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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.
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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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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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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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OEBPS/Images/table1.jpg
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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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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