

[image: image1]
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Marine ecosystems are being continually impacted by human activities and, among these, fisheries have been one of the most damaging. Fisheries modify the structure and functioning of food-webs through biomass removal and physical damage to the seabed, leading to loss of biodiversity and ecosystem services provided by the oceans. The ecosystem-based approach to fisheries is considered the most efficient way to achieve the goal of sustainable use of marine resources while allowing for biodiversity protection. The Strait of Sicily is a biologically important area of the central Mediterranean Sea characterized by high habitat complexity and rich biodiversity, however, due to the multispecific nature of local fisheries and weak implementation of the adopted management plans, this region is particularly vulnerable. We used fishery independent time series (1994–2016) to identify the main demersal assemblages and map their spatial distribution. The pressure of fishing effort on each of these defined assemblages was then quantified in order to evaluate the impact of bottom trawling on demersal communities. Our results showed four spatially distinct and temporally stable assemblages of the Strait of Sicily. These have a clear spatial distribution, different species composition and biodiversity values and are driven primarily by environmental gradients (i.e., mainly depth and, to a lesser extent, surface salinity). The demersal assemblages were subsequently grouped in homogeneous areas characterized by specific communities of commercial and non-commercial species and response to trawling impacts. These areas are proposed as Spatial Managements Units to evaluate and manage demersal mixed fisheries, while also considering biodiversity conservation in the central Mediterranean Sea.
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INTRODUCTION

Marine ecosystems continue to be impacted significantly by human activities (e.g., pollution, overfishing, introduction of alien species, and global warming) which modify the marine food web and have drastic effects upon biodiversity (Worm et al., 2006). Among these, commercial fisheries represent potentially the most damaging activity and this pressure has increased over time (FAO, 2016). Fisheries generate impacts at the ecosystem level, by changing the structure and functioning of food webs through biomass removal, altering system productivity and destroying habitats through the physical impact of bottom-towed gear (Hinz, 2017). Consequently, fisheries have been responsible for biodiversity loss which compromises the oceans capacity to provide ecosystem services (e.g., food provisioning, maintaining water quality, carbon sequestration and recovery from perturbations) with detrimental impacts to people’s livelihoods and wellbeing (Worm et al., 2006; Liquete et al., 2013).

The ecosystem-based approach to fisheries (EAF) has been widely recognized as the most promising way to achieve the goal of sustainable resource exploitation while protecting biodiversity (Garcia and de Leiva Moreno, 2003). In Europe, the need to adopt this approach was highlighted during the most recent reform of the EU Common Fishery Policy in 2013 (European Commission, 2013). Nevertheless, the application of an ecosystem-based approach is strongly limited by appropriate management and policy measures (Cowan et al., 2012). In fact, there are relatively few case studies of successful implementation (Arkema et al., 2006), and often the original goals of sustainability and biodiversity conservation are not achieved due to conflicting political interests. Ecosystem models (Stecken and Failler, 2016) are mostly used to provide insights into the effects of fishing on the ecosystem, given that short-term advice on the status of stocks is still largely based on single species models (Hilborn, 2011; Fogarty, 2014). In this context, EAF considers the spatial dimension in assessing and managing fisheries that allows fishers to make a living while also targeting the conservation of marine resources (Bastardie et al., 2014; McGilliard et al., 2014; Khoukh and Maynou, 2018; Russo et al., 2019). The importance of including spatial aspects in resource management has been highlighted in the recent EU directive on Maritime Spatial Planning (MSP) (European Commission, 2014) that focuses on an ecosystem-based approach to promote the sustainable development and growth of maritime and coastal economies: known as “Blue Growth.” To achieve this goal, it is essential to have a detailed knowledge of the structure and function of marine ecosystems and the spatial distribution of the main commercial species in relation to the environment. This type of information represents a solid base from where the capacity of marine ecosystems to respond to human-induced changes can be understood and predicted. From this, an ad hoc approach to fisheries management that combines the principles of the EAF and MSP is feasible, identifying and classifying discrete areas characterized by distinct assemblages (in terms of species composition and environmental characteristics) and exposure to different fishing pressures. The identification of Spatial Management Units (SMUs) could be particularly important for supporting such fishery management policies, especially for regions characterized by mixed fisheries (i.e., where several species are caught in the same area with different gears), such as the Mediterranean Sea, but this requires robust data gathering on seabed habitats, assemblages and the associated fishing pressure.

The Strait of Sicily (Figure 1) is an ecologically important area of the central Mediterranean Sea that has high habitat complexity (Di Lorenzo et al., 2018). This region is key for biodiversity, defined as an Ecologically or Biologically Significant Area (EBSA) under the Convention on Biological Diversity (Bax et al., 2016). Here the main operating fishing fleets are the Italian bottom trawlers (395 vessels), with a production of about 13,000 tones and an economic value of €114 million in 2016 (Maiorano et al., 2019). The main demersal targeted species are deep water rose shrimp Parapenaeus longirostris (5,293 tones), giant red shrimp Aristaemorpha foliacea (1,490 tones) and hake Merluccius merluccius (1,373 tones); these three species alone were valued at €75.6 million in 2016 (Maiorano et al., 2019). Here some studies have shown that the spatial distribution of nursery grounds of commercial species seems quite stable over time, with juvenile fish favoring specific habitats (Garofalo et al., 2011a; Gristina et al., 2013; Colloca et al., 2015). In addition, the structure and composition of demersal assemblages appear to be impacted by different fisheries regimes (Gristina et al., 2006), but knowledge of the actual structure of the demersal assemblages and how these are shaped by natural and human-induced pressures is lacking. This information is necessary to regulate fishing effort spatially if there is to be a balance between the objectives of sustainable fisheries and biodiversity conservation, especially for a “blue growth” long-term strategy. The aims of the present study were twofold. First, we identified the main demersal assemblages in the Strait of Sicily, the major environmental drivers and tested for their temporal and spatial stability by using a long-term database covering 23 years (1994–2016). Second, we investigated the extent of fishing impact on each assemblage in terms of biodiversity. If different impacts are observed on each assemblage, it may be then possible to suggest them as Spatial Management Units for bottom trawling fisheries.
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FIGURE 1. Location of the study region within the Strait of Sicily (Central Mediterranean Sea). This area corresponds to the Geographic Sub Area (GSA) 16. Trawl stations sampled during the MEDITS Survey are indicated with an x.




MATERIALS AND METHODS


Ecological and Fishery Features of the Study Area

Our study area is situated in the central Mediterranean Sea and includes the northern side of the Strait of Sicily between 34°59′–38°00′N and 10°59′–15°18′E (Figure 1). This area corresponds to the Geographic Sub Area (GSA) 16 of the General Fisheries Commission for the Mediterranean (GCFM, 2007) and covers about 34,000 km2. It presents a varied seafloor morphology, including a shallow bank (Adventure Bank) in the western part (about 100 m depth), and deeper areas in the southeast (about 1800 m depth; Figure 2A). Bottom temperatures during spring/summer are warmer along the coast (13°C in average; Figure 2B), while the warmest surface waters (reaching about 24°C) are found in the southeast part of the region (Figure 2C). Highest primary productivity (Chla) is found along the southern coast of Sicily (Figure 2D). Sea surface salinity does not show a marked range in observed values during spring/summer, but higher values are apparent toward the east (Figure 2E). This region is influenced by a complex circulation pattern with several nutrient upwellings (cold deep-water that intrudes onto the shelf); these richer waters generate a large quantity of organic material that supports the food webs within coastal benthic and pelagic ecosystems (Agostini and Bakun, 2002; Di Lorenzo et al., 2018). All these environmental conditions contribute to an extremely highly productive region and a biodiversity hotspot for fish and invertebrates (Garofalo et al., 2007; Gristina et al., 2013; Lauria et al., 2015).
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FIGURE 2. The spatial patterns of the environmental variables as average for the study period (1994–2016): (A) depth (m); (B) bottom temperature (°C); (C) sea surface temperature (°C); (D) chlorophyll a (mg/m3); (E) sea surface salinity (PSU), and (F) distribution of the fishing effort in terms of number of fishing hours/year (average 2009–2016).


The Strait of Sicily is important for bottom trawling and two main types of boats are identified (Fiorentino et al., 2013). Coastal trawlers (length overall -LOA between 12 and 24 m) undertake mainly short-distance fishing trips (which range from 1 to 2 days at sea) and exploit the grounds on the outer shelf/upper slope, while larger trawlers (LOA over 24 m) usually take longer voyages (up to 4 weeks) and go fishing further down in the Strait of Sicily. Usually, the smaller trawlers operating in more coastal waters follow a mixed fishery pattern, while large trawlers go to national and international waters within the Strait of Sicily, operating offshore both on the shallow banks and on the slope down to 700–800 m depth. During daytime, these larger trawlers traditionally target deep water rose shrimps and associated species, such as European hake (Merluccius merluccius), Norway lobster (Nephrops norvegicus), lesser flying squid (Todaropsis eblanae), white and black anglerfish (Lophius piscatorius and Lophius budegassa) and Rays. At night, the vessels move to shallow waters targeting mainly red mullet (Mullus spp.), sparids (Dentex spp., Pagrus spp. and Pagellus spp.) and cephalopods (octopuses, squids and cuttlefish). A fraction of these larger trawlers also specialized in fishing giant red shrimps at depths over 300 m. In recent years, the number of trawlers operating from Mazara del Vallo (the main fishing harbor of the south coast of Sicily) has decreased (see Supplementary Figure S1). Most of the larger trawlers targeting giant red shrimps have moved from Strait of Sicily to Aegean and Levant Sea (Eastern Mediterranean) (Garofalo et al., 2007) and the traditional shallow-water large trawler fishery that targeted mainly fish and cephalopods has progressively changed into a strictly shrimp-oriented fishery (Pinello et al., 2018).



Survey Design and Sampling

Since 1994, the Strait of Sicily has been surveyed under the Mediterranean International Trawl Survey program – MEDITS (Bertrand et al., 2002). Sampling is carried out annually in late spring/early summer and takes place in several areas of the Mediterranean Sea using a standardized methodology (Anonymous, 2013). It provides a long-term dataset of fishery-independent indices relating to abundance, demographic structure and spatial distribution of demersal species. Stations are sampled each year according to a stratified random sampling design based on five depth strata: 10–50 m, 51–100 m, 101–200 m, 200–500 m, 500–800 m. The number of hauls is proportional to the area of each stratum (Figure 1). A total of 34–120 stations (haul duration 30–60 min hauls; trawl speed 5.6 kmh–1) was sampled each year (Figure 1) on board the commercial trawler Sant’Anna. The gear was the GOV 73 bottom trawl net with a vertical opening ranging between 2 and 2.5 m and 20 mm side diamond stretched mesh in the cod-end. At each trawl station, the collected organisms were identified to species, weighed, counted and measured. A set of 114 species of bony fish, cephalopod, crustacean and elasmobranch was selected for analysis based on their ecological or commercial importance and the catchability of the sampling gear. Species density was calculated as the number of individuals per km2 (N/km2) (Table 1).


TABLE 1. Species list of the studied community including average species abundance, coefficient of variation and frequency of occurrence (as % of total number of observation n = 560) for the period 2002–2016.
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Environmental and Fishery Data

Environmental variables included physical descriptors (depth) and oceanographic variables (sea surface temperature, sea bottom temperature, sea surface salinity and chlorophyll-a; Figure 2); these were collected from several sources (Table 2). Depth is one of the environmental gradients, linked to light and hydrodynamism, that mainly governs species spatial patterns (Tserpes et al., 2008; Lauria et al., 2011). For this study, bathymetric data were extracted from a re-projection of the MARSPEC database, a world ocean dataset developed for marine spatial ecology (Sbrocco and Barber, 2013). Data on primary productivity (Chl-a) and Sea Surface Temperature (sst) were obtained from existing Satellite imagery data. Monthly data were extracted from EOWEB1 (see Table 2 for details) and a seasonal average was calculated for each year from 1994 to 2016 (Figure 2). When the survey was undertaken across two seasons (e.g., spring-summer), the season that had the highest number of sampling days was chosen. Sea Surface salinity (ssal) and bottom temperature monthly values were extracted from the Ocean General Circulation Model (OGCM; database MyOceans)2 implemented for the Mediterranean Sea and a seasonal average was calculated for each year (Figures 2B,E). Maps of fishing pressure exerted by trawlers in the area were constructed using the data provided by the vessel monitoring system (VMS), the main geo-positioning device currently used to monitoring the spatio-temporal behavior of fishing vessels. The VMS data covering the years 2009–2016 were processed following the methodology described in Russo et al. (2013, 2014) and used to assess the spatial distribution of the fishing effort in terms of number of fishing hours per year (Figure 2F).


TABLE 2. Abiotic and fishery data collected and relative data sources.
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Analysis of Community Structure and Stability

As the number of sampled stations in GSA 16 during the MEDITS survey has steadily increased over time (from 34 sampled stations in 1994 to 120 in 2016), to study the temporal dynamics of the demersal assemblage it was necessary to identify the stations that have been regularly sampled every year for the entire study period. A total of 15 stations has been consistently sampled from 1994 to 2016 (22 years; Figure 3A), while from 2002 to 2016 (15 years) the number of repeatedly sampled stations was 59 (Figure 3B). The year 2014 was excluded from the analysis as the survey was conducted in autumn with a reduced number of hauls due to logistic constrains. Multivariate statistics were performed on each dataset (1994–2016 and 2002–2016) separately using the PRIMER v7 software (Clarke and Warwick, 2001). The underlying rationale of using both datasets is that, as they have different spatial and time scales, they can provide comparative information on the trajectory (evolution over time) of the demersal assemblage in the Strait of Sicily. Despite the 1994–2016 time series only having 15 constantly sampled stations, it still provides 22 years of data; such long time series are very valuable in ecological studies, and can capture changes that are not detectable by using shorter time series.
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FIGURE 3. Fixed sampled stations for the two periods 1994–2016 (A) and 2002–2016 (B).


Abundance data were root-transformed to down-weight the importance of highly abundant species in analyses. For each year, a similarity matrix (Bray and Curtis, 1957) was constructed and Cluster analysis (visualized using a dendrogram) and SIMPROF applied to verify if different sites have similar species composition and whether assemblages could be defined. SIMPROF is a permutation test of the null hypothesis that a specified set of samples (which are not divided a priori into groups) do not differ from each other in a multivariate structure. Non-metric Multi-Dimensional Scaling (nMDS) was used to graphically represent the ordination in space of the sampled stations based on the Bray-Curtis similarity matrix. Finally, the SIMPER routine was applied to determine the species that explain most of the dissimilarity between the identified assemblages.

To evaluate stability of the assemblages over time (annual trend) in both time series, the similarity matrices were compared in pairs using the RELATE test. This seriation test assumes that adjacent years tend to be closest together in terms of their assemblage similarity (matching coefficient ρ) than years which are further apart in time. Under the null hypothesis that there is no relation whatsoever between the two similarity matrices, ρ will be approximately zero; conversely, if ρ is close to 1 the two resemblance matrices are highly related. Finally, the interannual trajectory of the demersal assemblage over the two study periods was examined by using a second stage MDS analysis. This routine allows comparison of the MDS plots constructed for each year (Clarke et al., 2006). Points that are close together on this plot indicate higher similarity between years while more distant points indicate a marked difference.



Community Relationship With Environment and Fisheries

To understand the relationship between assemblage composition and potential environmental drivers, further multivariate statistics were used. These were applied only to the 2002–2016 timeseries as it includes the highest number of sampled stations and it is spatially representative of our study area (Figure 3B). First, the five environmental variables were tested for collinearity (Variance Inflation Factor < 2; Zuur et al., 2007).

The overall spatial pattern of the demersal assemblages identified from the MEDITS survey data was correlated to the pattern of environmental data by using the BIOENV routine (Clarke et al., 2006). This routine permits the selection of the abiotic variable subset that maximizes the rank correlation (rho) between biotic and abiotic similarity matrices (illustrated by MDS analysis). This allows the identification of which environmental variable, or combination, provided the best correlation with the overall spatial pattern of the demersal assemblages (rho values close to 1 indicate strong agreement between environmental and biota patterns). Additionally, the DistLM routine (Clarke et al., 2006) was used to quantify the assemblage composition variation that is explained by the environmental variables (on a normalized scale; Warfe et al., 2013). The routine allows predictor variables to be fit individually or together in specified sets. P-values for testing the null hypothesis of no relationship (either for individual variables alone or conditional on other variables) are obtained using appropriate permutation methods. The most parsimonious model was selected using a stepwise regression and Akaike Information Criterion corrected for small sampling size (AICc). The distance-based redundancy analysis (dbRDA) plot was then applied to visualize the relative contributions of each of the predictor variables on the assemblage composition (Legendre and Anderson, 1999). To also test for a possible combined effect of fisheries and environment as potential drivers for assemblage structure and composition, the same analysis was applied to a shorter timeseries (2009–2016). This is because reliable VMS data were available only from 2009; these analyses were performed in PERMANOVA + (Anderson et al., 2008).



Pressure of Fisheries on the Assemblages and Identification of Spatial Management Units

Indicator kriging (Goovaerts, 1997) was used to create a probability map of assemblage distribution in the Strait of Sicily using the 2002–2016 dataset (as this one has the highest number of sampled stations and because the assemblages identified in this timeseries were comparable to the ones of the 1994–2016 timeseries). Each sampled station was converted to binary variables (1 for presence of a given assemblage and 0 for absence), each representing one assemblage. These data were used to fit theoretical models of spatial continuity and compute the parameters of experimental semivariograms (Table 1 and Supplementary Material). Hence, for each indicator variable (assemblage), ordinary kriging was applied to estimate values at non-sampled locations and mapping the probability of occurrence of community type at any given location (Garofalo et al., 2004; Vaz et al., 2007). Grids were constructed using 981 × 981 m cells and the projection used was the Albers Equal area conic. Cross-validation was undertaken to determine the difference between the measured and estimated values and to check the goodness of fit of several variogram models and the choice of kriging parameters. The best-fitting parameters were finally chosen to obtain the most accurate estimation. The distribution maps for the defined assemblages were then combined by multiplying each map by using raster calculator, selecting at each location the community type displaying the greatest probability of occurrence (Garofalo et al., 2004; Vaz et al., 2007). The final map of the spatial distribution of the demersal assemblages was overlain with the map of fishery effort in order to quantify the impact of bottom trawling on each assemblage.

To measure the diversity of each assemblage two indices were utilized: species richness and the Hill number N(1), or exponential of Shannon diversity, for each year of the 2002–2016 dataset. Species richness is an intuitive and universal applied index to measure biodiversity, but because it describes the community only in terms of number of species, it weights rare species the same of common ones. The Hill number (N1) also accounts for species abundance and have several advantages (e.g., they are all expressed in units of effective numbers of species, allow a comparison of the species diversity of different assemblages in time or space (Chao et al., 2013) and provide a unified framework for measuring biodiversity (Jost, 2006, 2007). ANOVA was used to test for significant differences between the diversity indices calculated individually for each assemblage. Any differences in fisheries and biodiversity were used to identify the Spatial Management Units.



RESULTS


Analysis of Community Structure

The results of the cluster analysis and the SIMPROF test indicated that four assemblages can be identified in both datasets (1994–2016 and 2002–2016) as shown in Figure 4. These are defined as follows: Assemblage 1 between 10 and 70 m depth; Assemblage 2 from 70 to 250 m depth; Assemblage 3 between 250 and 450 m depth and Assemblage 4 from 400 to 800 m depth. The lists of the species that contribute to 60% of the composition of each assemblage are presented in Table 3 for both datasets (1994–2016 and 2002–2016).
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FIGURE 4. MDS ordination for both time periods (A) 1994–2016 (15 sites) and (B) 2002–2016 (59 sites). The green lines show the results of the cluster analysis overlaid to the MDS ordination. Abundance data were square root transformed Bray-Curtis similarity was calculated. For simplicity we are presenting only the plots relative to the average similarity matrix for each time series (that was constructed by averaging species abundances at each sampling stations across all years).



TABLE 3. Main species that form each assemblage for both time series.

[image: Table 3]In general, it was observed that the composition of the assemblages was highly similar for the two time series as shown in Table 3. However, because the 2002–2016 timeseries has the highest number of sampled stations, we believe that this dataset provides the most thorough description of the species composition of each assemblage; therefore we will focus only on this in the following section.

The main species defining Assemblage 1 are those associated with the continental shelf. Among the fisheries target species we found here were red mullets (Mullus barbatus and M. surmuletus) which together contributed about 16% to similarities, followed by the squid Loligo vulgaris (about 6%) and European Hake (Merluccius merluccius) that contributes less than 5%. Other important species, but not exploited by fisheries are: Large-scaled Gurnard (Lepidotrigla cavillone; about 6%), the squid Alloteuthis media (5.5%) and the Brown Comber (Serranus hepatus; 4.4%) as shown in Table 3. The most important commercial species in terms of abundance in the Assemblage 2 is the deep-water rose shrimp (Parapenaeus longirostris), which contributes nearly 20%, followed by European Hake (M. merluccius; 12%) and the squid Illex coindetii (4.6%). Other species that are found well represented in this assemblage, but are not commercially important, are the squid A. media (9%), Longspine Snipefish (Macroramphosus scolopax; 8%), followed by the silvery pout (Gadiculus argenteus; 3%) and boarfish (Capros aper; 3%). Assemblage 3 is mainly formed by species that are not targeted by fisheries, for example the gadoid Silvery Pout (Gadiculus argenteus) that contributes 10%, the Hollowsnout grenadier (Coelorinchus caelorhincus) and the green shrimp (Chlorotocus crassicornis) that account for about 19% together. Within this assemblage are also found the valuable shrimp P. longirostris (9%) and squid (I. coindetii; about 5%). In contrast, the most important species of Assemblage 4 are the non-commercial fish Rough-tip Grenadier (Nezumia sclerorhynchus; 13%), Glasshead grenadier (Hymenocephalus italicus; 10%) and the elasmobranch Blackmouth Catshark (Galeus melastomus) that contributes 8%. Assemblage 4 is, however, also important for the highly prized giant red shrimp (Aristaeomorpha foliacea, 7%) and the shrimp Plesionika martia (about 11%), both species are the target of bottom trawling fisheries.



Temporal Evolution of the Community and Relationship With the Environment

The composition of the demersal community in the Strait of Sicily appears quite stable over time, as confirmed from the results of the RELATE test (Table 4), which show that the observed ρ is greater than any of the 999 simulated values, so that the null hypothesis (no tendency to seriation at all ρ = 0) is rejected. The trajectory analysis for the whole demersal community for the period 1994–2016 showed high similarity among all years, except for 1994 and 2002 (Figure 5A). Similarly, in the 2002–2016 time series all years appear to be similar with exception of 2002 (Figure 5B).


TABLE 4. Results of the RELATE test for both time periods.
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FIGURE 5. The temporal evolution of the demersal community for both time periods (A) 1994–2016 and (B) 2002–2016 for the Strait of Sicily. Years which are anomalous in terms of their spatial pattern stand out as outliers, while years with similar structure are clustered together.


When the composition of the demersal community was correlated to the pattern of the environmental variables using the BIOENV routine, perhaps unsurprisingly the results showed that the highest-rank correlation was found with depth (rho = 0.854). Similarly, the results of the DistLM analysis identified that 46.80% of the total variation observed in the spatial distribution of the demersal assemblage was explained by two environmental predictors: depth (p = 0.001) and sea surface salinity (p = 0.05) (Best model with AICc = 298.25). This result was reinforced by the two axes of the dbRDA plot, revealing that 45.5% of the total variation observed in the composition of the demersal assemblage of the Strait of Sicily is explained by depth and sea surface salinity (Figure 6). Depth therefore represents the most important environmental factor that determines the structure of the four assemblages (first axes explains 42.5% of the total variance; Figure 6). The effect of sea surface salinity is comparatively marginal and explains only 3% of the variance, probably because there is not a marked gradient of this environmental variable in the Strait of Sicily (Figure 2E). When the DistLM analysis was used for testing the combined effect of environment and fisheries on the spatial pattern of the demersal assemblages, still only two environmental variables (i.e., depth and surface salinity) appear to play an important role, thus excluding the role of fishing activities as a main driving factor (see Supplementary Figure S2).
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FIGURE 6. Distance based redundancy analyses (dbRDA) of demersal community abundance and environmental variables based on Bray Curtis similarity. Vectors indicate direction of the parameter effect in the ordination plot. Significant environmental variables of sequential test are shown in blue (p < 0.05).




Diversity Indices and Spatial Pattern of SMUs

The map presented in Figure 7A illustrates the spatial distribution of assemblages, including transition boundaries. As we expected when the fishing effort was quantified on each area (defined as the spatial distribution of each assemblage), marked differences emerged among them (Figure 7B). Fishing effort was higher on Assemblage 1 and Assemblage 2, with the latter showing a sharp increase since 2011. When biodiversity indices were compared among the assemblages, species richness was reasonably similar among them with exception of Assemblage 3 that showed a significant higher value (Table 5 and Figure 8A). Conversely, the lowest Hills number N1 was found for Assemblage 2, with the highest for the Assemblage 1 (Table 5 and Figure 8B). Because of these differences in fishery effort and biodiversity among assemblages, we identified four Spatial Management Units as shown in Figure 9.
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FIGURE 7. (A) Spatial distribution of the demersal assemblages in the central Mediterranean Sea based on data from 2002 to 2016. (B) Temporal trend of the fishing effort between 2009 and 2016 in terms of number of fishing hours/year in each of them.



TABLE 5. Analysis of variance (ANOVA) of diversity indices among Assemblages.
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FIGURE 8. Diversity indices for each demersal assemblage are showed as boxplot. (A) Species richness (number of species) and (B) Hill’s number N1 (modified Shannon diversity).



[image: image]

FIGURE 9. Spatial distribution of the proposed Spatial Management Units for the Strait of Sicily. The areas where depths are over 800 m are shaded in light yellow.




DISCUSSION

The demersal community of the Strait of Sicily appears to be stable over time, which agrees with other long-term studies in the northeast Atlantic that have shown temporal stability of fish assemblages in terms of composition and spatial distribution (Sousa et al., 2005; Vaz et al., 2007). The main environmental drivers that are related to demersal assemblage structure are depth and, to a lesser extent, sea surface salinity (Figure 6). This is similar to several marine ecosystems from the northeast Atlantic (i.e., North Sea and Iceland) to the Mediterranean Sea where spatial variation in bathymetry and hydrographical regimes influences the structure and distribution of the demersal fish community (Ehrich et al., 2009; Stefansdottir et al., 2010; García-Rodríguez et al., 2011). Usually demersal assemblages are temporally stable when a specific spatial distribution that is closely linked to depth is apparent (Gaertner et al., 2002; Colloca et al., 2003; Massutí and Renones, 2005; Garces et al., 2006; Labropoulou and Papaconstantinou, 2008). A marginal effect of sea surface salinity was also detected, but because of its narrow range in our study area (Figure 2E) we believe that, in our case, this environmental factor is not a main driving force, though it has been suggested to be locally important for the eastern Mediterranean fish community (i.e., North Aegean Sea; Labropoulou and Papaconstantinou, 2008). The analysis of the temporal evolution (or trajectory) of the demersal community suggests a high similarity among years (from 1994 to 2016). This implies that there have not been major changes in the community, despite multidecadal variability in oceanography (Marbà et al., 2015). However, our results for both the time periods (1994–2016 and 2002–2016) evidenced that 2002 seems to be marginally different from the other years (Figure 5); this might be explained by biotic interactions between species that are often challenging to predict (Kraft et al., 2015) as there is no explanatory environmental variation. Despite our results indicate the stability of demersal assemblages during the 1994–2016 period, it is worth acknowledging that previous studies have showed that demersal fisheries in the Strait of Sicily were not sustainable during the decades prior our study period (Levi and Andreoli, 1989). In particular, this region experienced a strong increase of fishing capacity from the 1970s to the early 1980s, with main target species being fished over the Maximum Sustainable Yield (Levi et al., 1993, 1995; Ragonese and Bianchini, 1996). This overfishing, varying in severity among species, has been confirmed by the GFCM working groups for the main target species up in recent years.

Our results identify four spatially distinct and temporally persistent demersal assemblages (Figure 4). Because of their diverse composition of target species of high economic value, and the varied fisheries pressure and impacts (Figures 7, 8), these are suggested as Spatial Management Units for bottom trawling in the central Mediterranean Sea (Figure 9). Our results show that SMU1 (10–70 m depth) is found from the shallow waters of south coast of Sicily from the Adventure bank to the Malta bank. Here the main commercial species are the ones associated with the continental shelf (see Table 3 for details). This SMU is particularly important because it includes the main nurseries of coastal species (such as M. barbatus and Pagellus erythrinus; Garofalo et al., 2011a; Gristina et al., 2013; Colloca et al., 2015). SMU1 has been historically exploited by bottom-towed fisheries and fishing effort remains quite high compared to other parts of the Strait of Sicily (Figure 7B). In terms of biodiversity, SMU1 has a species richness comparable to other parts of our study area, but the highest values of the Hills N1 index that accounts for both number of species and equitability (Figure 8). This suggests that the impact of fisheries is not significantly modifying the community structure over the time period studied. The high diversity found in SMU1 agrees with Garofalo et al. (2007), who related the patterns of diversity to the specific hydrographic conditions and habitat complexity of the Strait of Sicily, resulting in a persistent area of high fish diversity over the Adventure Bank. Other studies have shown that the spatial patterns of demersal fish diversity associated to the continental shelf and upper/lower slope in the Mediterranean are dependent on differences in the distribution of cumulative threats to marine biodiversity, which are mainly concentrated in coastal areas and on the continental shelf of the Mediterranean (Danovaro et al., 2010; Coll et al., 2012; Farriols et al., 2019). A generally stable, or a slight recovering, trend has been highlighted for some areas of the Mediterranean Sea (see Farriols et al., 2019), which further confirms our findings for SMU1.

Moving away from land toward the continental slope, SMU2 is found between 70 and 250 m depth (Figure 9); here the species composition is dominated by the valuable deep-water rose shrimp that shows a persistent spawning ground located on the south-eastern side of the Adventure Bank (Fortibuoni et al., 2010). A recent study showed that this fishery produces lower level of discards compared to other local areas (Milisenda et al., 2017), probably because the intense exploitation of these grounds reduced the abundance of other species with biological traits more sensitive to the fishing pressure than shrimps, such as many large fish. SMU2 is also characterized by another commercially important species – the European Hake (M. merluccius; Table 3). Here recruits generally are distributed over a wide bathymetric range (50–600 m), with a concentration peak at 250 m depth (Garofalo et al., 2011b). In this region, both hake and deep-water rose shrimp show a full overlap of their nurseries which is persistent over time (Garofalo et al., 2011a). Because of these productive shrimp grounds, the trawling effort in SMU2 has sharply increased over time (Figure 7B). This is likely to have had a negative impact on the biodiversity of SMU2 that shows the lowest value within the whole study area (Figure 6B and Table 4). In the Mediterranean, marine ecosystem species richness decreases with depth because of a drop in system productivity, but in some cases a peak can be observed at intermediate depths (around 1000 m depth; Coll et al., 2010). In our case, we suggest that the differences in diversity among the SMUs of the Strait of Sicily (Figure 8) are most likely influenced by changes in fishing effort and fisher behavior. This sharp decline of biodiversity recorded in intermediate waters between 70 and 250 m depth could be related to the increased pressure of trawlers targeting deep water rose shrimp in SMU2.

SMU3 is identified from 250 to 450 m depth (Figure 9), with the main commercial species being crustaceans: the deep water rose shrimp (P. longirostris) and the Norway lobster (Nephrops norvegicus). This area is particularly important because of the presence of Norway lobster nurseries and high density of juvenile fish (Garofalo et al., 2011a; Gristina et al., 2013). In terms of diversity patterns, SMU3 has the highest number of species (Figure 8A). This result could be explained by the fact that most large trawlers that used to fish the giant red shrimps in this part of the Strait of Sicily have moved out toward more productive fishing grounds (outside the GSA 16) ranging from the Sardinia Channel to the Gulf of Sirte, Aegean and Levant Sea (Pinello et al., 2018). This spatial re-distribution of the trawlers has resulted in a reduction of fishing pressure on deep water grounds of the Sicily area, which probably explains the higher biodiversity observed. Increasing levels of disturbance have generally been considered to decrease diversity, species richness and evenness, and this has been observed in many demersal communities exposed to intense fishing effort (Rijnsdorp et al., 1996; Jennings and Kaiser, 1998; Jennings et al., 1999). This negative relationship between biodiversity and fishing pressure seems to explain the results observed for SMU3. This area is particularly important because is associated with the deep-sea pennatulid Funiculina quadrangularis, an indicator of Vulnerable Marine Ecosystems (Lauria et al., 2017). This is considered one of the most sensitive sea pen species to trawling and in the northeast Atlantic and Mediterranean Sea is associated with N. norvegicus fisheries (Rogers and Gianni, 2010; Martinelli et al., 2013). It appears clear that specific measures to manage deep-sea fisheries targeting valuable crustaceans are necessary in SMU3, especially in the light of the importance that this area has for VME and biodiversity (Watson and Morato, 2013).

SMU4 covers areas of deeper waters between 400 and 800 m (Figure 7A) and is characterized by the highly prized crustaceans Giant red shrimp (A. foliacea) and the Golden shrimp (P. martia) and many non-commercial species including the Blackmouth Catshark (Galeus melastomus; Table 3). Persistent nurseries of A. foliacea have been previously described in SMU4 (Garofalo et al., 2011a; Colloca et al., 2015). Furthermore, this SMU has been identified as one of the biodiversity hot-spots for elasmobranchs in the Mediterranean Sea (Lauria et al., 2015). Due to their high vulnerability to fisheries, the presence of elasmobranchs and long living benthopelagic fish (such as the Silver Roughy Hoplostethus mediterraneus; Vitale et al., 2014) potentially indicates a lower fishing impact in SMU4 compared to other parts of our study area. These results agree with Gristina et al. (2006), who suggested that areas subjected to lower fishing intensity have a fish community where sensitive species such as elasmobranchs are well represented. We suggest that SMU4 might be an area where the elasmobranch assemblage is recovering, probably because of reported changes in fishing pattern in the region. Although fishing effort in this SMU is lower compared to the other SMUs (Figure 7B), it appears necessary to have management approaches that account for the recovery of elasmobranchs and giant red shrimp fishery.



CONCLUSION AND FURTHER DEVELOPMENTS

The idea to manage trawling in mixed fisheries by adopting a multispecies approach that considers the assemblage, and not the single species, as the basic unit is not new (Massutí and Renones, 2005; Garces et al., 2006; Busalacchi et al., 2010). However, most previous work has focused mainly on the identification of structure and distribution of assemblages, without attempting to assess the impact of fisheries and propose some management measures. Here we propose an approach in line with spatially-based management in a region of the Mediterranean Sea highly exploited by mixed-species bottom trawling, combining information on assemblage characteristics with an estimate of trawling effort affecting them. This aimed to identify and suggest SMUs for assessment and management of the multispecies fisheries, while considering biodiversity as a main parameter related to impact of fisheries. In addition, SMUs can be viewed in the light of long-term strategies for the Blue Economy, especially because they can benefit both the local economy and marine conservation.

This study shows that in the Strait of Sicily there are marked differences in terms of target species for bottom-towed fisheries and biodiversity at a local scale, evidencing the necessity to adopt management plans that account for this, especially because selectivity of bottom trawlers is poor. The differences in diversity observed among the SMUs suggest that all of them have experienced different conditions over the years, probably as response of modification of fisher behavior across the whole region. According to the EU Marine Strategy Directive, it is necessary to achieve Good Environmental Status (GES) of the EU’s marine waters by 2020 and to protect the resource base upon which marine-related economic and social activities depend. However, having a deep local knowledge of the area can be useful to minimize the discrepancies between conservation and fishery yield goals. The identification of SMUs defined as geographic areas with a persistent biological composition and subjected to a known fishing pressure, represents a first step to incorporating an ecosystem approach into practical fishery management framework. The obvious next step of our research will focus on the analysis of the productivity of assemblages in terms of commercial species and the size-spectrum composition for each SMU over time in order to provide robust indications for different management strategies. From a general point of view, the loss of biodiversity is related to a reduced capacity of the oceans to provide food, maintain a high environmental quality and be resilient to perturbations (Worm et al., 2006). However, in some specific cases intense fishing activity can result in a simplification of the community on fishing grounds that reduces the abundance of competitors and predators (e.g., SMU2), which can directly skew productivity of fished grounds toward species of greater commercial value (Brander, 2010). The experience of the shrimp fishers in different areas of the Mediterranean Sea suggests that the reduction of predatory species and biodiversity in fishing grounds generally increases shrimp catch (Milisenda et al., 2017). Our results highlight the need to apply a fishery management approach that accounts for both the fishers’ economical profit but also includes the protection of biodiversity. For example, a way to achieve this goal could be leaving some grounds unfished for periods of time in order to rebuild marine biodiversity, potentially allowing spatial management of fishing activities with a strong impact on habitats, such as trawling, in which grounds allocated to fisheries alternate with grounds assigned to conservation. The positive effect of protection on marine species and biodiversity from fishing activities within a given area has been demonstrated to increase the economic benefits of stakeholders (Sala et al., 2019), although it is difficult to understand what the effect of this protection on adjacent areas might be where fisheries are allowed (Hilborn, 2014). However, the positive effects of spill-over from Marine Managed Areas to adjacent ones, which is one of the cornerstones of the spatial management of fishing resources, has been already showed in the north coast of Sicily, where a significant increase in the abundance of target species occurred after the application of a trawling ban in 1990 (Pipitone et al., 2000, 2014; Potoschi et al., 2006). Recently Russo et al. (2019) suggested that the application of spatial management plans based on different sets of spatial/temporal fishing closures led to a recovery of exploited fish stocks, with a decrease in profit for the fleet which was much lower than the one expected under a simple reduction of fishing effort. The management approach suggested in this study is in line with the ideas at the basis of European Marine Spatial Planning Directive. It aims to optimize, on adequate spatial scales, the ratio between productivity of fisheries resources in the fishing grounds and the overall good ecological status of communities and the environment in a large area containing mixed fishing grounds.
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Species richness 95% Confidence interval

Assemblage (i) Assemblage (j) Mean difference (i-j) Significance Lower bound Upper bound
Assemb1 Assemb2 0.812 >0.05 —1.295 2.921
Assemb3 7.664 5.555 9.772
Assemb4 —0.482 >0.05 —2.590 1.626
Assemb?2 Assemb3 6.851 4.743 8.960
Assemb4 —1.294 >0.05 —3.403 0.813
Assemb3 Assemb4 —8.146 —10.254 —0.637
N1 95% Confidence interval
Assemb1 Assemb2 —2.865 —3.894 —1.835
Assemb3 —1.567 —2.596 —0.537
Assemb4 —0.749 >0.05 —1.778 0.280
Assemb?2 Assemb3 1.297 0.268 2.327
Assemb4 2115 1.086 3.145
Assemb3 Assemb4 0.818 >0.05 —-0.211 1.847

Results of the Tuckey HSD test. Significance is given as **p< 0.001, *p < 0.01, and *p < 0.05.
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Year1 Year2 Rho spearman p-value % Year1 Year2 Rho spearman p-value %
1994 1995 0.882 0.1 2002 2003 0.869 0.1
1995 1996 0.886 0.1 2003 2004 0.906 0.1
1996 1997 0.836 0.1 2004 2005 0.918 0.1
1997 1998 0.892 0.1 2005 2006 0.916 0.1
1998 1999 0.894 0.1 2006 2007 0.912 0.1
1999 2000 0.906 0.1 2007 2008 0.942 0.1
2000 2001 0.906 0.1 2008 2009 0.928 0.1
2001 2002 0.77 0.1 2009 2010 0.902 0.1
2002 2003 0.835 0.1 2010 2011 0.905 0.1
2003 2004 0.916 0.1 2011 2012 0.906 0.1
2004 2005 0.863 0.1 2012 2013 0.899 0.1
2005 2006 0.895 0.1 2013 2015 0.885 0.1
2006 2007 0.897 0.1 2015 2016 0.912 0.1
2007 2008 0.901 0.1 2002 2016 0.847 0.1
2008 2009 0.907 0.1

2009 2010 0.906 0.1

2010 2011 0.901 0.1

2011 2012 0.906 0.1

2012 2013 0.901 0.1

2013 2015 0.895 0.1

2015 2016 0.872 0.1

1994 2016 0.779 0.1

Rho value range from 0 (no relationship) to 1 (complete match) between two similarity matrices. Significant p-values suggest that the null hypothesis (not tendency to
seriation) is rejected.
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MEDITS code Latin name Av.Abund Contrib % MEDITS code Latin name Av.Abund Contrib %
Assemblage 1 Assemblage 1
MULLBAR Mullus barbatus 35.43 9.88 MULLBAR Mullus barbatus 41.05 9.73
LEPTCAV Lepidotrigla cavillone 29.41 6.2 MULLSUR Mullus surmuletus 21.28 6.28
LOLIVUL Loligo vulgaris 16.15 5.47 LOLIVUL Loligo vulgaris 17.92 5.88
ALLOMED Alloteuthis media 23.32 54 LEPTCAV Lepidotrigla cavillone 24.29 5:55
SERAHEP Serranus hepatus 22.46 4.91 ALLOMED Alloteuthis media 24.86 551
MULLSUR Mullus surmuletus 18.08 4.81 MERLMER Merluccius merluccius 17.88 4.55
MERLMER Merluccius merluccius 17.51 4.2 SERAHEP Serranus hepatus 16.01 4.42
ELEDMOS Eledone moschata 12.35 3.63 ELEDMOS Eledone moschata 11.26 3.67
ARNOLAT Arnoglossus laterna 13.12 3.3 ARNOLAT Arnoglossus laterna 10.81 3.46
SERACAB Serranus cabrilla 12.37 3.02 PAGEERY Pagellus erythrinus 11.54 2.98
TRIPLAS Trigloporus lastoviza 11.68 275 SERACAB Serranus cabrilla 10.59 2.91
PAGEERY Pagellus erythrinus 9.83 2.72 ZEUSFAB Zeus faber 855 2.34
ZEUSFAB Zeus faber 6.8 2.31 TRAHDRA Trachinus draco 8.46 210
ASPIOBS Chelidonichthys obscurus 9.96 2.29 PAGEACA Pagellus acarne 8.43 2.14
Assemblage 2 Assemblage 2
PAPELON Parapenaeus longirostris 85.53 19.76 PAPELON Parapenaeus longirostris 81.58 19.41
MERLMER Merluccius merluccius 52.11 11.21 MERLMER Merluccius merluccius 56.73 12.67
MACOSCO Macroramphosus scolopax 74.35 10.563 ALLOMED Alloteuthis media 55.02 9.2
ALLOMED Alloteuthis media 51.99 7.48 MACOSCO Macroramphosus scolopax 8717 8.58
ILLECOI Illex coindetii 26.69 5.92 ILLECOI lllex coindetii 23.4 4.64
ARGESPY Argentina sphyraena 21.97 3.65 GADIARG Gadiculus argenteus 36.59 3.18
GADIARG Gadiculus argenteus 21.65 2.55 CAPOAPE Capros aper 18.03 3.06
Assemblage 3 Assemblage 3
GADIARG Gadiculus argenteus 51.24 10.8 GADIARG Gadiculus argenteus 78.26 10.34
PAPELON Parapenaeus longirostris 7111 10.13 PAPELON Parapenaeus longirostris 59.93 959
PLESHET Plesionika heterocarpus 35.7 718 COELCOE Coelorinchus caelorhincus 52.92 9.21
CHLOGRA Chlorotocus crassicornis 29.95 6.53 CLORAGA Chlorophthalmus agassizi 74.16 9.17
COELCOE Coelorinchus caelorhincus 28.25 6.23 HYMEITA Hymenocephalus italicus 33.63 5.59
CLORAGA Chlorophthalmus agassizi 23.45 4.63 PLESHET Plesionika heterocarpus 34.2 4.88
PASISIV Pasiphaea sivado 108.87 4.59 NEPRNOR Nephrops norvegicus 20.84 3.88
PHYIBLE Phycis blennoides 23.31 4.35 MERLMER Merluccius merluccius 24.04 3.78
MERLMER Merluccius merluccius 24.51 4 PHYIBLE Phycis blennoides 19.6 365
NEPRNOR Nephrops norvegicus 18.43 3.48
Assemblage 4 Assemblage 4
PLESMAR Plesionika martia 42.78 20.24 NEZUSCL Nezumia sclerorhynchus 32.78 18.72
HYMEITA Hymenocephalus italicus 32.65 16.25 PLESMAR Plesionika martia 33.34 1942
ARISFOL Aristaeomorpha foliacea 33.69 16.34 HYMEITA Hymenocephalus italicus 27.87 10.4
NEZUSCL Nezumia sclerorhynchus 24.09 10.11 GALUMEL Galeus melastomus 19.39 8.02
ASPIOBS Chelidonichthys obscurus 9.96 229 ARISFOL Aristaeomorpha foliacea 24.4 7.26
LAMACRO Lampanyctus crocodilus 16.35 6.56
HOPLMED Hoplostethus mediterraneus 14.08 4.97

The Average Abundance (Av.Abund) and percentage of Contribution (Contrib%) were calculated with the SIMPER routine in PRIMER.
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Parapenaeus longirostris
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Pasiphaea multicentata
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Capros aper
Centrolophus niger
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Gadiculus argenteus
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Helicolenus dactylopterus

Hoplostethus mediterraneus mediterraneus

Hymenocephalus italicus
Lampanyctus crocodilus
Lepidorhombus boscii
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Mullus surmuletus
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Pagellus acarne
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Pagellus erythrinus
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Trachinus draco
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MEDITS code Mean abundance (N per km?)
ABRAVER 23
ALLOMED 1184
ALLOSUB 9
ELEDCIR 16
ELEDMOS 52
HISTBON 1
ILLECOI 160
LoLIVUL 130
OCTOSAL 2
OCTOTET 2
ocToVUL 20
ROSSMAC 6
SCAEUNI 9
SCYOCAN 53
SEPIELE 61
SEPIOFF 9
SEPIORB 21
SEPOSPP 40
TODASAG 7
TODIEBL 73
ARISFOL 160
ARITANT 4
BATYMAR 2
CHLOGRA 219
GERYLON 10
GONERHO 9
MCPIDEP 62
MEDOLAN 22
MUNINT 9
NEPRNOR 159
PAPELON 2611
PAROCUV 11
PASIMUL 3
PASISIV 1838
PLESHET 585
PLESMAR 328
POLCTYP 31
SOLOMEM 32
SQUIMAN 9
TORPMAR 2
CHIMMON 4
ETMOSPI 13
GALUMEL 123
MUSTMUS 11
RAJACLA 26
RAJAMEL 2
RAJAMIR 101
RAJAMON 3
RAJAOXY 4
SCYMLIC 1
SQUABLA 12
ARGESPY 364
ARNOIMP 17
ARNOLAT 55
ARNOTHO 64
ASPICUC 136
ASPIOBS 32
BLENOGE 10
CALMPHA 17
CAPOAPE 529
CENONIG 1
CENTGRA 2
CEPOMAC 9
CITHMAC 80
CLORAGA 2004
COELCOE 800
CONGCON 7
DENTMAC 18
DIPLANN 44
ECHEMIR 6
EPIGDEN 11
GADIARG 2665
GAIDMED 12
GNATMYS 10
GOBIQUA %2
GOBISPP 22
HELIDAC 144
HOPLMED 49
HYMEITA 477
LAMACRO 50
LEPMBOS 12
LEPMWHS 4
LEPTCAV 383
LEPTDIE 82
LOPHBUD 1
LOPHPIS 5
MACOSCO 1063
MCPITUB 8
MERLMER 1014
MICMPOU 15
MOLVDYP 4
MULLBAR 935
MULLSUR 208
NETTMEL 3
NEZUSCL 231
NOTABON 1
PAGEACA 39
PAGEBOG 14
PAGEERY 67
PERICAT 37
PHYIBLE 134
SCORELO 4
SCORNOT 7
SCORSCO 3
SERACAB 54
SERAHEP 137
SYMPNIG 10
TRAHDRA 37
TRIGLUC 29
TRIGLYR 16
TRIPLAS a7
TRISCAP 27
URANSCA 15
ZEUSFAB 23

Coefficent of variation (%)
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