are excluded.
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Tow Duration

w Speed (knots)

Wire Out (|
Trip ‘ Net Tows (#) mean SE. SE. mean ‘ SE.
1 ‘ OBT 17 0.6 0.1 32 1237 ‘ 48
‘ OBT 16 1.8 0.1 38 2408 ‘ 107
! ‘ Ruhle 14 1.9 0.1 40 2613 ‘ 89

S.E., one standard error.
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Door Depth

Door Spread
Door Attitudes
Headline Height
Headline Depth
Vertical Opening
Footrope Height
Footrope Depth

Wing Spread

RBR (10)
Simrad (14)

RBR (10)
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RBR (1)

Notus (12)

Simrad (14)

Simrad (14)
RBR (11)
Simrad (14)
Simrad (14)

RBR (6)

Simrad (12)

Sensors listed in red provide a calculated geometry. The number of tows with obtained
geometries is in parentheses.





OPS/images/fmars.2023.1034999/fmars-10-1034999-g005.jpg
Number of catch

200
180
160
140
120
100
80
60
40
20

200
180
160
140
120
100
80
60
40
20

200
180
160
140
120
100
80
60
40
20

Trammel net

160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330

Tie-down gillnet

160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330

Single gillnet

160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330

Total length (mm)





OPS/images/fmars.2023.1034999/fmars-10-1034999-g004.jpg
42°N

40'N

East Sea

- Study area |

124°E 128°E 132E





OPS/images/fmars.2022.985086/im15.jpg





OPS/images/fmars.2022.1036158/table4.jpg
Net treatment (mean MVPUE + SE)

Sets Control Illuminated % change p-value
Total catch value 45 582.5K + 93.5K 699.0K + 111K +202% 0023+
Target catch value 67 459.9K £ 74.2K 529.0K + 75.2K +15.0% 0.013*
Non-target catch 48 915K + 13.6K 108.9K + 17.0K +19.0% 0461

As catch was followed to the market, market values were not available for all 70 paired sets. Percent change represents the difference in mean CPUE between control and illuminated nets. P-
values represent the differences between control and illuminated nets analyzed using a Wilcoxon signed-rank test paired by net, with significant differences indicated with an asterisk.
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Net treatment (mean CPUE + SE)

Sets Control Iluminated % change p-value
Total marketable catch 70 1243 £ 1.14 1359 £ 1.29 +9.3% 0370
Target catch 70 621073 7.27 £0.69 +17.1% 0.096
Non-target catch 70 622076 632+ 1.09 +1.5% 0.655
Total sea turtle bycatch 70 0.28 + 0.06 0.11 +0.04 -61.4% 0.006*
Green sea turtles 70 0.18 £ 005 0.7 +0.03 -59.5% 0.039*

Percent change represents the difference in mean CPUE between control and illuminated nets. P-values represent the differences between control and illuminated nets analyzed using a
Wilcoxon signed-rank test paired by net, with significant differences indicated with an asterisk.
CPUE = number of catch per (1 km of net X 12 h), SE, standard error.
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Catch

Total catch
Bycatch
Total marketable catch
Target catch
Non-target catch
Total sea turtle bycatch
Green sea turtles
Olive ridley sea turtles

Hawksbill sea turtles

Paired trials

70
70
70
70
70
70
70
70
70

Control nets

2,176

1,124 (51.6%)

1,052 (48.3%)

507 (23.3%)

545 (25.0%)
24

Percentages for the total catch are for the percent amount of total catch within either control nets or illuminated nets.

Illuminated nets

2,368
1,268 (53.5%)
1,100 (46.5%)
611 (25.8%)
489 (20.7%)

9

6

1
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Net type Sets  Total effort (km X Mean soak time + SE ~ Mean net length + SE  Mean fishing effort + SE (km X 12 h)

12 h) (h) (m)
Control 70 868 12405 120 0,01 124 £ 0.05
Illuminated 70 845 121 + 04 120 0,01 121+ 0.04

SE, standard error.
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*see Table 1.

CODEND
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408

50D

40D
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50D

T

3477
(3.286-3.564)
3.453
(3.325-3.525)
3.491
(3.325-3.601)
1.183
(1.146-1.242)
1.137
(1.092-1.213)
1.184
(1.148-1.229)

E

3.389
(3.037-3.508)
3.430
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3.496
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1.153
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1.158
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R

3.540
(3.393-3.622)
3518
(3.338-3.626)
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Model (@] Z value
(Intercept) 0.17 0.00-1.58 0.23
Trap: Sea bass 1.91 0.10-37.9 043 0.671
Trap: Gittings 0.22 0.05-0.91 -2.08 0.037
Diel period: Dawn 0.92 0.60-1.39 -0.41 0.680
Diel period: Dusk 0.99 0.66-1.49 -0.03 0.974
Lionfish density 0.06 0.00-0.88 -2.05 0.041
Positive (negative binomial)
Intrxn: Sea bass x Dawn 0.95 0.16-5.84 -0.05 0.959
Intrxn: Gittings x Dawn 1.53 0.92-2.55 1.62 0.104
Intrxn: Sea bass x Dusk 1.93 0.28-13.3 0.67 0.504
Intrxn: Gittings x Dusk 178 1.08-2.91 228 0.023
Intrxn: Sea bass x LF density 0.00 0.0-1293 -1.12 0.263
Intrxn: Gittings x LF density 12,6 0.0-2702 3.09 0.002
(Intercept) 6.01 2.98-9.03 3.89 <0.001
! Trap: Sea bass 1.26 0.07-22.2 0.16 0.874
Binomial (logistic)
Trap: Gittings 0.04 0.00-0.59 -2.36 0.018
Lionfish density 0.07 0.00-92.0 -0.72 0.470

Differences between means were tested with a zero-inflated negative binomial (ZINB) with reef site included as a random effect to account for the repeated measures at each site during a given
deployment. The ZINB positive component tested the effect of trap type, diel period (dawn, midday, or dusk), and the lionfish density (count per 100 m?) estimated by the ROV video survey at the site.
The interaction effects of trap type x diel period and trap type x lionfish density were also tested. Effect estimates give the odds ratio in relation to the intercept level of lobster traps at midday.
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Model actor: level 95% Cl ~ Z value
(Intercept) 4.58 0.94-8.22 247
Trap: Sea bass 0.89 0.33-2.40 -0.22 0.824
Positive (negative binomial) |
Trap: Gittings 0.56 0.22-1.41 -123 0.220
Configuration 0.64 0.43-0.97 -2.09 0.036
Lionfish catch rate
(Intercept) 4.08 2.20-5.96 4.25 <0.001
Trap: Sea bass 1.01 0.26-3.97 0.01 0.990
Binomial (logistic)
Trap: Gittings 0.17 0.05-0.62 -2.68 0.007
Configuration 047 0.28-0.79 -2.87 0.004
(Intercept) 9.25 7.39-11.1 9.77 <0.001
Trap: Sea bass 2.05 1.38-3.03 3.58 <0.001
Positive (negative binomial)
Trap: Gittings 0.00 NA NA NA
Depth 0.97 0.95-0.99 -2.57 0.010
Fisheries species catch rate
(Intercept) 0.82 0.00-2.20 1.16 0.248
Trap: Sea bass 0.13 0.04-0.46 -3.19 0.001
Binomial (logistic)
Trap: Gittings NA NA NA NA
Configuration 0.63 0.38-1.05 -1.76 0.079
(Intercept) 632 4.28-8.36 6.08 <0.001
Trap: Sea bass 6.05 2.33-15.7 3.70 <0.001
Positive (negative binomial)
Trap: Gittings 0.84 0.23-2.99 -0.28 0.783
Configuration 0.79 0.64-0.99 -2.05 0.040
Non-fishery species catch rate
(Intercept) 5.07 2.76-7.38 4.30 <0.001
Trap: Sea bass 0.01 0-0.07 -5.10 <0.001
Binomial (logistic)
Trap: Gittings 0.60 0.10-3.46 -0.57 0.568
Configuration 042 0.23-0.76 -2.87 0.004

The positive component estimated the relationship between factors and average catch per unit effort (i.e., catch biomass in g per trap per site). The binomial component of the ZINB estimated the
probability of excess zeros (e.g., a lower estimate represents a higher probability of non-zero catch). Effect size estimates are exponentiated from positive and binomial models (log- and logit-
linked, respectively) to show the odds ratio relative to the base treatment level (model intercept) of lobster traps in a single-trap configuration in the east region. Only significant factors of the
positive model are shown.





OPS/images/fmars.2022.985086/im16.jpg





OPS/images/fmars.2022.1021467/table1.jpg
Code

PLON
ICOI
MBAR
MSUR
MMER
MPOU
BBOO
PERY
DMAR
SSMA
CLIN
SPIL
GOBI
GARG
SHEP
CAGA
LCAV
CAPE
ATHO
RMIN
PLES
PHET
MUNI
CLON
CIDA

* provisional value of trophic level or vulnerability index for species not included in the literature, and based on the value of other similar species
Their Trophic Level (Fishbase, 2021; Sealifebase, 2021) and Vulnerability Index (according to de Juan et al., 2020) are also included.

FAO code

DPS
SQM
MUT
MUR
HKE
WHB
BOG
PAC
DEM
SPC
CIL
PIL

GDG
SR]
CVwW
LDV
BOC
RNH
OTO

LKO
UEX

Scientific name

Parapenaeus longirostris
Illex coindetii

Mullus barbatus

Mullus surmuletus
Merluccius merluccius
Micromesistius poutassou
Boops boops

Pagellus erythrinus
Dentex maroccanus
Spicara smaris

Citharus linguatula
Sardina pilchardus
Gobiidae

Gadiculus argenteus
Serranus hepatus
Chlorophthalmus agassizi
Lepidotrigla cavillone
Capros aper
Arnoglossus thori
Rondeletiola minor
Plesionika spp.
Plesionika heterocarpus

Munida spp.

Centrostephanus longispinus

Cidaridae

TrophicLevel (TL)

37
39
3.1
35
44
4.1
28
35
39
3
4
3.1
3.1
36
35
37
317
3.1
33
37
33
34

2%

VulnerabilityIndex (VI)

1.06
1.28
137
137
1.53
147
1.37
1.32
1.32*
1.28
137
1.56*
125
093
0.94
147
1.08
1.34
116
1.28
146
1.59
1.27
1.49*
1.36*
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Marine region = Geopolitical region Habitat type  Depth of highest densities

NE GOM 'W. Florida, USA Trawl Low relief 40-80 m Switzer et al,, 2015

SE GOM Florida Keys, USA ROV Coral reef 60-80 m Reed et al,, 2015

NW GOM Texas, USA ROV Coral reef 70-90 m Nuttall et al,, 2014

Caribbean Honduras Diver Coral reef 30-150 m Andradi-Brown et al,, 2017a
Caribbean Pan-Caribbean Diver Coral reef 30-150 m Andradi-Brown et al., 2017b
W. Atlantic North Carolina, USA Diver Limestone reef 38-46 m ‘Whitfield et al,, 2014

W. Atlantic Bermuda Diver Coral reef 50-60 m Goodbody-Gringley et al., 2019
W. Atlantic Honduras; Bermuda Submersible Coral reef I >200 m* Gress et al,, 2017

*Gress et al, 2017 documented presence/absence only.
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CODEN! Difterence A
Abundance N Richness S Shannon-Wiener Pielou Simpson Dominance
40D Ar_g S8+ S8+ NS+ NS+ NS-
At g SS+ SS+ NS+ NS+ SS+
At.p S5+ SS+ SS- SS- SS-
Ar_y SS+ SS+ SS+ SS+ SS+
Ag.x NS- SS- NS- NS+ NS+
Ao b S+ SS+ SS- SS- SS-
Ap.1 S+ 88+ SS+ SS+ SS+
Ap .1 NS- SS+ SS+ SS+ SS+
As_ b NS+ SS- SS- SS- SS-
Ag. L NS+ SS+ SS+ NS+ SS+
408 At g SS+ SS+ SS+ NS+ NS+
At g SS+ S8+ NS+ NS- NS+
Ar.p SS+ S+ SS- SS- SS-
Ar.y 8§+ SS+ SS+ NS+ SS+
Ag . r SS+ SS- NS- NS- NS-
ARr.p SS+ SS+ SS- SS- SS-
Agp_yL SS+ SS+ SS+ SS+ SS+
Ap .1 NS- SS+ SS+ SS+ SS+
Apop S5+ SS- SS- SS- SS-
Ag.y S+ SS+ SS+ NS+ SS+
50D At g SS+ SS+ SS+ NS- NS+
At_ g SS+ SS+ NS+ NS+ SS+
Ar.p SS+ SS+ NS- NS- NS-
At L SS+ SS+ SS+ SS+ SS+
Ag_gr NS+ SS- NS- NS+ NS+
Agr.p SS+ S8+ SS- SS- SS-
Ag.L SS+ SS+ SS+ SS+ SS+
Ap.1L NS- SS+ SS+ SS+ SS+
Ag.p SS+ SS- SS- NS- NS-
Agp_ 1 SS+ SS+ SS+ SS+ SS+

SS, statistically significant difference; NS, no statistically significant difference. +, positive difference; -, negative difference.
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Values in bold indicate statistical significance.
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Model Predictors AAIC

European Cod Edible

lobster crab
1 Pot type, area, bait, seal damage*, sampling period, s(soak time), s(number of days after the experiment), s(number of 4 2 0
lobsters in the pot) and/or** s(number of crabs in the pot)
2 Pot type, bait, seal damage*, sampling period, s(soak time), s(number of days after the experiment), s(number of lobsters 2 0 149
in the pot) and/or** s(number of crabs in the pot)
3 Pot type, seal damage, sampling period, s(soak time), s(number of days after the experiment), s(number of lobsters in the - 4 -
pot) and/or** s(number of crabs in the pot)
4 Pot type, sampling period, s(soak time), s(number of days after the experiment), s(number of lobsters in the pot) and/ 0 38 203
or** s(number of crabs in the pot)
5 Pot type, s(soak time), s(number of days after the experiment), s(number of lobsters in the pot) and/or** s(number of 27 51 243
crabs in the pot)
6 Pot type, s(number of days after the experiment), s(number of lobsters in the pot) and/or** s(number of crabs in the pot) 129 113 551
7 Pot type + s(number of lobsters in the pot) + s(number of crabs in the pot) - 195 -
8 Pot type + s(number of crabs in the pot) 220 201 -
9 Pot type + s(number of lobsters in the pot) - 211 961
10 Pot type 242 216 963

*seal damage was used only for the cod model (model equations 1-1).
**see model equations (1-1,1-2,1-3); when CPUE of cod was used as a dependent factor, both s(number of lobsters in the pot) and s(number of crabs in the pot) were included in the model
(model 1-1). When CPUE of lobster (model 1-2) or CUPE of crab (model 1-3) was used as a dependent factor, either s(number of crabs in the pot) or s(number of lobsters in the pot) was
included in the relevant model.
AAIC = difference between the AIC (Akaike Information Criterion) score for that model and the minimum AIC (2750 for cod’s model, 3173 for lobster’s model, 6818 for crab’s model). The
best model has a AAIC of zero.





OPS/images/fmars.2023.1035448/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.985431/table4.jpg
VIF VIF after excluding

temperature
Soak time 1.98 1.96
Number of days after the experiment 340 2.06
Number of lobsters in the pot 1.07 1.07
Number of crabs in the pot 1.30 1.30

Temperature 3.46

ST, Soak time; Nday, Number of days after the experiment, Nlobster; Number of lobsters
in the pot; Ncrab, Number of crabs in the pot; Temp, Temperature, n = 2395.
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Codend

A Target
(mesh size/ Method g Reference
‘ i species
orientation)
DPS, HKE,
Mullus spp.,
Zeus faber,
Western Divided Lophius spp., Increased Ls, for DPS, HKE, and
Mediterranean Flexible sorting grids,15 and 20 mm | TO 40 mm, T45 40 o Raja spp., most commercial species whereas Massuti
(Balearic bar spacing mm trawl Nephrops the unwanted by-catch species were et al., 2009
Islands) norvegicus, decreased.
Lepidorhombus
boscii, Aristeus
antennatus
For DPS a loss of 23% and 25% was
detected in the TO 44 mm and T45
40 mm codends, respectively;
For HKE, it was found that a larger
Sorting grid with 20 mm bar T45 40 mm Covered part was excluded in the T45 40-mm  Aydwm et al,
Aegean Sea 2 DPS o
spacing T0 44 mm codend rather than in the T0 44-mm 2011
codends
For all other species, separation
values were generally high and
similar for both codends
Separation ratios for HKE were
Eastern Aegean  Sorting grid mounted at the end of Dbl ::w}ejn 96:3and 100% tnstermsiof. Aydin and
Sea a funnel, TO 44 mm DPS sat. . Tosunoglu,
o k Bay) 10 and 15 b . codend Separation ratios for DPS of 37.0% 2012
IgaDEL 908 22 IR DarpReis and 44.4% by weight in 10 and 15
mm grids, respectively.
Acgean Sea HKE, Dentex
Mytil d TO 44
(Mytlene an mm MMATOCCANIS 790 40 mm codends improved the .
Chios Islands/ T90 40 mm T0 50 mm Covered Mullus A Dereli and
Karaburun T45 40 mm codend | barbatus, o PokM: : Aydin, 2016
Peninsula and T90 40 mm Trachurus rachurs.
Kusadasi Bay) trachurus
T90 44 mm, 300
meshes on its
circumference;
T90 44 mm, 150 For DPS no significant differences
meshes DPS, between Lg, values of T90 40 mm
?Kegea;' Se; )| T90 dd-mm onits : I‘T"ate HKE, and T90 44 mm were found ;3;1"; chals
1
et Ben circumference; aus T. trachurus For HKE the T90 40 mm and T90
T90 40 mm, 165 44 mm codends improved the Lsq
meshes
on its
circumference.
G1-SM40 showed a reduction of
undersized individuals of about 60%
and 44% for DPS and HKE,
Grid G1-SM40 made with a net of respectively.
40-mm square mesh; Grid G2-ST20 Altéraate G2-ST20 showed a 34% catch Vitalegtal
Strait of Sicily and Grid G3-ST25 made from T45 40 mm hauls DPS, HKE decrease of HKE individuals smaller e =
vertical steel bars spaced 20 and 25 than 20 cm TL.
mm apart, respectively G3-ST25 was efficient at reducing
the catch of undersized specimens of
both target species but showed the
highest loss of marketable fractions.
T90 54 mm significantly excluded
HKE, . 5
. undersized specimens of HKE,
Merlangic whose average Ls, was above the
North-west TO 54 mm, T90 54 Covered langus, M. 4 Petetta et al,,
oriwestem T90 54 mm mm overe MErangis MCRS, and Squilla mantis. ceters
Adriatic Sea mm codend barbatus, N 2020
: 5 Both codends showed an excessive
Loligo vulgaris, g - -
- . size selectivity, which involves a
Squilla mantis, . .
commercial loss, especially for M.
T barbatus, T. mediterraneus, Loligo
mediterraneus  vulgaris, and M. merlangus.
T90 50 mm extension panel allowed
Western for a reduction of 35% of undersized
—— Grid (G1-SM40) placed in the Alfsiiate DPS, HKE, specimens of HKE. MEVHEE
middle of the extension; T45 40 mm M. barbatus, Selective grid allowed for 95% and n
(east coast of . . hauls N . et al,, 2021
Spain) T90 50 mm in the extension M. surmuletus 100% of undersized specimens to
it escape for HKE and DPS,
respectively
TO 44 mm
(standard
extension piece);
TO 44 5
044 mmy HKE and Lophius spp. showed no
reduced number of FRT 5 i
p 7 HKE, indication of improved selectivity or
North-western . . meshes in Paired Petetta et al.,
- T90 44 mm in the extension . M. barbatus, catch pattern compared to the
Adriatic Sea circumference and hauls 3 ; . 2022
3 Lophius spp. standard extension piece of the
reduced extension
i trawl.
piece;
T45 40 mm and
170 meshes in
circumference
No significant differences between
Northern 90 44 mm, Alternate gf:ﬁ;ﬁ'fﬁ:ﬁ:ﬁﬁ:: s kenls | W
Grid (FLEXGRID) 20 b T45 40 DPS, HKE N
Tyrrhenian Sea rid € ) 20 mm bar mm hauls fractions for DPS, M. barbatus, and 2022

spacing

Tllex coindetii but reduced the catch
of undersized HKE
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Species Model (R code) Estimate

(Intercept) ) -11.77 fﬁz
2.98
<2
1521 0.49 1062
glmmTMB(prop~(bs(size, df=3))+(1[Haul)+offset(log(q_Grid/q_ctrl)), family = binomial(link Grid vs
= “logit”), weights = total, data= DPS_Grid) Control 253
2-0.56 0.13 -4.21 P
<2
3753 0.37 2043 .
DPS (Intercept) | 5y oss !
-8.95
145
17.92 1.51 5.26 o
glmmTMB(prop~(bs(size, df=4))-+(1[Haul)+offset(log(q_T90/q_ctrl)), family = binomial(tink = | T90 vs 2479 - s M
“logit”), weights = total, data= DPS_T90) Control : . . 9%
219
39.17 137 6.69 i
3.48
4573 1.23 4.64 06
(Intercept) 7.50°
.62 -5.!
334 0.6 538 o
14.00 0.81 4.93 3,'28
glmmTMB(prop~(bs(size, df=4))+(1|Haul)+offset(log(q_Grid/q_ctrl)), family = binomial(link Grid vs A
= “logit”), weights = total, data= HKE_Grid) Control 2229 0.65 3.55 oi
3425 1.47 2.89 3;83
HKE 41.49 1.83 0.82 0.41
(Intercept) <2
o 0.96 828 |
1.05°
113.98 229 6.10 09
glmmTMB(prop~(bs(size, df=3))+(1[Haul)+offset(log(q_T90/q_ctrl)), family = binomial(link = = T90 vs
“logit”), weights = total, data= HKE_Grid) Control 146
27.56 111 6.75 7t
37.41 1.80 412 370

prop, proportion; bs, b-spline; df, degree of freedom; q, subsampling fractions; CC(1): catch comparison curves; Std. Error: standard error. In bold, significant terms.
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Soak time Number of days after Number of European ~ Number of Edible = Temperature

the experiment lobsters in the pot crabs in the pot
Soak time 1 0,58 -0,028 0,221 -0,38
Number of days after the experiment 0,58 1 -0,051 0,004 -0,456
Number of European lobsters in the pot -0,028 -0,051 1 -0,087 0,082
Number of edible crabs in the pot 0,221 0,004 -0,087 1 0,094

Temperature -0,38 -0,456 0,082 0,094 1
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Area

N Bohuslin

S Bohuslin

Period

Fall 2015

Fall 2016

Fall 2015

Fall 2016

Spring 2016

Spring 2017

Pot type

B1230
B2230
B3230
C220W
T13CHW
T230W
T14CHW
T14CVG
C220W
B1230
B2230
B3230
C220W
T13CHW
T230W
T14CHW
T14CVG
C220W
T13CHW
T230W
T14CHW
T14CVG
C220W
T13CHW
T230W
T14CVG
C220W

European lobster

Mean CPUE

0.1
0.11
0.24
0.13
0.09
0.24
0.08
0.14
0.17

0.2
0.29
0.33
032
0.06
0.13
0.05
0.03
0.07
0.04
0.06
0.02
0.02
0.01
0.01
0.04

0.02

SD

0.37
0.25
0.6
0.31
0.21
0.49
0.15
0.26
0.39
0.44
0.53
0.6
0.53
0.21
0.25
0.16
0.07
0.18
0.06
0.08
0.06
0.05
0.03
0.05
0.08

0.05

Cod

Mean CPUE

0.04
0.09
0.08
0.15
0.14
0.06
0.15
023
0.09
0.14
021
0.25
0.13
0.03
0.09
0.02
0.04
0.02
0
0.02
0.01
0.01

0.06
0.17
0.12
0.01

SD

0.18
0.27
0.21
0.32
0.32
0.22
0.38
0.53
0.32
0.33
0.42
0.43
033
0.1
0.19
0.08
0.16
0.12
0.02
0.04
0.03
0.02
0.02
0.1
0.15
0.11
0.04

Edible crab

Mean CPUE

0.1
0.31
0.52
0.21
1.03
0.68
1.93
0.83
0.53
1.21
1.33
1.22
1.72
1.26
1.36
1.53

13
0.93
0.44
0.37
0.49
0.56
0.44
0.38
0.38
0.31
0.35

SD

0.26
0.87
1.54
04
1.67
0.99
27
117
0.86
1.69
1.73
1.73
1.88
1.86
243
1.88
1.54
1.99
0.2
023
031
0.29
0.24
0.35
031
0.29
0.26

Number of pots emptied

36
41
33

48
50
13
33
97
227
231
238
218
141
144
123
41
299
14
17
18

37
70

75

100
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Fractio
LPUE
DPS
HKE
DPS
DPUE
HKE

In bold are significant differences.

Contrast Estimate z value
Grid-T45 40 mm - Control 1.465 1.203 2.060 0.098
T90 50 mm codend - Control 0.179 1.203 -9.271 <0.001
T90 50 mm codend - GRID-T45 40 MM 0.122 1.203 -11.332 <0.001
Grid T45 40mm - Control 0.571 1.262 -2.407 0.042
T90 50 mm codend - Control 1.034 1.269 0.137 0.9897
T90 50 mm codend - Grid T45 40mm 1.809 1.262 2.547 0.029
Grid T45 40mm - Control 0.694 1.163 -2.415 0.042
T90 50 mm codend - Control 0.096 1.163 -15.514 <0.001
T90 50 mm codend - Grid T45 40mm 0.138 1.163 -13.099 <0.001
Grid T45 40mm - Control 0.746 1728 -0.535 0.851
T90 50 mm codend - Control 0.031 2.347 -4.058 <0.001
T90 50 mm codend - Grid T45 40mm 0.042 2.330 -3.749 <0.001
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Year Pot Is the pot equipped with No of  Type of entrance Entrance Length Height Width Volume Mesh size (mm) Net No of pots used by No of pots used by

type parlor Yes/No entrances color (cm) (cm) (cm) (dm®)  between knots color fisherman in S fisherman in N
(number of Bohuslin Bohuslin
chambers)
2015 BI230 Yes (2) 3 1 rectangular Open 20'20Whiteand 110 5 0 198 35 Green 8 2
cm, 2 Round Open  green
D*=150 mm
2015 B2230 Yes (2) 3 1 rectangular Open 2020Whiteand 90 60 60 324 35 Green 8 2
cm, 2 Round Open  green
D*=150 mm
2015 B3230 Yes (2) 3 1 rectangular Open 2020Whiteand 90 s 60 621 35 Green 8 2
cm, 2 Round Open  green
D=150 mm
2015 c220W Yes(2) 2 Openround D*=120mm White 92 0 45 166 33 Black 8 2
2016-2017 TI3CHW No (1) 3 Closed, Horizontal funnel White 100 55 50 275 2 Green 12 3
20162017 T230W Yes (2) 3 Open round D*=120 mm White 100 55 50 275 2 Green 12 3
20162017 TI4CHW No (1) 4 Closed, Horizontal funnel White 120 35 60 252 2 Green 9 1
2016-2017 T14CVG No (1) 4 Closed, Vertical funnel ~ Green 120 35 60 252 2 Green 3 2
2016-2017 C220W Yes (2) 2 Open round D*=120mm White 92 0 45 1656 33 Black u 6

‘The characteristics in bold is used when identifying the pot and are included in the pot name. The first letter in the pot type name reflects the type of pot used during the year of fishing, B1, B2 and B3 for pots used in 2015, T for pots used in 2016 and 2017. Pot
type C is used all years and is named C for control. The names of the pot are ordered in the same order as the pot characteristics in the table, .., the pot used in the selected year (B1 B2 and B3, T or C), number of chambers in the pot (1 or 2), number of
entrances (2, 3 or 4), type of entrance (Open and Closed Vertical or Horizontal). The color of the entrance is show by W=White or G=Green. Thereby  pot fished in 2015 with 2 chambers, 3 entrances which are open will be named B1230. D, Diameter.
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DPUE

DPS

HKE

DPS

HKE

Geal ate t value
Intercept 7.995 1152 14.691
Grid T45 40mm 1.465 1.204 2.060
T90 50 mm codend 0.179 1.204 -9.271
Intercept 3611 1224 6.362
Grid T45 40mm 0.571 1.262 -2.407
T90 50 mm codend 1.033 1.269 0.137
Intercept 7.793 1127 17.199
Grid T45 40mm 0.694 1163 -2415
T90 50 mm codend 0.096 1163 -15.514
Intercept 0.529 1.485 -1.611
Grid T45 40mm 0.746 1.728 -0.535
T90 50 mm codend 0.031 2.348 -4.058

4045

0.025

227

0.001

s.e. is the standard error.
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Duration  Depth Species G N. measured N. measured

(minutes)  range samples- samples-com-
(m) discard mercial
Control 1 1 06:45 | 90 139-139 DPS 22824 130 033 495 010 | 1028
HKE 6186 5 050 124 I 95-425
Grid- 1 1 06:40 | 90 141-145 DPS 25933 38 Vi 459 0.10 | 11-32
T45 40
mm HKE 13027 10 " 160 I 90-520
T90 50 1 1 06:45 | 90 140-143 DPS 2282 4 0.17 | 354 I 13-31
mm
codend HKE 10585  // Vi 12 I 80-520
Control 1 2 08:40 | 90 14597 DPS 25145 | 64 017 560 010 | 529
HKE 7705 | 2 1 117 " 90-530
Grid- 1 2 08:45 | 90 147-100 DPS 28581 | 62 Vi 458 0.10 | 11-32
T45 40
mm HKE 8875 | 11 Vi 70 I 115-530
T90 50 1 2 08:50 | 90 145-98 DPS 3186 4 033 | 563 I 12-28
mm
codend HKE 11584 | // Vi 10 I 215-445
Control 1 3 10:50 | 90 143-148 DPS 24077 | 54 012 522 010 | 928
HKE 6460 5 017 | 35 55-575
Grid- 1 3 1050 90 146-152 DPS 28781 19 Vi 519 010 | 1234
T45 40
mm HKE 6056 12 Vi 71 I 120-400
T90 50 1 3 1045 | 90 150-153 DPS 3070 11 050 | 548 I 13-28
mm
codendl HKE 10427 3 050 49 Il 125-590
Control 1 4 1240 | 90 148-119 DPS 30034 114 017 | 548 008 | 929
HKE 7054 3 1 27 I 60-530
Grid- 1 1 1235 90 145-117 DPS 35652 | 43 Vi 459 007 | 11-28
T45 40
i HKE 4743 9 Vi 47 I 55-570
T90 50 1 1 1235 90 146-120 DPS 8817 | // Vi 360 025 | 1331
mm
codentl HKE 9745 Il I 32 I 135-605
Control 2 1 06:00 | 90 143-143 DPS 16292 199 017 | 584 020 | 1031
HKE 8583 5 033 | 126 I 65-400
Grid- 2 1 06:00 | 90 145-147 DPS 16202 // Vi 535 0.17 | 10-32
T45 40
mm HKE 2439 /] Vi 12 I 60-505
T90 50 2 1 06:00 | 90 143-146 DPS 4289 1/ Vi 450 050 | 6-28
mm
eodeni HKE 5276 I/ I 15 I 210-505
Control 2 2 08:00 | 90 146-117 DPS 39615 | 33 006 555 007 | 1028
HKE 19663 3 020 | 143 I 75-700
Grid- 2 2 08:05 | 90 145-120 DPS 44889 26 Vi 556 007 | 1232
T45 40
it HKE 5066 9 Vi 23 I 120-470
T90 50 2 2 08:05 | 90 143-118 DPS 4424 16 050 | 711 I 13-30
mm
eodeni HKE 12255 | // I 31 I 215-495
Control 2 3 1015 | 90 150-170 DPS 34733 | 65 017 486 007 | 1029
HKE 4759 5 050 20 I 75-460
Grid- 2 3 1020 90 145-168 DPS 40311 36 1 197 007 | 1231
T45 40
it HKE 2371 | 13 Vi 10 I 110-250
T90 50 2 3 1015 90 143-172 DPS 5867 | I/ Vi 543 050 | 11-29
mm
codend HKE 6063 1/ 1 27 I 220-485
Control 2 4 1210 | 90 155-110 DPS 22909 113 033 579 012 | 1027
HKE 2002 3 025 99 I 100-165
Grid- 2 4 1210 90 152-113 DPS 25994 | 25 1 477 0.10 | 11-29
T45 40 I
i HKE 3795 | 15 Vi 26 I 85-510
T90 50 2 14 1205 90 146-110 DPS 1447 | 77 033 122 I 13-27
mm
codenid HKE 1208 /I I 4 I 295-385
Control 3 1 06:15 | 90 137-152 DPS 14233 94 033 595 020 | 829
HKE 6293 4 Vi 27 I 85-640
Grid- 3 1 06:15 | 90 139-150 DPS 14618 | // 1 563 020 | 13-29
T45 40
st HKE 5781 | /I " 19 I 145-570
T90 50 3 1 06:10 | 90 146-155 DPS 3205 | 45 050 638 I 12-26
mm
coden HKE su2 I 18 I 75-550
Control 3 2 07:55 | 90 146-95 DPS 23932 155 025 49 010 | 1028
HKE 10720 // " 71 I 125-505
Grid- 3 2 08:00 | 90 144-89 DPS 24462 9 1 458 0.10 | 1233
T45 40 I
it HKE 1962 4 Vi 18 I 130-370
T90 50 3 2 07:55 | 90 14193 DPS 5335 /I I 487 050 | 1329
mm
codend HKE 5066 | // I 15 I 295-445
Control 3 3 09:30 | 90 126-148 DPS 17335 | 351 025 599 020 | 9-28
HKE 2287 | 1/ " 8 I 265-420
Grid- 3 3 0935 | 90 127-150 DPS 17137 | 21 Vi 542 0.17 | 1231
T45 40 I
ik HKE 1578 4 " 7 I 125-405
T90 50 3 3 09:30 | 90 132-145 DPS 1106 | // I 254 I 11-25
mm
codend HKE 3005 // I 7 I 270-535
Control 3 4 11:15 | 90 145-117 DPS 15961 | 133 025 544 017 | 10-30
HKE 2500 // I 26 I 70-345
Grid- 3 4 110 90 144-118 DPS 15529 | 28 Vi 198 I 10-30
T45 40
st HKE 1463 5 I 3 I 110-440
T90 50 3 4 11:10 | 90 139-115 DPS 5089 10 050 460 050 | 1427
mm
codend HKE 5243 | /I I 8 I 280-635

qa: subsampling fraction of the discard according to fishers’ habits; q¢: subsampling fraction of the commercial catch according to fishers' habits; //: not available.
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Fishery and
testing location

Light

source

Sea turtle bycatch studies

Baja, MX
experimental gillnet

Baja MX,
experimental gillnet
Baja, MX
experimental gillnet
Peruvian bottom set
gillnet fishery
Italian bottom set
gillnet fishery
Kenyan bottom set
gillnet fishery
Peruvian gillnet (drift
net and bottom set)
fisheries

Ecuadorian drift
gillnet fishery
Ghanaian gillnet
fishery

Green chemi-
luminescent
lights

Green LEDs
UV LEDs
Green LEDs
UV LEDs

Green LEDs

Green LEDs

Violet LEDs

Green LEDs

Other bycatch taxa studies

Peruvian bottom set
gillnet fishery

Peruvian gillnet (drift
net and bottom set)
fisheries

Baja, Mexico bottom
set gillnet fishery

Green LEDs

Green LEDs

Green LEDs

Effects on bycatch

60% reduction - green sea turtles

40% reduction - green sea turtles

40% reduction - green sea turtles

64% reduction - green sea turtles

100% reduction - loggerhead turtles

64.3% reduction — mixed species with sea turtles (mainly green
turtles)

70 - 74% reduction - mixed species of sea turtles (green, olive
ridley, and loggerhead sea turtles)

93% reduction - mixed species of sea turtles (olive ridley, green,

and leatherback sea turtles)

81% reduction - mixed species; 88% reduction of leatherbacks, 81%
reduction of olive ridleys

85% reduction - guanay cormorants

70% and 66% reduction — mixed species of cetaceans

63% reduction - total bycatch biomass; 48% reduction in finfish
bycatch; 95% reduction in elasmobranchs bycatch, 81% reduction in
Humbolt squid bycatch

Effects on Reported  Reported

target
catch

No
difference

No
difference
No
difference
No
difference
No
difference
No

difference

No
difference

No
difference
No
difference

No
difference
No
difference

No
difference

total
bycatch

115 sea
turtles

187 sea
turtles

332 sea
turtles

194 sea
turtles

16 sea turtles
86 sea turtles

131 sea
turtles

32 sea turtles

222 sea
turtles

45
cormorants

53 cetaceans

2273 kg of
bycatch
biomass

total fishing
effort

12 net sets

30 net sets

22 net sets
228 net sets
669 net panels
80 net sets

864 net sets

146 net sets

9,761 net sets

228 net sets

864 net sets

56 net sets

Citation

Wang
etal, 2010

Wang
etal, 2010
Wang
etal, 2013
Ortiz
etal, 2016
Virgili
etal, 2018
Kakai,
2019

Bielli
etal, 2020

Darquea
etal, 2020
Allman
etal, 2020

Mangel
etal, 2018
Bielli

etal,, 2020

Senko
etal,
2022a
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Dataset

Included Fishes

Labels

Location

References for model train-
ing

Content
type

BYU (Brigham
Young
University) Fish
dataset

Croatian Fish

Dataset

DeepFish

Deep Vision
Dataset

FathomNET

FishKnowledge
(F4K)

FishNet

Fish-Pak

HabCam
(Habitat
Mappi

Camera System)

J-EDI JAMSTEC
E-library of
Deep-sea
Images)

LifeCLEF 2015/
FISHCLEE/
SeaCLEF

NINA204

NorFisk

ONC Video
Data

OzFish

QUT Fish
Dataset

RockFish/
Labeled fishes in
the wild

‘The Nature
Conservancy
Fisheries
Monitoring
Database

TROUT39

VoC2012/
PASCAL Visual
Object Class

WildFish

http://roboticvision.groups.et byu.
net/Machine_Vision/BYUFish/
BYU_Fish htm!

hitpd/wwiwinf-cv.uni-jena.delfine_
grained_recognition html#datasets
(currently not accessible)

https//github.com/alzayats/
DeepFish

http//metadata nmdc.no/metadata-
api/landingpage/
0141023450 f46390631 3ea20cd3f3

hitp/fathomnet org

hitp//avwaw perceivelab.com/
datasets

hitpsi//swww fishnet aif

hitps¢/data. mendeley.com/datasets/
ndydw29sbz/3

hitpsi//habcam whoi.edu/

https://www godac jamstec gojp/
jedife!

https//awww.imageclef.org/2014/
lifeclef/fish

Not retrievable

https://dataverse.no/dataset xhtml?
persistentld=doi:10.18710/H5G3KS

hitps://github.com/bonorico/
analysis-of-ONC-video-data

https://github.com/open-ATMS/
ozfish

hitps://wwwdrapbox.com/s/
e2xyal prr2tmxr/QUT._fish_data.
zip?di=0

https://swiscdata.nmfs.noaa.gov/
labeled-fishes-in-the-wild/

https://www kaggle.com/
competitions/the-nature-
conservancy-fisheries-monitoring/
data

Not retrievable

hitpi/host.robots.ox.ac.ukipascal/

VOCHvoc2012/

hitps://github.com/PeiginZhuang/
WildFish

12 labelled species (2.5 GB)

~700 images of 12 different fish
species in real life conditions
(120 images in training set and
674 in testing set)

~40,000 annotated clas
labels, collected from 20
different habitats

Two surveys 2017 to 2019 from
Deep Vision system

~80,000 images of marine
animals, 106 000 localizations,
26000 h videos, 6.8 million
annotations, 4 349 terms

3.5k bounding fishes/700k 10-
minute video clips

406463 bounding boxes in
86,029 images from 73 different
electronic monitoring cameras

915 images of carps with
different orientation, posi
mouth

2,500,000 images

1,500,000 images

73 annotated videos

204 video clps (101 stocked fish
and 103 wild fish)

12514 annotated images
(timestamp 2021 as it is
expected to grow from 2020
recorded footages) 3027
annotated images of saithe, 9487
of salmonids

9772 video clips, 9205 annotated
sablefish individuals

80K labeled crop images, 45k
bounding bos annotations, 507
species of fish

~4000 classification images, 486
species

929 images with 1005 marked
fish, 17 videos at 10min long,
rate of 5 fps, ~1k bounding
boxes (fish)

Unspecified

39 images of brown trouts in
288 frames

17,000 annotated fishes

~2000 fish categories with
103,034 wild fish images based
on several professional fish
websites (e.g., Fish Base,
Encyclopedia of Life, Fishes of
Australia)

90 Asian Carp, 110 Crucian Carp, 74
Predatory Carp, and 89 Colossoma and
four non-invasive species (120 Cottids,
137 Speckled Dace, 172 Whitefish, and
240 Yellowstone Cutthroat image)

Mixed

Mixed in situ

Blue whiting, Atlantic herring, Atlantic

herring, other mesopelagic fishes

Mixed

Species of tropical fishes

Majority of species detected tuna species

(albacore, yellowfin, Skippack, bigeye)

Ctenopharyngodon idella, Cyprinus
carpio, Cirrhinus mrigala, Labeo rohita,
Hypophthalmichthys molitrix, and Catla
catla.

Mixed marine vertebrates and
invertebrates

Deep sea species

Species of tropical fishes

Brown trout species

Saithe and salmonids

Sablefish

Mixed (e.g. Scarids, Chlorurus,
Capistratoides sp).

Mixed in situ

Ground fishes

Albacore tuna, Bigeye tuna, Yellowfin
tuna, Mahi mahi, Opah, Sharks

Brown trout species

Unspecified

Mixed

Species

Species

Fish/no
fish

Species

Mixed

Fish/no
fish

Species

Species

Species

Species

Species

No fish/
stocked
fish/
wild
fish

Species

Species

Species/
no

species,
fish/no
fish

Species

Fish/no
fish

Species

Species

Fish/no
fish

Species.

Not specified

Adriatic Sea in
Croatia

Coastal marine
environments in
Australia

In situ from

surveys +
synthetic data

Worldwide

Taiwan coral
reefs

From longline
tuna vessels in
western and

central Pacific

Pakistan, local
farms, and river
systems

Not specified

Not specified

Taiwan coral
reefs

Stocked fish and
freshwater wild
species in
Norway

Norwegian fish
farms using
GoPro hero 45
and § cameras
(49 hours of
video)

Berkeley
Canyon, North
America

Stereo BRUVS

Varying ex situ
and in situ
habitats

Southern
California Bight
from 2000-2012
surveys

Mixed

Stocked fish and
freshwater wild
species in
Norway

Unspecified

Mixed

Lillywhite and
Lee, 2013

Jager et al.,
2015

Saleh et al,,
2020

Allken etal,
2021b

Boulais et al,
2020; Katija
etal, 2021a

Boom etal.,
2014; Fisher
etal, 2016

Kay and
Merrifield,
201

Shah et al,,
2019

Northeast
Fisheries
Science
Center
(NEFSC)

Japan Agency
of Marine-
Earth Science
and
Technology

Joly etal,
2016

Pedersen and
Mohammed,
2021

Crescitelli
etal, 2021

Bonofiglio
etal, 2022

Australian
Institute of
Marine
Science
(AIMS), 2019

Anantharajah
etal., 2014

Cutter et al,
2015

‘The Nature
Conservancy
Fisheries

Pedersen and
Mohammed,
2021

Everingham
and Winn,
2012

Zhuang et al,
2021

Chua et al,, 2011; Rasheed, 20215
Simons and Lee, 2021

Okafor et al, 2018; Qiu et al, 2018;
Zhao et al., 2018; Guo et al., 2020;
Yan et al, 2021; Pang et al, 2022

Laradji et al,, 2020; Saleh et al., 2020

Allken et al,, 2021b.

Katija et al, 2021b

Rathi et al., 2017 Pramunendar
etal, 2019; Wang et al, 2019;
Alshdaifat et al,, 2020; Guo et al,
2020; Murugaiyan et al, 2021;
Prasetyo et al, 2021; Knausgird
etal, 2021

Mujtaba and Mahapatra, 2022

Shah et al,, 2019

Unknown

Unknown

Hossain et al,, 2016; Salman et al.,
2016; Salman et al., 2020; Zhang
et al,, 2020; Ben Tamou et al, 2021

Albawi et al,, 2017; Myrum et al.
2019

Crescitell et al., 2021

Fier et
2022

015; Bonofiglio et al.

Ditria et al., 2021b

Qiu et al, 2018; Guo et al., 20205
Pang et al, 2022

Cutter et al,, 2015

Pelletier et al., 2018

Pedersen and Mohammed, 2021

Lietal, 2021

Pang etal, 2022

Images

Images

Images

Images

Images and
Videos

Tmages and
Videos

Tmages

Tmages

Images

Images and
Videos

Videos

Videos

Images

Videos

Tmages

Images

Images and
Videos

Images

Videos

Images

Images
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Al & Pipelines

Application

Behavior
classes

Light
source

Underwater
Observation
System

Database
Source

Reference

YOLOV3 + dense
optical flow method
+ trajectory image
compression with
VGG19 + data
augmentation
generative sampling
+ binary behavior
classification

Pre-trained ResNet50
+ Motion estimation
algorithm for optical
flow data

YOLOV3 +
MobileNetv2
backbone +
improved detection
method with
pyramid pooling
block and multiscale
feature extraction
technique

Idtracker.ai hybrid
system (Gaussian
mixture model +
greedy acceleration
minimization
principle)

3D Residual
Networks

Mask RCNN + 3
different trackers
(MOSSE, Seq-NMS,
SiamMask)

Dual-Stream
Recurrent Network
(DSRN) (Spatial
Network + 3D CNN
+ LSTM)

YOLOV3 + LSTM
networks

Built-in algorithms in
LabView software +
Vision Development
Module

2 converging streams
of event classifier
with SVM +
trajectory-based
algorithms

Dual-stream 3D
convolutional
network with State
Definition +
Tracking Encoding +
Decoding by
Directed Cycle Graph
(DSC3D)

Motion influence
map + RNN

Clustering index with
near-infrared images

LeNet5 7 layered
CNN structure

Response of
zebrafish
(Danio rerio) to
odorants

Grazing
behavior of
free-swimming
luderick (Girella
tricuspidata) on
sea grass
patches

Quantify
feeding and
stress behavior
of carps
(Carassius
auratus) and
catfish
(Pelteobagrus
fulvidraco)

Characterized
mutual motor
coordination
and multi-
functional
maneuvers in
zebrafish
(Dania rerio)

Behavior of
cichlids
(foraging,
construction,
and social
behavior)

Characterizing
movement
behavior of
yellowfin
seabreams
(Acanthopagrus
australis)

Tracking if
feeding
behavior of
salmon (Salmo
salar)

Identifying
startle behavior
in sablefish
(Anaplopoma
fimbria)

Detection of
gilthead
seabream
(Sparus aurata)
changes in
speed and
position

Influence of
typhoons on
mixed coral reef
fish behavior in
tropical
underwater
scenes

Behavior of
spotted knifejaw
(Oplegnathus
punctatus) in
high stress
environments

Detection,
localization,
recognition of
unusual local
behavior in
tilapia
(Oreochromis
niloticus)

Analyze of
feeding
behavior of
carps (Cyprinus
carpio var.
specularis)

Assessing fish
appetite of
tilapia
(Oreochromis
niloticus)

Best accuracy achieved
among tested
classifiers of 0.867
with data
augmentation and
decision tree classifier

Recall, precision and
F1 score between 0.73
and 0.79 (without
spatiotemporal
filtering); Recall,
precision, F1 score
between 0.84 and 0.87
(with spatiotemporal
filtering)

Precision of 0.897, a
recall of 0.884, an
intersection over
union of 0.892

Identification accuracy
of 0.98

Accuracy for behavior
recognition of
construction behavior
of 0.76

Detection F1 score of
0.91, 120 of 169
individuals correctly
identified, 0.78
tracking accuracy
(MOSSE and
SiamMask) and 0.84
(Seq-NMS)

Behavior prediction of
0.80

Average precision of
0.85

Less than 21 frames,
equivalent to 2.3 s,
were lost from a total
number of 778,378
recorded frames per
day

Accuracy of 0.80 for
fish detection, 0.95 for
tracking, 0.97 for event
detection

Mean correct behavior
recognition of 0.950

Accuracy for detection
(0.98), location (0.92),
recognition (0.90)

Accuracy of 0.945

Accuracy of 0.90

Olfactory
response

Grazing/non
grazing

Separate
feeding and
hypoxia
experimental
conditions

Fighting
behavior

Construction,
feeding,
mating

Tracking
angles:

Feeding/Non
feeding

Startle/non-
startle event
on video clips

Net inspection
and net biting

Typhoon/non
typhoon
videos

5 behavioral
states:
Feeding,
Hypoxia,
Hypothermia,
Frightening,
Normal

Unusual (3
behavioral
subcategories
of sudden
‘movements)

Temporal
feeding states

before, during
and after (t=5,
15,30,60 s)

Fish appetite
(none, strong,
medium,
‘weak)

Lab

In situ open
water

Fish tank

Lab

Lab

In situ rocky
(rocky reefs
and seagrass
meadows)

Breeding

cages at sea

In situ, open
‘water,
tropical

Lab

In situ

Lab

Aquaculture
tank

Aquaculture

Aquaculture

Low-
light
intensity

Natural
light

120
light-
emitting
diodes

light
intensity
of 200-
300 Ix at
the water
surface

Artificial
light
source

Natural
light

Natural
light

Natural
light

Artificial
light

Natural
light

Artificial
light
source

Artificial
light

Near-
infrared
light
source

Near-
infrared
light

Infrared video
camera

Action cameras
(Haldex Sports
Action Cam HD
1080p)

Go-pro Hero 7
Black

Video camera —
not specified

RaspberryPi
camera v2

Action cameras
(1080p Haldex
Sports Action
Cam HD)

Video camera
(not specified)

Fixed in situ
camera

Charge coupled
device (CDD)
cameras

GoPro cameras

HD digital
camera
(HikvisionDS-
2CD2T87E(D)
WD-L)

Charge coupled
device (CDD)
cameras (DS-
2CD6233F-SDI,
Hikvisio)

Industrial
camera (Mako
G-223B NIR)

Industrial
camera (Mako
G-223B NIR)

Own dataset +
PASCAL VOC
and MS-COCO

Own dataset
(RGB videos)

Own dataset
(RGB videos)

Own dataset

Own dataset
(RGB videos)

Own dataset
(RGB videos)

Own dataset
(RGB videos)

Own dataset
(RGB videos)

Own dataset

Fish4Knowledge
dataset

Own dataset
(RGB and
optical flow
videos)

Own dataset
(RGB images)

Own dataset
(infrared
images)

Own dataset
(infrared
images)

Banerjee
etal, 2021

Ditria et al,,
2021b

Huetal,
2021

Laan et al,,
2018

Long et al.,
2020

Lopez-
Marcano
etal, 2021

Maloy et al.,
2019

Mclntosh
etal, 2020

Papadakis
etal, 2012

Spampinato
etal, 2014

G. Wang
etal, 2021

Zhao et al.,
2018

Zhou et al.,
2017

Zhou et al.,
2019

Full terms of included abbreviations, LSTM, Long Short-Term Memory; CNN, Convolutional Neural Network; MOSSE, Minimum Output Sum of Squared Error; RNN/RCNN, Recurrent Neural
Network/Recurrent Convolutional Neural Network; Seq-NMS, Sequential Non-Maximum Suppression; SiamMask, Siamese Mask; SVM, Support Vector Machine; YOLO/V3, You Only Look Once

wversion 3.
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Light

Sound
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Behavioral studies

Short-
term
Behavior
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(Response)

Chemotaxis Attraction,
repulsion,
feeding,

herding

Phototaxis Attraction,
repulsion,

herding

Attraction
or repulsion

Phonotaxis

Rheotaxis Change in
orientation,
herding, or

speed

Thigmotaxis Herding,
sheltering

behavior

Current
Observation
Systems
(Computer
vision)

Baited Remote
Underwater
Videos (BRUV),
Optical (RGB) or
Infrared) and
Hydroacoustic
camera

Optical cameras,
Hydroacoustic
camera

Optical cameras
(RGB or
Infrared),
Hydroacoustic
camera

Optical cameras
(RGB or
Infrared),
Hydroacoustic
camera

Optical cameras
(RGB or
Infrared),
Hydroacoustic
camera

For comprehensive summary of fishing gears, see (He ct al., 2021).

Data Process

Behavioral
Data Pro-
cessing

Automated

Automated

Automated

Manual

Automated

Al application

Cascade Faster R-CNN
(Méhault et al,, 2022),
C3D Model (G. Wang
et al,, 2021), Dual
Stream Recurrent
Network (Miloy et al.,
2019)

C3D Model (G. Wang
et al, 2021), YOLOv2
+ behavioral metric
pipeline (Barreiros

et al,, 2021)

C3D Model (G.

Wanget al., 2021),
YOLOV2 + behavioral
metric pipeline
(Barreiros et al., 2021)

Particle image
velocimetry (PIV)
(Oteiza et al., 2017)

Motion influence map
+ RNN (Zhao et al.,
2018)

Advantage/
Limitation of
Computer
Vision

Zero to low
visibility of
chemical
diffusion in water
that can be seen
by computer
vision

Light attenuation
in water

Sound diffusion
can only be
detected with
acoustic cameras,
stimuli origin not
visible to optical
cameras

Requires
additional
measurement for
speed of current

Requires wide
angles of video
recording and
image capture

Fishery Potential Application

Selective
Device/
Method

Fishing
gears

Natural or artificial
baits

Baited gears
(fish pots,
hook-and-line,
longline,
gillnets,
trawling)

Any type of
gears (Pots,
longline,
Gillnet,
Surrounding
nets, Lift nets,
Seine, Trawl,
Dredge)

LED lights, laser
beams

Gillnet, Purse Acoustic beams

Seine (Gan et al,, 2012),
pingers/sonar
reflectors, fish
calling devices
(donburi, payao)
(Yan et al,, 2010)

Any type of Bait diffusion from

gears (Pots, source, Water jets,

longline, gear panels

Gillnet,

Surrounding

nets, Lift nets,

Seine, Trawl,

Dredge)

Any type of Panels, mesh size

gears (Pots, and shape, netting

longline, grids

Gillnet,

Surrounding

nets, Lift nets,
Seine, Trawl,
Dredge)
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Technological Solutions

Examples

High Turbidity

Backscatter of natural light

Dark environment

Species-level recognition

Abrupt changes in animal
orientation, fast-swimming
species

Continuous recordings of species
distribution

Collective behavior, capturing
large elements or objects

Capture depth/3D features

Small compartments/space

High spatial acuity cameras, laser-imaging, Cameras with polarized
filters or light sources

Far-red illumination (680 nm LED), near-infrared illumination

High-definition cameras

High shutter speed (> 200 frames per second)

Long-battery/low-energy/cabled cameras

Stage-wide cameras/multiple set-up cameras, far-range sonars,
hydroacoustic

3D/holographic/stereo cameras, cameras with distance-
compensated structured lighting, Optical-Acoustic Hybrid Imaging

Compact/micro cameras

High cost

Less features in images;
narrow range of view

High cost, limited to RGB
cameras

High cost

Limited spatial range
High cost; logistically
demanding

Heavy computational cost;

logistically demanding

Low image resolution

(Lu et al,, 2017)

(Chidami et al., 2007; Shcherbakov
etal, 2012)

(Crescitelli et al., 2021; Murugaiyan
etal, 2021)

(Catania et al., 2008)

(Rosen and Holst, 2013; DeCelles
etal, 2017)

(Wei et al,, 2022)

(Sawada et al,, 2004;
Negahdaripour, 2005; Pautsina
etal,, 2015)

(Duecker et al., 2020)
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Species

M. merluccius

M. barbatus

T. trachurus

P. longirostris

I coindetii

N.A., Not Available.

Min TL (cm)

Max TL (cm)

Mode (cm TL)

% specimens< MCRS
N. specimens measured
Min TL (cm)

Max TL (cm)

Mode (cm TL)

9% specimens< MCRS
N. specimens measured
Min TL (cm)

Max TL (cm)

Mode (cm TL)

% specimens< MCRS
N. specimens measured
Min CL (mm)

Max CL (mm)

Mode (mm CL)

% specimens< MCRS
N. specimens measured
Min ML (cm)

Max ML (cm)

Mode (cm ML)

9% specimens< MCRS

N. specimens measured

CTRL

50
11
734
1278
12
26
15

349

32

17

6.6
680

39
21
10.1
6215

17

NA.
1126

GRID

76
10
70.3
1079
13
24
15

229
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5.1
642

38
21
11.2
5647

17

N.A.
512

T90

60
11
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1493
12
25
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17
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Species/Taxon

Total catches
Total

Total

M. merluccius
M. merluccius
M. barbatus
T. trachurus
T. trachurus
P. longirostris
P. longirostris
L coindetii

Benthic organisms

NS, Not significant.

Category

Total
Discards
Commercial
<MCRS
>MCRS
>MCRS
<MCRS
>MCRS
<MCRS
>MCRS
Commercial

Discards

Results

significant reduction with GRID

No significant difference

significant reduction with GRID

significant reduction with GRID

No significant difference

No significant difference

No significant difference

No significant difference

No significant difference

significant reduction with GRID

significant reduction with GRID

No significant difference

Factor

NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90
NetType - GRID
NetType - T90

Estimate

-12.52
%75
-0.27
1.67
-12.36
1.02
-0.28
0.21
-0.13
-0.09
-0.23
0.25
-0.06
0.01
-1.39
-0.02
-0.241
-0.003
-6.18
2.19
-3.33
0.11
0.49
1.06

t value

-4.01
0.88
-0.13
0.82
-5.13
0.44
-2.25
1.66
-0.26
-0.18
-1.08
117
-1.49
0.18
-0.83
-0.01
-1.57
-0.02
-3.32
1.18
-6.57
0.22
0.50
1.09

Significance level

<0.05
NS
NS
NS
<0.05
NS
<0.05
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
<0.05
NS
<0.05
NS
NS
NS
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% biomass deep % € deep % € relative to % economic loss at % economic relative to

Species 5 S

2 shelf FS shelf FS all FS's species level deep shelf FS
Citharus
linguatula 338 3.82 54.5 3025 191
Lophius spp 8.62 1115 91.08 0 0.00
Merluccius
merluccius 1027 17.24 86.41 3203 9.10
Mullus spp 9.85 1239 65.09 27.93 5.70
Trachinus draco 1.65 0.93 87.61 3859 293
Trisopterus
minutus 526 2.39 82.11 7443 125
Parapenaeus
longirostris 2.03 4.01 79.02 18.89 128
Alloteuthis spp 034 1.57 49.48 49.63 256
Eledone spp 6.38 5.94 90.7 2615 211
Illex: coindetii 3.94 3.53 93.51 3624 0.33
Loligo spp 0.3 1.02 56.37 19.86 0.56

The percentage € obtained from this FS for each species in relation to all FS's followed by the bottom trawl fleet in La Rapita is also presented as well as the predicted percentage loss due to the
substitution of the current 40 mm square meshed codend by the 52 square meshed codend at both species level and relative to the total incomes obtained from the deep shelf hake fishery.
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Total economic income

(Euros)
695634

2629425

4777846

269453

% economic
income

8.26

3121

56.71

32

Total biomass % biomass
landed (kg) landed
205150 11.08
549031 29.65
1039562 56.14
43268 234
14745 0.79

52945

It displays the total and percentage values of the number of fishing days, landed biomass and economic incomes obtained from each fishing strategy.
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Species

Citharus linguatula -5.17 £ 0.90 0.37 £ 0.06 13 +£0.37 4.25 +£0.71 cloglog

Lepidotrigla cavillone -8.79 = 0.81 0.75 £ 0.08 11.28 £0.17 210 +£0.22 cloglog

Merluccius merluccius -31.90 £ 10.2 1.26 £ 0.39 22.19 £0.18 5.03 +0.16 logit 5.58
Mullus barbatus -10.20 £ 0.67 0.56 + 0.04 17.63 £ 0.15 2.82 +0.20 cloglog

Trachinus draco -10.51 £ 1.05 0.42 + 0.04 24.06 +0.33 3.73 £0.38 cloglog

Trisopterus capelanus -5.83 £ 033 0.28 +0.02 1932 £0.57 5.56 +0.47 cloglog

Parapenaeus longirostris 11.90 £ 61.92 0.19 £ 0.01 2262 £0.34 8.49 + 0.56 logit 1.82:107
Squilla mantis -6.65 + 0.36 0.34 £0.02 19.65 £ 0.18 6.49 +0.34 logit

Alloteuthis media -3.52+0.22 0.48 £ 0.04 7.38 £0.23 2.82+0.24 probit

Eledone cirrhosa -1.27 £ 0.30 0.11 £ 0.04 8.46 + 0.67 14.65 + 4.43 cloglog

Illex coindetii 14.55 + 63.93 0.23 £ 0.02 10.32 £ 0.25 6.94 + 0.48 logit 6.69-10°%
Loligo vulgaris -5.09 + 1.83 0.48 £0.17 9.78 + 0.50 326+ 1.18 cloglog

S; and S,: selection curve parameter estimates. Lso: mean selection length or the length at which the probability that an individual is retained in the codend is 0.5 (in cm for all species but
Parapenaeus longirostris and Squilla mantis in mm). SR: selection range (Lys-Lys). & Richard’s curve exponent parameter. The link function used to fit the models is indicated.
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T90 vs TRA EXP vs 52SM
Species Model = Parameter = Estimate SE Model = Parameter = Estimate SE
o -0.093 0.042 00269 o 0.016 0.062 0.7921
Merlucci I
eriucons Quadratic 3 0.056 0.097 05637 Quadratic i 0385 0.082 <0.0001
merluccius !
: 0.348 0.103 0.0007 B, 0.487 0.097 <0.0001
B 0.236 0.08381 0.004816
Mull o
i “b“: Linear Constant " 15787 0.1912 <0.0001
arbatus i 0.436 011292 0.000115
Bo -0.68103 0.08966 | <0.0001 Bo 0.303 0.100 0.0024
B 148955 019827 | <0.0001 i 0.445 0256 0.0824
5 I
Arapenoens Quartic " 11539 0.44579 0.0096 Cubic 5 0425 0.152 0.0052
longirostris
3 -0.69333 0.30858 00247 3 0736 0237 0.0019
B 099341 0.36529 0.0065

Net configurations are abbreviated as follows: traditional (TRA), traditional equipped with a 90° turned mesh in the extension (T90), traditional equipped with a 52 mm square meshed codend
and a codend cover (528) and, T90 equipped with a 52 mm square meshed codend (EXP). B;): the regression coefficients of the model based on the order polynomial that better fitted the data; SE:
Standard Error; p: significance level of the estimate.
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MCRS %< %< %<MCRS %<MCRS %<MCRS %<MCRS %<MCRS %<MCRS

Species (€m) | MCRS MCRS retained retained retained retained retained TRA  retained 52S
escaped 52S EXP T90 TRA +T90 +EXP
Lophius 30 s621% 0 5621+ 453 | 5085729 | 5085+854 | 4521343 55.75 £ 3.56 53.94 +3.99
budegassa 453
i 294 +

Meticaus 0 7 8976+ 164 | 3155291 | 4333119 | 5621+413 | 5511+294 55.63 + 243 3635 +2.10
merluccius 275
Mullus 1 9.09 100 0 0 313 128 023 %092 0
barbatus
Tracksipus 15 PA2E | gocis 183 95974180 | 8942+323 | 715541061 | 76414613 7425 % 5.65 92,84 % 1.90
trachurus 1.05
Parapenaeus 2 BB geas 1075 2524043 387+ 1.19 7.06 +2.17 7.60 +2.91 7334053 3024053
longirostris 315

For the 528 hauls, equipped with a codend cover, the percentage of undersized individuals in relation to the total number of individuals entering in the net (%<MCRS) and the percentage of
individuals below MCRS that escaped in relation to the total number of individuals below the MCRS entering in the net (%<MCRS escaped) are also displayed. TRA+T90 and 528 +EXP refer to
calculations based on data pooled by configurations of the net using the same mesh size in the codend.
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TRA vs T90 EXP vs 525 TRA+T90 vs EXP+52S

TOTAL com

Total Catch n.s. ns. ns. ns. ns. ns. *(6) ns. *(6)
Osteichthyes n.s. I ns. ns. ns. ns. ns. *(6) 0 ns. | ns.
Crustacea Decapoda ns. ns. ns. ns. ns. ns. ns. ns. ns.
Mollusca Cephalopoda n.s. ns. ns. ns. ns. ns. ns. ns. ns.
Benthos n.s. ns. ns. n.s. *(4) ** (4) n.s. ns. n.s.
Arnoglossus laterna n.s. ns. ns. n.s. ns. ns. *(6) **(6) n.s.
Chelidonichthys gurnardus ns. ns. ns. ns. ns. ns. ns. ‘ n.s. ns.
Chelidonichthys lucerna n.s. I ns. - ns. ns. - ns. n.s. -
Citharus linguatula n.s. ns. ns. ns. ns. ns. ns. n.s. ns.
Lepidotrigla cavillone n.s. ns. *(2) ns. ns. ns. **(6) #*i(6) ns.
Lophius budegassa ns. ns. ns. ns. ns. ns. ns. ns. ns.
Merluccius merluccius n.s. ns. n.s. n.s. n.s. ns. > (6) ** (6) **(6)
Mullus barbatus n.s. ns. - **(5) **(5) - n.s. n.s. -
Scomber scombrus n.s. ns. n.s. *(4) *(4) ns. n.s. n.s. n.s.
Scyliorhinus canicula n.s. ns. - ns. ns. n.s. ns. n.s. ns.
Trachinus draco ns. ns. - ns. ns. - ns. ns. -
Trisopterus minutus ns. ns. ns. ns. ns. ns. > (6) “*+ (6) ns.
Parapenaeus longirostris ns. ns. ns. ns. n.s. ns. ns. ns. ns.
Squilla mantis ns. ns. ns. ns. ns. ns. ns. ns. ns.
Alloteuthis media ) ns. n.s. n.s. n.s. n.s. *t:(6) ** (6) n.s.
Eledone cirrhosa ns. ns. - ns. ns. ns. ns. ns. ns.
llex coindetii n.s. ns. ns. *(4) *(4) *(4) *ar-(5) *+(6) n.s.
Loligo vulgaris ns. ns. ns. ns. ns. - ns. ns. ns.
Sepia elegans (1) ns. ns. ns. ns. ns. ns. ns. ns.

* p<0.05; **: p< 0.01; % p< 0.001; n.s.: non-significant differences; Significant differences are identified as: 1: TRA > T90; 2: TRA< T90; 3: TRA > 525; 4: EXP > 528; 5: EXP< 528; 6: TRA+T90 >
TRA+T90< EXP+52S; 8: TRA< 528.
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Component

Net

Cable

Float pole

Accessory

Main netting

Headline
Side rope
Foot line
Lead line
Hauling rope

Bridle line

Sinker

Structural specification

Scale:1.53 mx1.67 m

PES material, braided knotless, diamond mesh
Mesh number 576x552 (T-direction x N-direction)
Mesh size (2a) 8 mm, diameter 0.5 mm

Polyamide (PA) material, length 1.53 m, diameter 5.77 mm
PA material, length 1.67 m, diameter 3.46 mm

PA material, length 1.53 m, diameter 3.46 mm

PA material, length 1.53 m, diameter 5.77 mm

Steel material, diameter 2.0 mm

Steel material, diameter 2.0 mm

PVC material, length 1.61 m, diameter 16 mm

Lead material, each 50 gor 10 g
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Formica

Total biomass (kg)

Favignana

Marettimo

Osteichthyes 3L.61 10.60 5227 25.48 94.70 43.14
Chondrichthyes 4.63 6.17 2.62 3.85 6.93 13.94
‘ Cephalopoda 30.32 19.39 28.76 22.68 2834 24.18
Crustacea 0.62 0.89 2.58 0.77 4.89 157
Mollusca 177 0.05 4.58 3.34 5.30 1.54
Echinodermata 0.46 0.06 0.80 0.08 1.00 0.10
Bioconstruction 0.52 0.13 0.15 0.01 1.00 0.18
Posidonia oceanica 1.78 1.49 5.10 3.35 2383 121
Algae 0.00 0.01 0.00 0.00 0.00 0.00
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Variable Species Capture condition W value p-value

Swordfish 245 1
Blue shark 20 0.59 NS
CPUE
Pelagic stingray 225 0.83 NS
Loggerhead turtle 28 0.68 NS
Swordfish 7115 0.32 NS
Blue shark 128.5 0.59 NS
Length
Pelagic stingray 18 0.17 NS
Loggerhead turtle 13 079 NS
Condition 1 295 0.56 NS
Swordfish Condition 2 245 1 NS
Condition 3 225 0.85 NS
Condition 1 41 0.04 *
Capture condition Blue shark Condition 2 6.5 0.02 *
Condition 3 185 043 NS
Condition 1 85 ‘ 1 NS
Pelagic stingray Condition 2 [ 6 i 045 NS
Condition 3 85 1 NS
Condition 1 8 1 NS
Loggerhead turtle Condition 2 7 1 NS
Condition 3 6 NA NS

Anasterisk (*) indicates a significant difference between hook types within a condition (p <.05) and “NS” (not significant) indicates that no differences were found between the hook types within a
condition (Wilcoxon’s test; p >.05). CPUE, Catch-per-unit-effort. NA, Not Available.
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Fishing set

Hook type Swordfish
J-type 1111 2.78 278 0
C-type 833 5.56 0 0
J-type 2222 5.56 0 0
C-type 2222 5.56 0 556
J-type 38.89 8.33 0 0
C-type 16.67 833 0 0
J-type 16.67 5.56 0 5.56
C-type 25.00 2.78 278 278
J-type 5.56 833 278 0
C-type 5.56 5.56 278 278
J-type 13.89 1111 13.89 5.56
C-type 13.89 833 1111 278
J-type 1L11 833 556 278
C-type 13.89 833 278 278
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Number of specimens

Number of specimens
caught by a C-type hook

Size range of specimens
caught by a J-type hook (cm)

Size range of specimens
caught by a C-type hook (cm)

Specics caught by a J-type hook
Swordfish ‘ 43

Blue shark 17

Pelagic 9

stingray

Loggerhead 5

86.0-150.0

140.5-187.0

37.3-47.0

28.2-40.1

80.0-178.5

123.0-207.0

35-85.0

25.6-41.2
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Capture Description

condition

1. Healthy Vigorous body movements

2. Sluggish Weak body movements; responds to touching and prodding

3. Moribund or No body movements; no response to touching or prodding; movements of the operculum/gill slits noted (moribund) or no movements of the

dead operculum/gil slits noted (dead)





OPS/images/fmars.2022.985086/M4.jpg
Copus[ii - U] (i - U)

@)





OPS/images/fmars.2023.1124093/fmars-10-1124093-g006.jpg
Percentage (%)

90

60

30

o

(o]
o

60

30

Condition 1

Blue shark

Pelagic stingray

Condition 2

Condition 3

Condition

NS

Condition 1

Loggerhead turtle

Swordfish

NS

Condition 2

Condition 3





OPS/images/fmars.2022.985086/M30.jpg





OPS/images/fmars.2023.1124093/fmars-10-1124093-g005.jpg
Total length (cm)

Disk width (cm)

Blue shark Loggerhead turtle
L] L] L]
2004 NS 3 804 NS
E
L 4
1804 = 0
i)
(=4
L 604
1604 8
S 0
<%
= g 504
1404 = o ]
40 .
120 .. T T T
C-type J-type C-type J-type
Pelagic stingray Swordfish
L] oo
1754
« NS . = 1NS
o
e
t 1501 o o
e
35+ Tl .
<
=
4 ] )
L 125 e 4o
3
301 "-‘;‘
° L) L
o 4
& 2 100
o
e}
L]
25 T T
C-type J-type

Hook type






OPS/images/fmars.2022.985086/M3.jpg
+sina





OPS/images/fmars.2023.1124093/fmars-10-1124093-g004.jpg
CPUE

‘I NS NS

Blue shark

6
4
2
0
C-type J-type C-type J-type
Pelagic stingray Swordfish

NS

C-type J-type C-type
Hook type






OPS/images/fmars.2022.985086/M28.jpg
a, = KL

(26)





OPS/images/fmars.2023.1124093/fmars-10-1124093-g003.jpg
76 mm

ww 6§





OPS/images/fmars.2022.985086/M25.jpg
a<a





OPS/images/fmars.2023.1124093/fmars-10-1124093-g002.jpg
~__— Buoy
Sea surface

— \_|_| R s e | N —
J-type C-type J-type C-type J-type C-type
(n=120) (n=120) (n=120) (n=120) (n=120) (n=120)

Drop line ——>
Baited hook ——»*





OPS/images/fmars.2023.1124093/fmars-10-1124093-g001.jpg
D e

8/2021
11/08/2021
10/08/2

08/2021

11/08/2021

‘/\/K/m/mlzon

09/08/2021






OPS/images/fmars.2022.981822/table2.jpg
Year

2015
2015

2016

2016

2017
2017
2017
2017
2018
2018

Pontoon trap

60 mm trap
100 mm trap

Bottom set fish chamber
(3 m trap)

Floating fish chamber (8
m trap)

200 m leader net
100 m leader net
200 m leader net
100 m leader net
200 m leader net

100 m leader net

Season

Spring
Spring -
Summer

Spring -
Autumn

Spring -
Autumn

Spring
Spring
Autumn
Autumn
Spring
Spring

Deployments
(n)

41

40

® o v oo

Soak
time
range
(days)

1-3
1-9

1-6

Soak
time
mean

(days +
SD)

21+09
42+25

4.9 £ 4.0
43+£27

33+18
1.0+ 1.0
3.8+08
4.6+ 18
4.0+ 14
4.0 £2.1

Fish
chamber cm
depth ~ WPUE (kg/day

(m) + SD)
55 341336
8.0 22.07 + 34.87
7.0 390 673
05 048 + 126
8.0 2.83 +242
8.0 2330381
8.0 564 + 3.40
8.0 372+ 199
8.0 276 +2.56
8.0 438 + 1.66

Catch rate > 35 Max/ Catch rate < 35

Min
(kg/
day)

10/0
104/0

40.5/0
7.5/0

7/0.3
2.9/1.8
10.7/7.3
6.7/1.5
6/0
5.6/1.6

cm
WPUE (kg/day
+ SD)

0.01 +0.02
0.02 +0.02

0.02 +0.02

0.12 +0.24

© o o o
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Year

2015

2015

2016

2016

2017/
2018

Trial
evaluating:

Leader net
meshsize

Position of the
fish chamber

Difference in
leader net length

Pontoon trap Trap Leader net Leader net mesh Trap net mesh

Height
(m)

60 mm trap 3

100 mm trap 3
Bottom set fish 3
chamber (3 m trap)

Floating fish chamber 8

(8 m trap)

100/200 m leader net 3

length
(m)

100

100

100

100

100/200

size (mm)
(mm = SE)

100 5

100 5

100 + 5

size (mm)
(mm + SE)

351175

35+ 175

35+ 175

35+ 175

35+ 175

Adapter mesh
size (mm)
(mm + SE)

36+ 1.75

36+ 1.75

36+ 1.75

36+ 1.75

36+ 1.75

Fish chamber
mesh size
(mm + SE)

37+£1.75

37+£1.75

37+£1.75

37+£1.75

37 £ 175
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codends

T0_30
T0_35
T90_30
T90_35

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

model

Gompertz
Gompertz
Gompertz

Gompertz

L50 (cm)

7.54 (7.15-8.05)

8.62 (8.20-9.18)

9.37 (8.59-9.97)
10.86 (10.33-11.40)

Parameters
SR (cm)

0.94 (0.10-1.38)
0.96 (0.22-1.40)
2.06 (0.83-3.36)
1.34 (0.50-1.69)

p-Value

1.0000
0.9989
0.0345
0.9954

deviance

8.76
12.97
49.21
15.67

DOF

34
32
33
33
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codend Logit

T0_30 29.88
T0_35 91.96
T90_30 297.79
T90_35 169.78

Selected model in bold.

Probit

30.27
93.81
32377
169.44

model

Gompertz

26.77
85.42
280.12
166.47

Richards

29.04
87.98
283.41
167.61
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Codend Haul no. Duration (min) Depth (m) nR qRr nE qE

T0_30 H1 158 20 56 0.25 13 1.00
T0_30 H2 115 21 41 0.50 11 1.00
T0_30 H3 137 20 34 0.50 11 1.00
T0_30 H4 123 22 60 0.50 3 1.00
T0_30 H5 127 26 12 0.50 2 1.00
T0_30 H8 124 21 15 0.50 0 1.00
T0_30 H9 144 26 46 0.33 9 1.00
T0_35 H1 124 32 26 0.33 28 0.50
T0_35 H2 124 34 16 0.33 16 0.50
T0_35 H3 125 39 32 1.00 6 0.33
T0_35 H4 130 30 0 1.00 3 0.33
T0_35 H5 139 26 13 0.50 2 0.25
T0_35 He6 134 22 0 1.00 6 0.25
T0_35 H7 141 21 2 1.00 2 033
T0_35 H8 134 18 26 0.50 3 0.25
T0_35 H9 127 20 38 0.50 10 0.33
T90_30 H1 158 20 4 0.25 8 1.00
T90_30 H2 115 21 45 0.50 24 1.00
T90_30 H3 137 20 17 0.50 38 1.00
T90_30 H4 123 22 36 0.50 30 0.50
T90_30 H5 127 26 31 0.50 6 0.50
T90_30 Hé 132 22 7 1.00 14 1.00
T90_30 H7 129 20 11 1.00 6 1.00
T90_30 H8 124 21 57 0.50 4 1.00
T90_30 H9 144 26 42 0.33 23 0.50
T90_35 H1 124 32 19 0.33 41 0.50
T90_35 H2 124 34 28 0.33 31 0.50
T90_35 H3 125 39 18 1.00 16 0.25
T90_35 H4 130 30 22 1.00 14 0.25
T90_35 H5 139 26 24 0.50 14 0.25
T90_35 H6 134 22 20 1.00 40 0.25
T90_35 H7 141 21 7 1.00 30 033
T90_35 H8 134 18 27 0.50 17 0.25
T90_35 H9 127 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 qE represent the sub-sampling ratios
from the codend and cover, respectively.
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Cover

SE, standard errors.
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Asteroidea 6.72 Chondrichthyes 9.11
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GN

Species Contribution (%) to catch Species Contribution (%) to catch

2726 Sepia officinalis

Scorpaena porcus
Sepia officinalis 2376 Scorpaena porcus 17.47
Symphodus tinca 18.86 Symphodus tinca 9.50
‘ Diplodus annularis 3.61 Scorpaena scrofa 242
3.57 Mullus surmuletus 1.70

Spondyliosoma cantharus
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‘ Scorpaena porcus 18.92 Sepia officinalis 24.16

Sepia officinalis 16.89 Scorpaena porcus 14.39

Posidonia oceanica 15.09 Posidonia oceanica 1430
‘ Symphodus tinca 13.45 Symphodus tinca 7.44

Diplodus annularis 240 Scorpaena scrofa 1.61
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2019 T0_30
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T90_30
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2020 T0_30
T0_35
T90_30
T90_35

Confidence intervals are presented in brackets.

nP- (%)

35.67 (5.09-66.52)
0.83 (0.00-3.93)

3.90 (0.00-20.27)
0.00 (0.00-0.00)

7.64 (2.20-13.66)
0.12 (0.00-0.70)

0.77 (0.00-7.32)

0.00 (0.00-0.00)

nP+ (%)

98.88 (96.69-100.00)
95.61 (91.19-98.71)
87.99 (79.91-95.72)
78.20 (69.61-86.18)
97.22 (93.37-100.00)
89.83 (84.05-94.03)
83.08 (75.26-90.24)
74.06 (66.80-81.05)

nRatio

0.00 (0.00-0.01)
0.00 (0.00-0.00)
0.00 (0.00-0.00)
0.00 (0.00-0.00)
0.03 (0.01-0.07)
0.00 (0.00-0.00)
0.00 (0.00-0.04)
0.00 (0.00-0.00)

dnRatio (%)

041 (0.02-1.24)
0.01 (0.00-0.07)
0.05 (0.00-0.35)
0.00 (0.00-0.00)
3.11 (0.88-6.19)
0.06 (0.00-0.32)
0.38 (0.00-3.97)
0.00 (0.00-0.00)





