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Several anthropogenic stressors threaten the Mediterranean basin, which is currently regarded as one of the most impacted marine ecoregions globally. Among those stressors, marine plastic litter is causing increasing concern about its environmental and biological consequences, the latter being largely unknown. To improve the understanding of these aspects, here we provide a mapped indicator of the risk of plastic ingestion by the fin whale Balaenoptera physalus, an endangered cetacean whose feeding grounds are located within the Pelagos Sanctuary for Mediterranean Marine Mammals, in the north-western Mediterranean Sea. We analyse a decade (2000–2010) of advection patterns of marine plastic litter, modeled as Lagrangian particles and released from the three major sources: untreated waste along coasts, plastic discharged from rivers and along maritime shipping routes. Risk of exposure to microplastics via food ingestion for fin whales is then evaluated by interlacing the plastic litter distribution obtained via particle tracking with maps of habitat suitability based on bathymetry and satellite-derived estimates of chlorophyll-a. Our modeling results locate the highest risk values in the Central Ligurian Sea, and show that all the three main sources of plastic litter taken into account clearly contribute to impacting cetaceans in the Sanctuary, yet with spatial and interannual variability of patterns. The procedure formalized with our approach can be extended to assess the risk caused by ingestion of plastics by other taxa and/or in other MPAs, as we suggest by providing an application on the whole ecosystem of Pelagos, thus informing targeted actions to tackle the complex issue of marine litter.
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1. INTRODUCTION

Plastic materials have undisputably revolutionized our daily life, however their countless purposes are reflected by their ubiquitous presence as litter in the environment. The problem of plastic pollution and its impacts, in particular on marine ecosystems, have been known for decades (Carpenter and Smith, 1972; Carpenter et al., 1972), and interactions with marine biota have been observed since the 1950's (Cornelius, 1975; Balazs, 1985), <10 years after the discovery of the most used polymers. In recent years, several accumulation and retention areas for plastic debris have been detected at the locations of the five main subtropical oceanic gyres at the global scale (Law et al., 2010; Eriksen et al., 2014; Cózar et al., 2015; Van Sebille et al., 2015). These areas, frequently referred to as garbage patches, are showing increasing litter concentrations (Lebreton et al., 2018) due to the coupling between rising plastic production (PlasticsEurope, 2018) and the input of plastic waste in the world's oceans (Jambeck et al., 2015).

The European Marine Strategy Framework Directive (2008/56/EC, Descriptor 10), launched in 2008 with the main goal of achieving Good Environmental Status of European marine waters by 2020, recognized marine litter as one of the main causes of marine pollution. The Mediterranean Sea is no stranger to the issue of marine litter: some samplings and modeling experiments revealed concentrations similar to those found in the North Atlantic Gyre (Cózar et al., 2015; Suaria et al., 2016). The Mediterranean basin is, in fact, among the most impacted ecoregions globally due to increasing anthropogenic pressure (Halpern et al., 2008), caused by rising coastal populations (Benoit and Comeau, 2012) and the intensification of maritime traffic (Campana et al., 2018). Human activities are causing habitat loss and degradation, overexploitation and harm during fishing activities, disturbance (from underwater noise to collisions between animals and ships) and several kinds of marine pollution: chemical pollution, noise, heat, electromagnetic radiation (Pace et al., 2015). These threats are worsened and amplified by the introduction of alien, invasive species (Zenetos et al., 2012; Micheli et al., 2013; Galil et al., 2018) and by the impacts of climate change (Lejeusne et al., 2010). At the same time, the Mediterranean Sea hosts about 7% of the world's marine biodiversity, with about 17,000 marine species (Coll et al., 2010) despite its relatively small size, as low as 0.32% of the whole ocean water content (Bianchi and Morri, 2000). At least 134 species living in the Mediterranean Sea have already been found to be affected by floating or seafloor litter, including some species of commercial value (Deudero and Alomar, 2015) and other endangered ones, like some cetaceans (IUCN, 2012).

The effects and long-term consequences of plastic pollution on marine ecosystems, ranging from harm on wildlife due to entanglement or ingestion (Deudero and Alomar, 2015), biomagnification (Mattsson et al., 2017) and the release of chemicals, both accumulated from contaminated environmental media and additives used for plastics manufacturing (Teuten et al., 2009; Koelmans et al., 2014), are causing concern at the global scale. Modeling experiments have been regarded as a useful tool to address the knowledge gaps about sources, pathways and accumulation areas of plastic, complementary to on-field sampling data (Hardesty et al., 2017). The use of models may be particularly effective in the Mediterranean Sea, where marine litter does not accumulate in garbage patches due to seasonal variations in surface ocean circulation patterns (Pinardi and Masetti, 2000; Mansui et al., 2014), thus possibly resulting in more complex spatio-temporal patterns. As pointed out by Suaria et al. (2016), litter dynamics in the Mediterranean basin resemble more a plastic soup. For this reason, sampling campaigns are key to provide a temporal snapshot of the concentrations of plastic items, but might not be representative of their long-term distribution. Ocean circulation models and oceanographic reanalyses are commonly applied when studying the spreading of particles of different nature (van Sebille et al., 2018), and have also been applied on marine litter distribution, both for the global oceans (e.g., Lebreton et al., 2012; Maximenko et al., 2012; Eriksen et al., 2014) and for the Mediterranean Sea (Mansui et al., 2014; Zambianchi et al., 2017; Liubartseva et al., 2018, 2019). These tools allow us to account not only for the transport of particles within ecologically relevant seasons, but also for its inter-annual variability. Moreover, oceanographic modeling can provide some insight into the exposure of marine biota to plastic litter, by coupling simulation outputs with ecological information (such as maps of species distribution) which can be prodromal to more in-depth ecotoxicological studies investigating species-specific dose-response impacts of plastic pollution (Everaert et al., 2018). At present there are only few examples along this line of research. Wilcox et al. (2012) evaluated the risk of entanglement in derelict fishing gear for sea turtles in the nearshore waters of Northern Australia. To do so, they elaborated the spatial distribution of drifting nets, obtained from both Lagrangian numerical models and beach cleanup data on the oceanographic side, and turtle bycatch records on the ecological side, as gathered from fishing activities in the area. A similar approach was followed to assess the risk at global scale of plastic ingestion by seabirds (Wilcox et al., 2015) and sea turtles (Schuyler et al., 2015). In these two later studies, the risk was defined as the probability of plastic ingestion, predicted by applying a logistic regression model on some biologically relevant characteristics of stranded individuals (such as life-history traits and body size). Some recent items of research targeted specifically the Mediterranean Sea. Darmon et al. (2017) evaluated the exposure of sea turtles to marine litter with aerial surveys covering the French Mediterranean and Atlantic waters, identifying copresence, encounter probability and density of debris surrounding individuals. Fossi et al. (2017) were first in proposing a qualitative comparison method for visually identifying regions endowed with high risk of exposure to plastics. They contrasted 15 days of litter distribution from oceanographic modeling and areas with high potential habitat value for a target species, the feeding grounds of the fin whale Balaenoptera physalus in Pelagos Sanctuary, the largest Marine Protected Area (MPA) of the Mediterranean Sea, located in its North-Western side.

In this work, we combined a decadal Lagrangian particle tracking with species-specific habitat suitability maps to obtain a quantitative, georeferenced indicator of the risk of plastic ingestion by marine wildlife in Pelagos Sanctuary. To this aim, we exploited a simplified version of the habitat suitability model calibrated by Druon et al. (2012) targeted on the fin whale B. physalus, an endangered cetacean species which aggregates in Pelagos during the summer season for feeding (Notarbartolo di Sciara et al., 2003; Panigada et al., 2005) and for which there is increasing evidence of microplastic ingestion in its foraging area (Fossi et al., 2016). Improving over Fossi et al. (2017), we formalize a procedure to obtain multi-annual risk maps for fin whales in the Pelagos Sanctuary, an approach that can potentially be extended to other marine areas and/or biota.

2. METHODS

As typically done in risk assessment studies (Rausand, 2011), we obtained our indicator of the risk of microplastics ingestion by the marine biota as the product of a hazard factor and an exposure factor. This definition required us to follow three sequential steps during this work, one for the evaluation of each factor: (1) the hazard, determined by plastic densities as simulated using oceanographic modeling over the Pelagos Sanctuary domain; (2) the exposure, obtained by mapping habitat suitability for the fin whale; and (3) the risk, computed by cell-by-cell multiplication of the outcomes of the hazard and exposure steps. Following this definition, the indicator we provide is the risk of ingestion of microplastic debris.

2.1. The Hazard—Maps of Plastic Density

Plastic density has been modeled by simulating the advection of Lagrangian particles. To the best of our knowledge, in the context of plastic pollution, only Fredj et al. (2016) and Jalón-Rojas et al. (2019) characterized Lagrangian particles by their size, shape and density, while few other studies indirectly accounted for fragment size by the parametrization of wind drift (Kako et al., 2010; Ebbesmeyer et al., 2012; Critchell and Lambrechts, 2016; Murray et al., 2018). Thus, as in the majority of plastic pollution studies based on Lagrangian simulations (e.g., Lebreton et al., 2012; Maximenko et al., 2012; Eriksen et al., 2014; Mansui et al., 2014; Liubartseva et al., 2016; Zambianchi et al., 2017), our plastic fragments are modeled as point-like particles whose movement is completely consistent with that of water masses. Particles are transported by the surface currents data (zonal and meridional components, Figure 1A) provided by oceanographic reanalyses produced by the Copernicus Marine Environment Monitoring Service (Simoncelli et al., 2014). We neglected vertical velocities. The spatial extent of our simulation domain (3.5°E to 12.5°E, 38.5°N to 45°N on a 1/16° × 1/16° oceanographic grid) is wider than the Pelagos MPA for a more realistic simulation of particle transport on a larger scale. In fact, litter may enter the focal area from sources that are located outside the Sanctuary, or temporarily leave the Sanctuary waters before eventually re-entering. We located several release points along the coastlines, at the mouths of the major rivers and along the main maritime routes to mimic real-life sources of plastic litter, as it will be detailed below. Simulations have been run, with a daily step, in order to cover the summer seasons of the years 2000–2010. This choice is based on the ecology of the fin whale, as mentioned above, and it is coherent with the sightings dataset used by Druon et al. (2012) to calibrate their suitability model. To allow model warm-up before collecting simulation outputs in the summer seasons, we begun each year of simulation in March and terminated it in September. Removal of plastic fragments from the surface layer has been included in the model by characterizing Lagrangian particles with a certain source-independent permanence period in the surface layer, corresponding in fact to the duration of their transport. Assuming that particle removal is a Poissonian process, the permanence period of each particle can be extracted from an exponential distribution with an average decay rate of 50 d−1 (see Liubartseva et al., 2018). The distribution of the permanence times was then approximately discretized into three classes with relative frequency of 1/3 each. We thus divided the particles released every day from each site into three groups, with short (10 days), medium (36 days), and long (105 days) duration of transport before removal from the simulation. The calculated advection times are consistent with the existing literature (Poulain et al., 2012; Fazey and Ryan, 2016; Liubartseva et al., 2016). However, since the model is effectively memoryless after 105 days, the effects of those (rare) particles with longer residence times in the surface layer might be underestimated.
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FIGURE 1. Input data used to assess the hazard component of the risk maps via numerical simulations. (A) Surface circulation fields in the simulated summer seasons (averaged over the time horizon 2000–2010), as obtained from reanalysis data. (B) Geographic displacement of particle sources used in the simulations. The Pelagos Sanctuary is shaded in gray. Coastline release sites are colored in red. Blue arrows indicate the mouths of the major rivers flowing directly into the simulation domain and have been numbered from West to East: 1. Rhone, 2. Var, 3. Magra, 4. Serchio, 5. Arno, 6. Ombrone, 7. Tevere, 8. Tavignano, 9. Golo, 10. Tirso, 11. Flumendosa. Green dash-dotted lines indicate the main shipping lanes: a. Genova-Barcelona, b. Livorno-Barcelona, c. Livorno-Olbia, Civitavecchia-Barcelona eastern (d1.) and western (d2.) sections.



Particle release locations within the focal study area are shown in Figure 1B. Plastic release from coasts was uniformely distributed along 2,500 km of coastlines, with a spacing of 650 m between each source point, finally resulting in 3,843 release locations. Coastal areas acting as particle sources encompassed the Italian regions of Liguria, Tuscany (including the major island of its Archipelago, Elba island), Sardinia and part of Lazio, and the French Cote d'Azur, part of the Languedoc-Roussillon coast and Corsica. Plastic discharged from rivers was assumed to come from the outflows in the relevant area of the eleven major rivers, i.e., those characterized by the highest yearly average discharges. The rationale behind our discharge-driven choice criterion lies in the positive correlation between riverine discharge and the amount of plastic released by a river, as pointed out by several studies (see e.g., Lebreton et al., 2012; Crosti et al., 2018). Plastic litter produced by maritime activities was accounted for by modeling plastic sources along the main naval routes (commercial and transport/touristic) with a 2 km spacing between source points. We extrapolated the most trafficked routes from the SafeMED GIS (REMPEC, 2009) and Campana et al. (2018).

From a technical perspective, there is a trade-off between the number of particles per source point to be used for simulation (number that should be maximized so as to have a homogeneous coverage of the domain while computing the hazard) and the computational load. After a testing phase, we chose to differentiate the number of released particles for each source type. For example, we carried out three simulations to test the release of 30, 300, and 3,000 particles at each of the 3,843 coastal release points, and then we visually compared the obtained distribution patterns. Despite having a longer computational time as a drawback, we could observe more smaller-scale details and a wider coverage of the simulation domain when we released 300 particles per source instead of just 30. However, releasing 3,000 particles per coastal source (11,529,000 particles every day) did not lead to remarkable improvements that could justify the longer duration of the simulation. With the same procedure, we set the daily release of 300 particles from each source point along the naval routes. We had to increase the daily amount of particles released by riverine sources to 30,000 per day to ensure the same quality of the simulation outputs, to account for the point-like geometry of river mouths in our model. The initial position of each particle was randomly extracted within a certain radius from its actual source point, to increase spatial variability and somehow mimic occasional release. Since particle velocity is assigned by interpolating the velocity field at particle location at each time step, the choice of this radius influences particle trajectory. We tested the radius simulating riverine release only, setting it to 10, 100, and 1,000 m. We could observe little variety in particle trajectories when releasing particles within 10 m from the river mouths, meaning that this distance is too small compared to the resolution of the velocity fields we used. On the other hand, we found that the plume of particles at the river mouth was not well defined when using a 1,000 m radius, as several particles were not released from the river but from the adjacent coast. Moreover, there was a higher occurrence of particles whose local velocity could not be obtained via interpolation because their starting point was too upstream, meaning that <30,000 particles were actually released. Again, in medio stat virtus: better performances were observed when using a 100 m radius for riverine release, and then we applied it also to the coastal and maritime release settings. Moreover, the vertical position of the particles was randomly assigned within the surface layer of the oceanographic circulation reanalyses (0–1.47 m) and kept fixed thereafter. Overall, considering all source types, a total of 1,739,100 particles was released every day, amounting to about 3 billion particles tracked over an 11-year-long time window.

The contribution to accumulation of plastics from each of the three source types has been simulated considering them independently. Then, to obtain an aggregated picture of plastic within the study area, daily outputs of the single-source simulations have been normalized by dividing the number of particles in each cell of the oceanographic grid by the maximum number of particles registered in all cells. To account for the different magnitude of the plastic input from coastlines, rivers and shipping routes, the aggregated mapping was obtained by attributing different weights to the particles according to their source, with the coast-to-rivers-to-shipping lanes ratio of 50%:30%:20% proposed by Liubartseva et al. (2018).

In terms of the temporal dimension of particles concentration, at first the simulation outputs from the three source types were averaged over the eleven summer seasons simulated. Then, inter-annual variability was estimated for each source type by considering, summer by summer, the fraction of particles that entered the Pelagos Sanctuary on the total amount released in a year of single-source simulation. Annual fluctuations of plastic distribution within the Sanctuary was quantified through the CV, computed on the aggregated particle density maps as a cell-by-cell ratio between standard deviation and mean.

2.2. The Exposure—Maps of Habitat Suitability

To specifically target the exposure of the fin whale in our analyses, we determined habitat suitability for the species by applying a simplified version of the model proposed by Druon et al. (2012). In their niche model, Druon and collaborators used a multi-criteria evaluation to define the main features of the whales' habitat, providing a specific chlorophyll-a (chl-a) range, a minimum threshold for the norm of the horizontal gradient of sea surface temperature and chl-a, and a minimum water depth. With this parametrization, they found that 80% of sightings occurred within <9.7 km from the predicted potential habitat. Among their predictors, we selected the range of chl-a concentration (0.11 to 0.39 mg/m3) and water depth (from 200 to 2800 m) to identify potential habitats. Our simplification is supported by two considerations: in the mentioned study, chl-a fronts were found to be the main predictor of whale presence (the chl-a range they defined corresponds to the 7th and the 98th percentile values found at sightings' location), and most (82%) of the recurrent potential habitat identified by Druon et al. (2012) has been identified in correspondence of those water depths. To determine sea surface chl-a concentration, we used monthly satellite data from MODIS-Aqua, the Moderate Resolution Imaging Spectroradiometer aboard the NASA-Aqua satellite, obtaining georeferenced data such as those shown in Figure 2A. Data were available from 2002 to 2010, since chl-a measurements started in late June 2002. Water depth was taken into account by using the General Bathymetric Chart of the Oceans (The British Oceanographic Data Centre, 2014; Figure 2B). We thus obtained the fin whale suitable habitat by assigning value 1 to the cells of the oceanographic grid which matched our criteria and 0 to the others, thus obtaining the exposure factor as Boolean masks for the summer months of the years 2002–2010.
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FIGURE 2. Input data used to assess the exposure component of the risk maps using habitat suitability modeling. (A) An exemplification of a temporal snapshot (June 2006) of surface chlorophyll-a (chl-a) concentration satellite data, see text for data sources. (B) Bathymetry of the Pelagos Sanctuary area as provided by The British Oceanographic Data Centre (2014).



Besides fin whales, other species can be studied by selecting a relevant indicator of their habitat. As a notable example, the presence of higher trophic marine biota can be predicted using the Net Primary Production (NPP). Typically, areas with high NPP are in fact positively associated with abundance of phytoplancton, which is at the basis of the food chain, making reasonable to assume NPP as a proxy of ecosystem size (Sherman and Van Sebille, 2016).

2.3. The Risk—Interlacing Hazard and Exposure

The risk associated with ingestion of microplastics by the marine taxa under study was finally calculated at a monthly temporal step, as the product between the two gridded fields described above: the monthly-averaged plastic density data (hazard factor, as resulting from our Lagrangian simulations) and the monthly masks of fin whale potential suitable habitat (exposure factor), that is:
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In other words, our risk indicator expresses how likely is an encounter between microplastic particles and fin whales, resulting in ingestion during feeding. Thus, high risk values have not to be intended as directly linked with adverse effects, since such an evaluation would require more detailed data about the effects of microplastics in whales, as it has been done with the estimation of mortality risk in seabirds (Schuyler et al., 2015; Wilcox et al., 2015). As a consequence of MODIS-Aqua data availability as mentioned above, we could calculate risk maps for the fin whale from July 2002 and not before.

3. RESULTS

Figure 3 summarizes the contribution to plastic density in the area of the Pelagos MPA from each of the three sources—coastlines (Figure 3A), main shipping routes (Figure 3B), and major rivers (Figure 3C). At a glance, release of particles from coastlines and maritime traffic (Figures 3A,B) present comparable particle distributions, in terms of both the coverage of the simulation domain and of geographical patterns that can be identified. For example, the high-density areas located in the Central Ligurian Sea, in the Gulf of Lion and a lesser one in the Tyrrhenian Sea emerge from both single-source simulation settings. Particle dispersion from these two linear sources appears to be more homogeneous than the one generated by rivers (Figure 3C). At the geographical scale of interest, rivers behave in fact like punctual sources, releasing at their mouth a plume of particles whose dispersion depends on the dynamicity of the waters they flow into. In the riverine setting, the Northern Tyrrhenian Sea presents higher particle concentration than the Ligurian Sea.
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FIGURE 3. Maps of summer plastic density (hazard component) averaged over the period 2000–2010 from each source of release: (A) coasts, (B) ships and (C) rivers. (D) Overall decennial hazard map in the Pelagos Sanctuary, obtained with a weighted aggregation.



Particle concentration hotspots emerge more clearly when considering how the three pollution sources act all together (Figure 3D). Again, particle density is high in the Central Ligurian Sea, forming a plume-like structure that extends westwards, starting from offshore the Ligurian coasts and reaching the French part of the domain. Interestingly, other hotspots that did not emerge in the single-source panels can now be clearly identified thanks to the weighting and aggregation procedure. One of those hotspots is located along the coastal marine areas of Tuscany and Lazio, on the eastern part of the domain, while another is a small offshore region between Tuscany and Corsica, on the western side of Elba island. It is worth noting that this last hotspot, despite being less pronounced than the other two, is already known to be a potential accumulation area for marine litter (Suaria et al., 2016; Fossi et al., 2017), possibly because of its proximity to a seasonal anticyclonic eddy structure named Capraia gyre (Schroeder et al., 2011) after the Capraia island, located north of Elba in the Tuscan Archipelago.

Mapping the average distribution of plastic provides information about the location and the extension of high concentration areas, however possible yearly fluctuations might not be visible. For this reason, in Figure 4 we show our two indicators of inter-annual variability. In Figure 4A, fluctuations in the amount of particles entering Pelagos are sharper for the release from rivers than from coastlines and shipping routes. This is probably due to the number and the geographic location of release sites included in each source type. In fact, coastlines and shipping routes are modeled as hundreds of evenly spaced point sources spread on a wide area, thus they are less affected by the variability of surface circulation in delivering particles to Pelagos. Conversely, dispersion of particles from rivers, which are fewer in number and described as point sources, can be more easily influenced by the actual circulation regime. In some years, surface currents appear to be particularly favorable in reducing the accumulation of riverine particles in Pelagos (e.g., 2002 and 2007, see again Figure 4A). Moreover, the two minima and the overall shape of the riverine time series in Figure 4A suggest a non-erratic, multiannual pattern. It can also be observed that the time series of plastic contributions to Pelagos from rivers and coastlines appear to be in phase, while the one associated with shipping routes is out of sync, even in counterphase in some years.
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FIGURE 4. Indicators of inter-annual variability in plastic distribution (hazard component). (A) Partitioning by source type of particles retained in the Pelagos Sanctuary each year during the simulated period. Percentages refer to the total number of particles released in a year from the relevant type of source. (B) Inter-annual CV of plastic density over the Sanctuary area in 2000–2010.



The map of the coefficient of variation (CV), shown in Figure 4B, suggests that particle density is subject to sharper inter-annual variability in open seas rather than in coastal waters, as somehow expected since the latter are less exposed to strong currents. Furthermore, the hotspot linked to the Capraia gyre (described above) presents rather low variability, perhaps strengthening the evidence that this high-concentration area tends to build up frequently.

The time-averaged exposure factor of fin whales in the Pelagos MPA (2002–2010) is shown in Figure 5A. Overall, the potential suitable habitat appears to cover the whole region, excluding the areas whose water depth did not match our suitability criteria. This result is not surprising at all, since Pelagos is well known for its highly productive waters and frequent whale sightings, being in fact a Sanctuary for cetaceans. Figure 5B finally integrates the hazard and the exposure monthly maps, and show the average risk of plastic ingestion for the period 2002–2010. On average, the risk for the target species appears to be maximum along the Ligurian and Western Corsica coasts. The widest hotspots match, comprehensibly, the high particle concentration areas previously identified. Again, the Ligurian sea presents an extended area with high risk, whose severity decreases toward the French coasts. In the easternmost part of the domain, the risk appears to be lower than in the Ligurian hotspot. However, noticeable values can still be observed in correspondence of the Northern Tyrrhenian area and close to the Capraia gyre, the latter being less defined.
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FIGURE 5. Maps of exposure to plastic and of the related risk for the fin whale. (A) Boolean mask representing the average suitable habitat in 2002–2010 , calibrated using a simplification of the model by Druon et al. (2012). (B) Average risk of plastic ingestion by B. physalus in 2002–2010, as resulting from multiplying the hazard and the exposure monthly maps.



4. DISCUSSION

In the present work, extensive Lagrangian simulations were run to model the surface advection patterns of plastic litter on a wide geographical domain embracing the Pelagos International Sanctuary for the Protection of Mediterranean Marine Mammals. Aim of our modeling study was to assess the potential distribution of plastic waste within the feeding grounds of the fin whale, an endangered cetacean inhabiting the Mediterranean Sea. Nearly three billion particles were released from coastlines, major rivers and most congested shipping lanes during the study period 2000–2010, and followed daily during their transport driven by surface ocean currents from the most up-to-date oceanographic reanalyses. In accordance with existing literature, we assumed that particle transport duration could be taken from an exponential distribution with average decay rate of 50 days. We modeled the fin whale suitable habitat on satellite-derived and bathymetry data, using a selected subset of the criteria identified by Druon et al. (2012) based on whale sightings occurred during the decade 2000–2010. The suitable areas detected as exposure component were used to finally compute the risk of plastics ingestion by fin whales, that is proportional to the hazard of finding particles in the region.

Over the ecologically relevant summer months of the decade 2000–2010, our simulations show that the highest average particle densities were localized in the Ligurian Sea, in the Northern Tyrrhenian Sea and between the Tuscan Archipelago and Corsica, as well as along the eastern coastlines of the simulation domain. What stands out in every examined plot is that no area within the Pelagos Sanctuary appears to be unaffected by the potential pollution sources that have been selected in this work. Our modeling results are in a rather good agreement with the observational data of plastic pollution based on sampling procedures by Suaria et al. (2016), Fossi et al. (2017), and Arcangeli et al. (2017), except for a high-density area that the latter found in the Bonifacio strait, not reproduced by the present elaborations. We note that this region is relatively poorly resolved in the oceanographic circulation reanalyses we exploited. Our results are also comparable with the simulation results by Cózar et al. (2015), Fossi et al. (2017) and Liubartseva et al. (2018), while there are some dissimilarities with the work by Mansui et al. (2014), probably because of the use of different oceanographic grids. In addition, our analyses confirm a known feature of the summer oceanography of the Pelagos area: the Capraia gyre. Simulations show that this region is also endowed with a low CV, underlying its recurrent and persistent appearance in the summer seasons of the years considered.

The potential whale habitat we modeled here, visible in Figure 5A, is similar to both the one obtained by Druon et al. (2012) and the fin whale presence probability observed by Azzellino et al. (2012). Risk for B. physalus of ingesting floating microplastic debris was obtained by properly interesecting the elaboration of the particle density patterns (the hazard) and indicators of potential habitat suitability for this species (the exposure). Our method highlighted a potential risk hotspot for the fin whale in the Liguro-Provenal basin, which is coherent with the overlay of plastic distribution and potential habitat qualitatively identified and discussed by Fossi et al. (2017). This area notoriously plays a crucial role for the species, especially during its summer feeding season (Panigada et al., 2005; Druon et al., 2012), thus the high risk of ingesting plastics we found there may be of great concern.

Our study was focused on a particular species on a key MPA, the largest of the Mediterranean Sea. However, the proposed approach can be potentially extended to other marine species to assess whether they are threatened by plastic pollution and to which extent, as well as to other areas of interest. A practical example of such extension of our approach is shown in Figure 6, where we applied the procedure hereby explained by using as exposure factor the monthly NPP maps for the Pelagos Sanctuary area (from the Mediterranean Sea Biogeochemistry Reanalyses available from the Copernicus Marine Environment Monitoring Service; Teruzzi et al., 2016). Although the effects of microplastics on pelagic productivity are still uncertain at current environmental concentration levels (Troost et al., 2018), NPP can be used to assess the exposure of the marine ecosystem (Sherman and Van Sebille, 2016), as it is linked to phytoplancton growth, a main source of nutrition for higher trophic levels.
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FIGURE 6. An application of our methodology to a different ecological target: maps of exposure to plastic pollution and of the related risk for the whole marine ecosystem of the Pelagos Sanctuary during summer months. (A) Average NPP in 2000–2010, as derived from Teruzzi et al. (2016), used to assess the exposure component for the marine ecosystem. (B) Average risk caused by plastic pollution.



To conclude, we performed a first decadal assessment of the risk of plastic ingestion by fin whales in the Pelagos MPA supported by both numerical simulations and ecological modeling, providing a simple methodology to obtain a quantitative, species-specific risk indicator. Improving over other existing risk assessments along the same line of research, modeled particles were released from the major sources, aiming to simulate real-life plastic input. Although being promising, the method we propose here would significantly benefit from a more precise characterization of plastic inputs from the relevant sources, both in terms of masses and sizes of the items. Further research needs to be carried out in this direction, also to better define seasonal variability of the sources, e.g., due to tourism or river runoff. Additionally, little is known to date about the residence time of floating plastics on the sea surface and about the dynamics of the additives and other chemicals it might carry. A better knowledge of the behavior of plastic waste in the marine environment would improve not only the modeling of its dispersion patterns but also the quantification of the standing stocks in the different compartments (ocean surface, seafloor and beaches; Sherrington, 2016) and assess how plastic-bound chemicals contribute to water pollution. Combining these sources of information can be helpful to address both effective waste management policies and volunteering actions (like clean-ups), aimed to reduce inputs. Tackling plastic pollution is a worldwide challenge with important socio-economic and environmental implications at all scales (from local to national and beyond), involving a variety of stakeholders. As the primary solution to the problem appears to be preventing contamination in the first place (Koelmans et al., 2014), scientifically-informed, targeted actions are nowadays needed more than ever.
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