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Information on stock status is available only for a few of the species forming the catch assemblage of rapido fishery of the North-central Adriatic Sea (Mediterranean Sea). Species that are caught almost exclusively by this gear, either as target (such as Pectinidae) or accessory catches (such as flatfishes apart from the common sole), remain unassessed mainly due to the lack of data and biological information. Based on cluster analysis, the catch assemblage of this fishery was identified and assessed using CMSY model. The results of this data-poor methodology showed that, among the species analyzed, no one is sustainably exploited. The single-species CMSY results were used as input to an extension of the same model, to test the effect of four different harvest control rule (HCR) scenarios on the entire catch assemblage, through 15-years forecasts. The analysis showed that the percentage of the stocks that will reach Bmsy at the end of the projections will depend on the HCR applied. Forecasts showed that a reduction of 20% of fishing effort may permit to most of the target and accessory species of the rapido trawl fishery in the Adriatic Sea to recover to Bmsy levels within 15 years, also providing a slight increase in the expected catches.
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INTRODUCTION

Single Species Fishery Management (SSFM) has many limitations since it does not consider the effects of fishing on non-target species and the effect of species interaction on the fisheries (Link, 2010). Typically, in an SSFM context, advice given for a few species is the unique information used to control the whole fishery (Moffitt et al., 2016), and this might lead to over-pressured bycatch species (Browman et al., 2004). Nevertheless, when applying management measures specifically developed for one species (e.g., introduction of quotas), they will affect the entire catch assemblage (“technical interaction”; Punt et al., 2002). Although few practical experiments are available, intergovernmental marine science organizations strongly advise about the limited view given by single-stock management on multiple stocks caught in mixed fisheries (ICES., 2017). To avoid this situation, and under the government’s recommendation, in recent years fishery science has been focused on developing a multi-species approach (Link, 2010; Hilborn, 2011; Froese et al., 2018; Howell and Subbey, 2019). However, to date management advices for the Mediterranean Sea mostly rely on single-species stock assessment methodologies (FAO-GFCM, 2019).

Above all, considering the intrinsic multi-specific nature of the fishery, there is a strong need to move forward to more comprehensive management of stocks in the Mediterranean Sea (Colloca et al., 2013; Cardinale et al., 2017). Sophisticated assessment models able to give insights into ecosystem complexity have been proposed, though they are limited by the large amount of data required (Maunder and Punt, 2013). As such, these models are not easy to fit data-poor environments such as the Mediterranean Sea (Maravelias and Tsitsika, 2008). To find an alternative solution, we tested an advanced surplus production model implementation that assess the status of multiple species at once in data-poor scenarios (Froese et al., 2018). Surplus production models calculate fisheries parameters at Maximum Sustainable Yield (MSY) (e.g., biomass, exploitation, catch) based on the estimates of the intrinsic rate of growth (r) and the carrying capacity (k) parameters that are specific and tailored to the stock, rather than referring to the species in general.

This paper presents the first attempt to analyze and to project in the medium-term future the state of exploitation of the catch assemblage caught by rapido trawlers in the North Adriatic Sea (General Fisheries Commission for the Mediterranean – GFCM, Geographical Sub-Area – GSA 17), one of the most impacting fisheries in the Mediterranean Sea (Colloca et al., 2017). Based on the Annual Economic Report of the Scientific, Technical and Economic Committee for Fisheries (STECF), 64 vessels belonging to this segment were active in 2018, accounting for about 270 engaged crew and a gross value of landing estimated around 20 million € (STECF, 2019). This fishery represents an interesting case study, because—thanks to the gear conformation—rapido trawlers are able to catch some species that are difficult to get with other gears. Many species that are almost exclusively caught by this gear—either as target (such as Pectinidae) or accessory catches (such as flatfishes other than sole)—remain unassessed mainly due to lack of data and biological information. Therefore, it could be difficult to implement an ecosystem approach to fishery management and there is a high risk of underestimating the impact of this fishery. The catch assemblages of the most important demersal gears in GSA 17 were first reconstructed and clustered through multivariate analysis, to detect leading species for rapido fishery. At a second stage, the status of these stocks was evaluated through a Bayesian state-space implementation of the Schaefer production Model (BSM) of the CMSY software (Froese et al., 2017). Finally, the BSM estimates were used to run a CMSY extension on the entire rapido trawl catch assemblage (Froese et al., 2018), to estimate rebuilding time and to forecast expected catches. This extension considers fisheries’ inter-dependencies to predict the overall status of the stocks under four different harvest control rule (HCR; Berger et al., 2012) scenarios up to 15 years in the future (2033). The main novelty of this study is the application of data-poor methodologies to jointly assess the status of the entire catch assemblage, while also assessing how rebuilding time depends on the level of future exploitation.



MATERIALS AND METHODS


Rapido Fishery

The rapido trawl fishery has been in place for more than 50 years in the western side of the north-central Adriatic Sea (Figure 1), where it is carried out all year round on the soft bottoms outside three nautical miles offshore (Scarcella et al., 2007). This gear is constituted by a cone-shaped net with a rigid metallic mouth opening up to 4 m wide, which slides on the seafloor aided by sleds. The mouth is equipped with a wooden plank on the top, acting as a depressor that allows the iron teeth in the lower edge to penetrate the sediment (Hall-Spencer et al., 1999). The gear shape enables trawlers to target flatfishes and species that live buried in the sediments, which are usually difficult to catch with otter trawling. As a result, catch composition forms a specific assemblage, mainly constituted by Pectinidae, in the sandy offshore areas of the North-East Adriatic (Giovanardi et al., 1998), and by flatfishes in the muddy inshore areas of central Adriatic (Pranovi et al., 2000). The penetration of the iron teeth in the sediment makes this gear particularly invasive to the sea-bottom, especially affecting the macro and meiobenthic communities (Pranovi et al., 2000; Petović et al., 2016; Santelli et al., 2017). Indeed, since many fish species, such as flatfish and gobies, feed on meiofaunal species (Schückel et al., 2013) this fishing gear acts not only as direct pressure on demersal fish stocks but also as an indirect pressure interfering with the distribution of stocks’ preys.
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FIGURE 1. Rapido trawl fishery effort distribution in GSA 17 North Adriatic sea, obtained with AIS data analysis based on Galdelli et al. (2019).




Multivariate Analyses to Define Catch Assemblages

Data used to reconstruct the catch assemblages for main demersal gears in the GSA 17 were gathered from the STECF Annual Economic Report (STECF, 2019), which contains catch amount by species at gear and nation levels. The dataset was manually filtered to exclude pelagic species and taxonomic categories higher than the family level. Fishing gears representing small-scale fishery were grouped under the polyvalent passive gears (PGP) category. The yearly time frame considered was 2012–2017, due to data gaps in STECF (2019), namely Croatian data before 2012 and Italian data for 2018. The species list was sorted by magnitude of total catches and those falling within the 99% of the cumulative distribution were retained for the successive analysis. Then, for each selected species a vector was constructed, with each element representing mean catch by gear and by country. The obtained data were normalized by applying the chord transformation—i.e., scaling each vector to norm 1 (Legendre and Gallagher, 2001). The vectors obtained were assembled into a matrix (MC, Supplementary Table 1), where rows represented species, columns represented gears, and cells included normalized values of catches. Then, a multivariate analysis was applied to verify, firstly, if there were differences between catch assemblages of gears considered and if there were species strictly affected by rapido trawl fishery rather than by other gears. Differences between catch assemblages of gears were assessed through a one-way permutational multivariate analysis of variance (PERMANOVA) with 9,999 permutations (Oksanen et al., 2016) applied to a matrix of Euclidean distances computed over the MC columns. A pairwise analysis (Arbizu, 2017) was used to explore the gear contribution to the difference. Then, to identify species strictly affected by specific gears, the species list was partitioned through a hierarchical cluster analysis—based on the Ward method (Ward, 1963)—applied to the matrix of Euclidean distance computed over the MC rows. As a result, this process identified a group of species that were mostly correlated (i.e., targeted) with rapido trawling on which a joint HCR test would be more meaningful. Multiscale bootstrap resampling (Borcart et al., 2018)—from the “pvclust” R package (Suzuki and Shimodaira, 2015)—was used to verify the statistical robustness of the identification of these species. To understand the contribution of each gear and nation to the cluster definition, MC rows were aggregated on the clusters identified, then mean values by MC column were computed for each group and represented through radar plots (Bion, 2021).



Stock Assessment

The stock assessments of the species identified through cluster analysis were performed using the CMSY software. CMSY includes a BSM, which fits catch and—optionally—biomass (or catch-per-unit-of-effort) data through a Markov Chain Monte Carlo method based on the Schaefer function for biomass dynamics. The model estimates fisheries reference points (MSY, Fmsy, Bmsy) as well as relative stock size (B/Bmsy) and exploitation (F/Fmsy) from catch data and broad priors for “resilience” (approximated by r) and stock’s relative biomass (B/k) at the beginning and the end of the catch time series. For the scopes of this paper, BSM was executed on landing data and biomass indices. The biomass indices were obtained from the SoleMon project (Grati et al., 2013), a trawl survey carried out from 2005 up to the present with rapido trawl in a 36,742-km2 area of the Northern and Central Adriatic Sea (Scarcella et al., 2014). To improve the indices estimates, data were smoothed through the “BCrumb” routine, a state-space model for trend analysis of ecological time series that is part of the JABBA (Winker et al., 2018) and JARA (Winker and Sherley, 2019) models. This tool treats relative biomass as an unobservable state variable that follows a log-linear Markovian process to reduce the influence of observation error on the CMSY estimates (Winker et al., 2018). As input for the catch data, the longest series of landings in GSA17 available for each species were used (see Table 1 and Supplementary Table 2; Fortibuoni et al., 2018; STECF, 2019; DCF-ITA). Missing data of Croatian and Slovenian landings were reconstructed through a mean proportion, derived from the years in which they were available for all GSA17 bordering countries. Priors for r were either taken from previous specific studies in this area (Froese et al., 2018) or inferred from their averages in FishBase and SeaLifeBase (Palomares and Pauly, 2018; Froese and Pauly, 2019).


TABLE 1. Input data of the CMSY analysis.

[image: Table 1]The choice of an increasing pattern from the initial to the final depletion prior in the reference models was supported by an overall increase in the fishing pressure in the Adriatic Sea (Colloca et al., 2017) followed by a reduction of the productivity of the commercial fishery over the study period (Marini et al., 2017). A sensitivity analysis was conducted to test the effect of different sets of viable depletion priors (Bstart/k and Bend/k) on the final B/Bmsy value. A Feed-Forward Artificial Neural Network was used to estimate these viable prior ranges of relative biomass for each studied species, based on characteristics of the catch time series such as minimum and maximum catch, length, slope in the final years, and shape (Froese et al., 2021 submitted). The network was trained with the data of 400 stock to detect interplay patterns of catch and abundance and predict relative biomass priors directly from the catch time series. Following the procedure described in Falsone et al. (2021), the accuracy of the final result was calculated through the percent difference between the reference model’s values and the Artificial Neural Network model’s values.



Stock Projections

The outputs of single-species stock assessments were used to run an advanced implementation of CMSY (Froese et al., 2018). This model uses a rewrite of the Schaefer function to predict next year’s status of the biomass, based on the parameters estimated by the CMSY model:

[image: image]

In the equation, Bt and Ft, respectively, represent the biomass and the fishing effort in a certain year (t), while Bt+1 is the biomass in the following year. The model assumes that the estimated r and k CMSY parameters remain constant over the projection time. The catch assemblage analysis iteratively uses the above formula under different relative effort scenarios, i.e., as different ratios of fishing mortality (F) over the fishing mortality in the last estimation year (Flast_year). In particular, for the stocks identified in the cluster analysis, the following HCR scenarios, based on the F of every single stock, were used:


• Scenario (1): 0.5 F2018 simulating a reduction of 50%,

• Scenario (2): 0.6 F2018 simulating a reduction of 40%,

• Scenario (3): 0.8 F2018 simulating a reduction of 20%,

• Scenario (4): 0.95 F2018 simulating a reduction of 5%,



where F2018 is the F value of the last year of each stock time series. The advanced implementation of CMSY is a non-Bayesian statistical algorithm that builds on the Bayesian estimates of CMSY. Based on the F scenarios, the algorithm cycles through the following steps for each scenario:


1. For each stock, produce 1,000 iterations of the biomass in time, starting from values in the neighborhoods of B/Bmsy;

2. Average all the generated B/Bmsy time series of each stock;

3. Average the averaged B/Bmsy time series of all stocks;

4. Estimate confidence intervals and plot the forecasts.



Step 1 of the algorithm is necessary to account for uncertainty around the estimate of B/Bmsy, also due to a random error term used in the Schaefer function in CMSY.

Since CMSY accounts for stock depletion at very low biomass levels, the effort scenarios consider also different effects of the exploitation level on low-biomass stocks. In particular, during the projections, the following rules are applied:


1. In Scenario (1), the fishing mortality of a stock is set equal to zero when B < 0.5 Bmsy;

2. In the other scenarios, when B < 0.5 Bmsy, F is linearly decreased with biomass, according to the relation [image: image].



Rule number 2 comes from a [image: image] linearly decreasing multiplier of Fmsy used in CMSY to account for repopulation hysteresis for low relative biomasses (Froese et al., 2018, 2020).

Projecting biomass after fixing relative fishing mortality to the one in the last year for each stock, allows accounting for the real and different effects of the fisheries on each stock. Indeed, this assumption proportionally reduces the effort on each stock, assuming that the fishing strategies and gears do not change. Thus, in this way, a uniform reduction of the fishing hours in a certain year will affect each stock differently.



RESULTS

The taxonomic list analyzed with the multivariate analysis was composed of 87 species (Supplementary Table 3). The PERMANOVA test highlighted a significant difference between the catch assemblages of the nation-gear combination (Table 2). Further, pairwise contrast indicated that rapido (ITA_TBB) column was statistically different from the majority of the gears (Table 3), except for Italian polyvalent passive gears (ITA_PGP) and Croatian bottom trawlers (HRV_DTS).


TABLE 2. Results of One-Way PERMANOVA analysis.

[image: Table 2]

TABLE 3. Results of pairwise PERMANOVA analysis, p-values corrected with the Bonferroni method.

[image: Table 3]
The cluster analysis partitioned the species list into 11 groups, nine of which statistically confirmed (Figure 2). DTS was the main driver for three clusters (1, 2, and 3), which contrast was due to different contributions of ITA and HRV catches. ITA_PGP was the major driver of three clusters (4, 5, and 6) that were differentiated for the degree of contribution of ITA_DTS. Group 7 was driven by ITA_PGP, while it accounted for large contributions of ITA_DTS and ITA_TBB. One group (8) was entirely driven by ITA_DRB. The last group (9) was almost exclusively driven by ITA_TBB, which therefore was our target group. This latter assemblage of species was composed of Pecten jacobaeus, Scophtalmus rhombus, Solea solea, Bolinus brandaris, and Aequopecten opercularis (SJA, BLL, SOL, BOY, and SCX; Table 2). Even if the SCX FAO 3-Alpha Code stands for the Pectinidae family, the species selected for the stock assessment was Aequopecten opercularis, since this species constitutes the majority of the Pectinidae catches in the north Adriatic basin.


[image: image]

FIGURE 2. Hierarchical cluster analysis with the Ward method (Ward, 1963) applied to the gear-by-country table. AU p-value (printed in red color in default) is the abbreviation of “approximately unbiased” p-value, which is calculated by multiscale bootstrap resampling. BP value (printed # in green color by default) is “bootstrap probability” value, which is less accurate than AU value as p-value. Clusters with high AU values (e.g., 95%) are indicated with blue edges and are strongly supported by data.


Based on the data series and priors in Table 1, the results of the single species assessments are reported in Figure 3. The majority of the stocks assessed in the present study were considered to be in a data-limited situation due to the lack of information, except for common sole (SOL) for which stock assessment was also available from age-based approaches (GFCM, 2018). For this reason, the most recent common sole estimates (FAO-GFCM, 2019) were used to validate the BSM model.


[image: image]

FIGURE 3. Kobe plots resulting from the single species stock assessment: (A) Brill, (B) Purple dye murex, (C) Mediterranean scallop, (D) Common sole, and (E) Queen scallop.


The BSM analysis highlighted several observations: for what regards biomass, the analyzed stocks showed a value lower than Bmsy from the year 2000 onward, whereas common sole (Figure 3D) and purple dye murex (Figure 3B) were over the reference point in last years. As for the common sole, in the last twenty years, biomass was estimated to range between Bmsy and Blim (50% Bmsy). Purple dye murex was the only species for which values of biomass never went under Bmsy. For what regards fishing mortality, F was estimated to go under Fmsy in the last years for three stocks. On the contrary, brill (Figure 3A) was in a strong overexploitation status due to a continuous increase of fishing mortality (F/Fmsy in 2018 was ∼2). As for the common sole, fishing mortality cycled around Fmsy during the time series, and F showed an increasing trend that reached a F/Fmsy ratio of about 1 in 2018, consistently to the age-based assessment (FAO-GFCM, 2019). The F pace of purple dye murex was a counter-trend: it remained below the reference point until recent times and reached it only in the last year.

To sum up, the stock trajectories of the Mediterranean scallop (Figure 3C) and queen scallop (Figure 3E) reported in the Kobe plot (Maunder and Aires-da-Silva, 2011) passed from red to yellow area, i.e., there was a slight decrease in fishing mortality while the state of biomass was still below the reference point. As for brill, the stock trajectory remained in the red quadrant, with low biomass and a high level of F. The trajectory of the purple dye murex stock indicated sustainable exploitation during the majority of the time series, however, it went into an overfishing status in the last years. Common sole trajectory oscillated around the reference point during the last years and finally stabilized around MSY.

The Artificial Neural Network-based sensitivity analysis showed that a moderate alteration of the relative biomass priors did not affect the final B/Bmsy estimation substantially. The difference between our results and those obtained through the Artificial Neural Network was always under 20% for all studied species, ranging from a 6% minimum for the Mediterranean scallop to a 19% maximum for common sole (Table 4).


TABLE 4. Summary table of the sensitivity analysis over the B/Bmsy estimation that compares the results obtained from reference model (ref) against the one computed with priors estimated by an Artificial Neural Network (ANN).

[image: Table 4]Based on these assessments, the CMSY extended analysis, performed on the entire catch assemblage, produced different projections depending on the applied HCR (Figure 4). In Scenarios (1) and (2), 80% of the stocks reached Bmsy in 2030, whereas in Scenario (3) a few more years were required to reach Bmsy. On the contrary, in Scenario (4), under a more permissive HCR, only 60% of the stocks were observed to reach Bmsy in 2033. Catch projections showed an opposite pattern to biomass, with an initial decrease whose steepness depended on the HCR (Figure 5). Overall, scenarios showed an initial drop of the catches followed by a recovery and stabilization. In the long-term, Scenario (3) and (4) stabilized at a higher level than the initial estimates.
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FIGURE 4. Forecast of alternative HCRs from the CMSY extended analysis on the catch assemblage: percentage of stocks at Bmsy. Stronger the effort reduction, shorter the range of time in which 80% of the stocks will reach the Bmsy. Scen. (1): 50% of effort reduction; Scen. (2): 40% of effort reduction; Scen (3): 20% of effort reduction; Scen. (4): 5% of effort reduction.
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FIGURE 5. Forecast of alternative HCRs from the CMSY extended analysis on the catch assemblage: projections of catch time series. After a first decrease, all the scenarios, independently from the strength of the control rule, will figure a stabilization in catches.




DISCUSSION

This was the first extensive assessment-based meta-analysis of the main target and accessories species of rapido trawl fishery in the Adriatic Sea. In the case of mixed fisheries, formulating policies for management and conservation requires the use of models capable of predicting how catch assemblages change in response to fishing effort (Welcomme, 1999). However, when management objectives point toward fishing at reference points of the main target species, the overpressure of accessory species of the same catch assemblage is very plausible (Punt et al., 2002). These considerations fit well the Mediterranean context where demersal fisheries are commonly multispecific (Colloca et al., 2003). Within this context, identifying clusters of commercially important species might help to define conservation units in management plans (Rogers and Pikitch, 1992). In the case of the demersal fishery in the Adriatic Sea, the cluster analysis highlights that a few resources were characterizing the catch assemblages of each gear, except for ITA_PGP and ITA/HRV_DTS, which resulted to be the more generalists. The fact that these fleets showed the most diversified assemblage compared with the other gears reflected the modus operandi of these fisheries: ITA_PGP seasonally switches gears and grounds following resource availability (Grati et al., 2018), while the DTS footprint is by far the larger in the area (Russo et al., 2020), spreading across the spatial range of many different species. In contrast, some of the most landed resources were mainly targeted by one specific gear, such as the group formed by clams (SVE: Chamelea gallina, KLK: Callista chione, RAE: Solen marginatus) targeted by Italian DRB, and the cluster made by Pectinidae (SJA, SCX) and flatfishes (SOL: Solea solea, BLL: Scophtalmus rhombus, TUR: Scophthalmus maximus) targeted by Italian TBB. These findings allowed us to consider the assemblage of species analyzed as representative of the exploitation exerted by the rapido fishery.

Although the Adriatic sea is one of the most intensively trawled area of the Mediterranean sea (Eigaard et al., 2017; Ferrà et al., 2018) and in the entire world (Amoroso et al., 2018), some of the stocks analyzed showed an increase in biomass at the end of the analysis time-scale (evident in the single-species Kobe plot trajectory toward the recovery area). A possible explanation may be found in the management measures adopted in the last decades: current regulation includes a summer ban to the trawling activity—total closure for 1 month (EC, 2006), extending temporary spatial restrictions up to 4 or 6 nm depending on vessel length since 2012. These measures might have had relevant consequences for recruitment success in coastal areas (Scarcella et al., 2014) leading to a general improvement in the overall status of stocks exploited by rapido fishery. However, species respond in different manners to effort reduction due to different resilience, competition, and recruitment impairment (Gamble and Link, 2009), and those species for which biomass levels have fallen below 0.5 B/Bmsy, a threshold that characterizes impaired stocks (Froese et al., 2016), remained in alarming status. Nevertheless, literature reports that flatfishes recruitment success does not strictly depend on stock size (Iles, 1994; Maunder, 2012; Van der Hammen et al., 2013), therefore additional work is required to explain the alarming status of brill. Environmental characteristics of the study area may have a large effect on the resources: organic matter input from rivers and the resulting nutrient enrichment can lead to a high rate of primary productivity, particularly in the Northern and the Central Adriatic (Cognetti et al., 2000), which helps to maintain recruitment capacity in marine fish stocks (Britten et al., 2016), mainly for species with high resilience such as common sole. On the other hand, North Adriatic is a recognized key area for seasonal low oxygen depletion, whether it be eutrophication or climate change-related (Kollmann and Stachowitsch, 2001), and has been repeatedly affected over the last three decades by bottom anoxia and benthic mortalities (e.g., Pectinidae family; Mattei and Pellizzato, 1996). This facilitates detritus-feeding group establishment, such as purple-dye murex, that can make a stand to the recovery of the suspension feeders, i.e., Pectinidae, by consuming and smothering the potential recruits (Riedel et al., 2010). These dynamics, together with continuous trawling, might have led scallops to such low biomass. Nevertheless, it is important to underline that the biomass of the Mediterranean scallop was estimated to have recently increased over 0.5 Bmsy.

The aggregated forecast analysis showed that the percentage of the stocks that will reach Bmsy at the end of the projections will depend on the HCR applied. Scenario (1) and (2) were the fastest in reaching Bmsy (80% of the stocks by 2030), however, they required the biggest drop in catches in the short period; this sudden reduction would be probably economically and socially unsustainable for the Adriatic fishing sector. On the opposite, Scenario (4) could be preferable from an economic point of view due to higher catches in the long term, but it would allow fewer stocks to reach Bmsy by 2033 (only 60%), breaching the sustainability principles of the EU Common Fisheries Policy (European Parliament, 2013). Scenario (3) foreseen that 80% of the stocks will reach Bmsy in 15 years if the F will be reduced by 20% providing a possible compromise between long-term environmental and social sustainability (relatively high expected catch and reasonably fast and good rebuilding in stock biomass). Scenario (3) was therefore more sustainable and compatible with the fundamental principles of CFP, which is to match sustainable exploitation of the fish stocks with socio-economic sustainability (Reg EU No. 1380/2013).

Despite simulation of HCRs showed a biomass recovery for the majority of the stocks regardless of the scenario (>60% of the stocks reach for all the rebuilding strategies Bmsy), it may be less reliable for brill and Mediterranean scallop, which were classified in critical status. In fact, in forecast analyses, an increase in the total biomass of the considered species might have been driven by those stocks that were already in a recovering phase.

Therefore, other management measures should be combined with a reduction of fishing effort to allow for stocks’ recovering (Demirel et al., 2020), especially in the most depleted cases. Considering that the areas of persistency of these species are well known (AdriaMed, 2011), specific adaptive measures for rapido trawl fishery should be implemented, such as spatio-temporal closures to protect the stocks (Hall-Spencer et al., 1999): guaranteeing protected areas might allow stocks to be more resilient to local depletions (Kritzer and Liu, 2014). Furthermore, effort reduction by itself does not imply a concomitant overall reduction of the fishing mortality for all stocks (Cardinale et al., 2017). Thus, even if the actual management plan (Recommendation GFCM/43/2019/5) already envisages a fishing effort reduction comparable to scenario (3), other management measures may be necessary to avoid the depletion of the most pressured commercial and accessory species.

The presented approach and the used models implicate strong assumptions on the stocks’ life-history traits as well as in exploitation status that should be carefully considered. In addition, the CMSY model does not account for the size and age structure of the stock and therefore tends to overestimate sustainable productivity in stocks where excessive fishing pressure has truncated the population structure (Froese et al., 2018). Moreover, the forecasting algorithm assumes that fishing strategies and gears do not change in time. Thus, the estimates coming from the present study should not be taken as a detailed reproduction of reality. Nevertheless, they were sufficient to produce an overall sound snapshot of the performance of different future inter-correlated fisheries scenarios, which would have required many years of data preparation and data gap-filling if data-rich approaches had been used.
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Stocks are presented by FAO 3-Alpha code, scientific and common name of the species. Start year, first year of the analysis; End year, last year of the analysis; r.high/r.low,
range specified for resilience; stb.low/stb.high, prior biomass range relative to the unexploited biomass (B/k) at the beginning of the time series; Endb.low/Endb.hi, prior
relative biomass (B/k) range at the end of the catch time series; Smoothed index, smooth to the biomass index.
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The gears code is composed, by a first group three letters representing the nation (HRV, Croatia; ITA, Italy; SVN, Slovenia) and a second referring to the fleet segment
(DTS, bottom trawl; PGP, polyvalent passive gears; RMF, rampon; DRB, towed dredge,; TBB, rapido beam trawl).
Significant contrasts are reported in bold.
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