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Micro- and macro-plastics pollution is a growing threat for marine biodiversity, ecosystem functioning, and consequently human wellbeing. Numerical models that consider main sources of plastics and simulate their dispersal characteristics are unique tools for exploring plastic pollution in marine protected areas (MPAs). Here, we used a Lagrangian plastic drift model, taking into account various sizes/types of plastic litter, originating from major land-based sources (coastal cities and rivers), to predict plastic accumulation zones in protected areas of the Mediterranean Sea (i.e., nationally designated MPAs, Natura 2000 sites, and Cetacean Critical Habitats). The model predicted that the size of plastic litters plays a key role in their dispersion and ultimate destination (i.e., larger litter travel longer distances). Most of the studied Mediterranean countries (13 out of 15) had at least one national MPA with over 55% of macroplastics originating from sources beyond their borders. Consequently, in many cases, local efforts to reduce plastic pollution in protected areas would be insufficient, especially for macroplastics management. Transboundary collaboration among Mediterranean countries is critical for implementing successful management plans against plastic pollution in their territorial waters and specifically in MPAs.
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INTRODUCTION

Plastic pollution in the marine environment is a global threat (Borrelle et al., 2020), considered as one of the major environmental issues of our times, comparable with climate change and overfishing (Avery-Gomm et al., 2019; Stafford and Jones, 2019). Macroplastics (>5 mm) are known to affect the marine ecosystem, as marine organisms ingest or become entangled in plastic litter (Sheavly and Register, 2007), which has an impact on their health, sometimes even with fatal consequences (Franco-Trecu et al., 2017; Reinert et al., 2017; Alexiadou et al., 2019). Effects of microplastics (<5 mm) on marine biota are less known (Bucci et al., 2020), as this subject has only recently drawn the attention of marine research activities (Modica et al., 2020). Still, the main attributes of microplastics (persistence, microscopic size) allow them to penetrate in the trophic chain more efficiently (e.g., Cole et al., 2013; Romeo et al., 2015; Digka et al., 2018; Wieczorek et al., 2018; Alava, 2020; Stamataki et al., 2020), potentially affecting even small planktonic organisms (Cole et al., 2015; Mahara et al., 2021), and entering the human diet through seafood (Smith et al., 2018).

Depending on their attributes (e.g., size, buoyancy), plastics can travel long distances (Fazey and Ryan, 2016a), and may end up far from their sources. In contrast with other, direct anthropogenic impacts (e.g., fishing), which can be managed locally with restrictions, plastics can act as an invisible threat with multiple and distant sources, potentially threatening the wildlife and habitats in Marine Protected Areas (MPAs). Evidence from studies conducted in the Antarctic (Almela and Gonzalez, 2020), the Arctic (Mallory, 2008), the Atlantic (Barnes et al., 2018), and the Pacific Oceans (Luna-Jorquera et al., 2019), as well as in the Mediterranean Sea (Fossi et al., 2017), demonstrate that MPAs are affected by plastic pollution worldwide.

From an ecological point of view, and from the perspective of marine policy, the case of the Mediterranean Sea is of particular interest with regard to plastic pollution. This semi-enclosed basin, with restricted water outflows, is one of the most polluted regions globally (Lebreton et al., 2012; van Sebille et al., 2015; United Nations Environment Programme [UNEP], 2021), and simultaneously a biodiversity hotspot (Bianchi and Morri, 2000). Furthermore, the Mediterranean Sea is shared by numerous countries in three continents with great differences in socioeconomic status, political regimes, languages, governance, and cultures that render the implementation of common regulations for the management of marine ecosystems challenging. Yet, most Mediterranean states have committed to protect and conserve marine biodiversity and ecosystems through international conventions. The Barcelona Convention for the Protection of the Marine Environment and the Coastal Region of the Mediterranean was adopted in 1995 and today has 21 Mediterranean countries and the EU as contracting parties.1 One of the Convention’s primary goals is to protect the marine environment and coastal zones through prevention and reduction of pollution, and as far as possible, elimination of pollution, whether land- or sea-based. To achieve this goal, it is very important to identify sources and sinks of pollution across the Mediterranean Sea, and particularly in critical areas for the conservation of marine biodiversity.

Numerical models are unique tools to study the distribution and impacts of plastic pollution on marine ecosystems, providing useful knowledge for marine policy and decision making, particularly when properly validated. Plastic distribution models give us the ability to predict accumulation zones and connect them with their sources. For instance, Liubartseva et al. (2019) used a Mediterranean basin-scale Lagrangian model to identify sources contributing to the plastic concentration in six MPAs, while Fossi et al. (2017) and Guerrini et al. (2019) used a Lagrangian approach to study the impact of plastic pollution in the Pelagos Sanctuary for Marine Mammals. Still, in order to have an overview of the problem and a clear picture of its dimension, there is a need to use plastic dispersion models in basin-scale analyses that consider all MPAs of the Mediterranean Sea. Additionally, since all models have strengths and weaknesses (Skogen et al., 2021), getting results from more than one modeling approach is essential for supporting ecosystem-based management decisions (Lewis et al., 2021).

The only basin-scale analysis focusing on the MPAs of the entire Mediterranean Sea is a recent study by Soto-Navarro et al. (2021), who performed a risk assessment analysis of macroplastics pollution based on the ingestion rates of several species. Even though Soto-Navarro et al. (2021) reported predicted macroplastic concentrations (normalized) in Mediterranean MPAs, no such information exists for microplastics. Additionally, although the model they used is based on a well-established description of hydrodynamics (NEMOMED36, Soto-Navarro et al., 2020), implemented with high resolution (2–3 km), the simulated plastics distribution was not validated with field observations.

The purpose of this study is to predict the concentrations of both micro- and macro-plastics in Mediterranean MPAs as well as in areas of conservation interest for cetaceans, simulated with a basin-scale Lagrangian particle drift model (Tsiaras et al., 2021). This model considers the most important processes (advection by currents, stokes drift, horizontal/vertical mixing, beaching, wind drag), including the biofouling and sinking of micro- and macro-plastics, while the simulated plastics distributions have been validated against available field data. In our analysis we consider nationally designated MPAs (hereafter, referred to as “national MPAs”), marine sites of the European Union network of protected areas Natura 2000, and Cetacean Critical Habitats (CCHs, including the Pelagos Sanctuary). Moreover, we investigate the sources contributing to the resulting accumulation in national MPAs, and we quantify transboundary pollution highlighting the necessity of international collaboration for the successful implementation of plastic pollution management plans within MPAs.



MATERIALS AND METHODS


Lagrangian Particle Drift Model

The Lagrangian Individual-Based model (IBM) used to describe the transport of micro- and macro-plastics (Tsiaras et al., 2021) is described in detail in the Supplementary Material. The model is coupled with a 3-D hydrodynamic model (POM), which provides ocean currents and diffusion coefficients that are used to describe the dispersion of plastic particles in the marine environment. Specific attributes of particles (size, density/buoyancy) were taken into account among different sizes and types of plastic categories. Six size classes (50, 200, 350, 500, 1,000, 2,000 μm) of microplastics particles and five sizes/types (5 mm–2 cm, 2–20 cm, > 20 cm bottles, > 20 cm bags, > 20 cm foam) of macroplastics were considered. For computational efficiency, the concept of Super-Individuals (SIs; Scheffer et al., 1995) was used, with each SI representing a group of particles with the same attributes (position, origin, type of plastic etc.). All sizes/types of plastics were affected by stokes drift (obtained from Copernicus marine service2), which was assumed to decrease exponentially with depth. Low-density macroplastics (i.e., bottles and foam; Tsiaras et al., 2021) were assumed to be partially above sea surface, being subject to wind drag (Yoon et al., 2010). Fields of wind were obtained from POSEIDON atmospheric forecast (Papadopoulos and Katsafados, 2009; Supplementary Figure 6).

Particles are removed from surface waters as they lose their buoyancy through interactions with the marine environment. The particles’ density is increasing (and thus buoyancy is decreasing) through biofouling (Kooi et al., 2017). In the model, biofouling of microplastics is explicitly described, as a function of bacterial abundance. Bacteria are usually found as early colonizers and most abundant organisms in marine biofilms (e.g., Oberbeckmann et al., 2014; Masó et al., 2016). Thus, they are considered as a proxy for the biofouling community which may include also other organisms, such as algae and their grazers (Oberbeckmann et al., 2014; Dang and Lovell, 2016; Rummel et al., 2017; Nava and Leoni, 2021). Bacterial abundance was obtained from a biochemical model based on European Regional Seas Ecosystem Model (ERSEM; Baretta et al., 1995; Kalaroni et al., 2020a,b). Based on the adopted formulation, smaller microplastics (50, 200, 350, 500 μm) are gradually sinking (time to sink with mean bacterial biomass: < 1 day 50 μm, 3.5 days 200 μm, 14 days 350 μm, 32.5 days 500 μm, see Supplementary Figure 1) due to the buoyancy loss resulting from the attachment of heavier biofilm (∼1,500 kg/m3, Bratback and Dundas, 1984). Larger particles (>1 mm) practically remain afloat and in most occasions, they get stranded on land before they sink (Tsiaras et al., 2021). Small macroplastics (5 mm–2 cm, 2–20 cm) and plastic bags were also assumed to gradually lose their buoyancy from the attachment of micro- and macro-fouling communities (Ye and Andrady, 1991; Fazey and Ryan, 2016a; Pauli et al., 2017). Based on the assumptions for biofilm thickness adopted by Tsiaras et al. (2021), small macroplastics with sizes 5 mm–2 cm and 2–20 cm sink after 120 and 150 days, respectively, while bags sink after 90 days, which is comparable with estimates from observations (Holmström, 1975). Moreover, bottles were assumed to randomly lose their buoyancy daily (i.e., when filled with water), as indicated by observations, showing a relatively small contribution of bottles in open sea floating plastics (Zeri et al., 2018).

Particles that end-up on land were assumed to remain on the beach for a fixed retention time (Tsiaras et al., 2021), after which they return to the sea, in the direction of waves at the beach location. During the time they spent on the beach, the particles’ concentration decreases, assuming some loss rate due to burial. The latter is the main loss term in the model (along with sinking) and it has been tuned so that the mean basin scale concentration remains fairly stable throughout the interannual simulation, obtaining also a best fit of simulated micro- and macro-plastics concentrations with in situ data.


Sources

Three major land-based sources of plastic were considered: wastewater discharge, rivers, and cities. These are reported below, but the interested reader can see a detailed description in Supplementary Material:


(a)Input of microplastics from coastal cities (>2,000 inhabitants) municipal wastewater discharge (Supplementary Figures 2A,B) as a function of population density (Supplementary Figure 3) and wastewater treatment type (no treatment, primary, secondary, tertiary; Supplementary Figure 4) assuming an increased cleaning efficiency from primary to tertiary treatment based on Kalcikova et al. (2017). Larger particles (>300 μm), were assumed to be totally removed when some type of treatment is applied, being discharged into the sea only from untreated wastewater.

(b)Input of micro- and macro-plastics from river discharge (Supplementary Figure 2D) as a function of accumulated plastics production and monthly river runoff, based on Lebreton et al. (2017) global dataset. The total mass plastic input (tons/year) was converted to #particles/day of micro- and macro-plastics, assuming a fixed macro/micro mass ratio. River input of smaller (<300 μm) microplastics was not considered, as river estimates were based on observations with a net mesh size > 300 μm.

(c)Input of macroplastics from coastal cities (beaches, harbors etc., Supplementary Figure 2C), which is distributed along the Mediterranean coastline following a function of population density.





Mapping of Plastics Distribution

For the purpose of the present study, a 3-year simulation (2016–2018) was performed and an average distribution of near-surface (0–10 m) micro- and macro-plastic abundance was used to investigate the accumulation in the MPAs of the Mediterranean Sea. The various types and sizes of plastic considered by the model were grouped and summarized into microplastics (<5 mm, particles km–2) and macroplastics (>5 mm, g km–2).




Overlap of Plastics With Marine Protected Areas and Cetacean Critical Habitats


Areas of Interest

The maps of plastic distribution were overlapped with GIS-based ecosystem layers, and the mean and median micro- and macro-plastics abundance of each area was calculated using the INPOLYGON function of MATLAB—2015a. Cetacean Critical Habitats (CCHs), Natura 2000 sites, and national MPAs were provided by MAPAMED (2020). From these, a total of 17 CCHs, 297 Natura 2000 sites and 107 national MPAs were investigated and included in the model domain (Figure 1). Estimates on the plastic pollution in Natura 2000 sites and national MPAs were grouped and investigated at a country level and at an ecoregional level. In the Mediterranean Sea, eight distinct ecoregions have been identified by Notarbartolo di Sciara and Agardy (2010), the: Alboran Sea, Algero-Provencal Basin, Tyrrhenian Sea, Tunisian Plateau/Gulf of Sidra, Adriatic Sea, Ionian Sea, Aegean Sea (including the Sea of Marmara), and Levantine Sea. Within each ecoregion, common geo-morphological features and ecological processes occur. In the past, this ecoregion classification has been adopted by other basin-scale studies (e.g., Giakoumi et al., 2013) to identify spatial priorities for biodiversity conservation and ecosystem-based management.
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FIGURE 1. Study Areas: national Marine Protected Areas (National MPAs, orange), Natura 2000 sites (magenta), and Cetacean Critical Habitats (CCHs, yellow).


Finally, for the most threatened areas (i.e., areas with the highest plastic concentration), the origin of the resulting pollution was investigated by identifying the contributing sources from the SI’s attributes, in order to identify connectivity patterns between sources and protected areas. To get an overview of transboundary pollution in the basin, we investigated the origin of plastic pollution in national MPAs on a country-specific basis, estimating the percentage contribution of each country to the resulting pollution within each national MPA.



Cluster Analysis

To characterize the studied areas as of relatively high/medium/low plastic concentration, an objective environmental spatial division of the Mediterranean Sea into clusters was applied. Following the procedure of Politikos et al. (2017), the k-means clustering algorithm (Hartigan and Wong, 1979) was applied on the simulated concentration average maps for each type of plastics. A number of 3 clusters was defined before the k-means analysis, representative of high (cluster#1), medium (cluster#2), and low (cluster#3) concentration. The clusters stability was tested, using the Jaccard index, a useful measure of similarity between two datasets (Hennig, 2007). The procedure is as follows. A modification of the original data set was applied introducing two different types of disturbance to create several “test” data sets: the “noise” method, which randomly replaces a fraction of points in the original data set by “noise points,” and the “jittering” method, which adds a small amount of noise to every single point in the original data set (Hennig, 2007; D’Ortenzio et al., 2014). The k-means algorithm was then applied to the modified data sets and cluster results were compared to those obtained from the original data set. Following Hennig (2007), the Jaccard parameter was calculated for the modified data sets retaining the average of the Jaccard parameter. Generally, clusters with a Jaccard index equal or higher than 0.75 were considered stable (Kalaroni et al., 2020a). Finally, each area was characterized as of relatively low/medium/high pollution based on the median plastic concentration found, corresponding to one of the three clusters of the k-mean analysis.




Potential Bias of the Results

The model used to study the distribution of plastics is based on well-established methods, while the simulated results have been validated with available in situ data (Supplementary Figures 7, 8, and the references in Supplementary Material) presenting a reasonable skill (Tsiaras et al., 2021). Still, the available validation data cover partially the model domain, while the adopted sources of plastics are characterized by a large degree of uncertainty. Especially with regard to small microplastics (<300 μm) available data are not enough for model validation, and their background concentration is poorly known (Lindeque et al., 2020). Furthermore, in the absence of available data, the input of small microplastics (<300 μm) from rivers has not been taken into account. Thus, the total amount of microplastics input from rivers as estimated here with the model of Lebreton et al. (2017) should be considered as underestimated. On the other hand, Weiss et al. (2021) indicated that existing estimates for river inputs of microplastics (e.g., Lebreton et al., 2017; Schmidt et al., 2017) may be significantly overestimated, based on the assumed mean particle weight and sampling methodologies biases.

Inputs of macroplastics from river runoff are also characterized by a significant degree of uncertainty, both in their amount and distribution. These were based on a global empirical function (Lebreton et al., 2017), taking into account of only one Mediterranean river (River Po). This empirical function is strongly influenced by mismanaged plastic production distribution, which might result in an underestimation or overestimation in high-income/developed countries and low-income/developing countries, respectively (Mai et al., 2020). Furthermore, the recent study of González-Fernández et al. (2021) demonstrated that the model of Lebreton et al. (2017) underestimates the input of large macroplastics (>2.5 cm) of European rivers. However, such information is still missing for the non-European rivers. Given that this knowledge gap will be covered by future studies, the presented modeling framework should be updated by re-considering the input of large macroplastics (>2.5 cm). Still, with the adopted formulation, our estimates on the input of large macroplastics (>2 cm) considering only European rivers (∼980 tons/year) is very close to the estimate of González-Fernández et al. (2021) for rivers discharging in the Mediterranean Sea (660–1,800 tons/year; mean = 1,350 tons/year).

The atmospheric pathway is partially considered for macroplastics as an input from coastal cities (see section “Sources, c”). Yet, we do not consider the atmospheric deposition of microplastics. Airborne microplastics, depending on their size, can travel long distances, as smaller particles are dispersed more widely (Evangeliou et al., 2020), making the simulation of their deposition at sea rather challenging. This would require an atmospheric model for the dispersion of microplastic or even a particle tracking model (e.g., Zhang et al., 2020), such as the one used here for the marine microplastics. Although there is more and more scientific evidence about the importance of atmospheric deposition (Liu et al., 2019), the information on airborne microplastics distribution in the Mediterranean is insufficient.

The ocean-based sources, that are not taken into account here, are considered to cover about 20% of the total plastic pollution (Lebreton et al., 2012). This contribution might currently be even smaller, considering the official banning of litter discharge from vessels. In addition, Soto-Navarro et al. (2020) modeled the dispersal of plastic released from shipping lanes and found their contribution rather uniform throughout the basin. Moreover, the plastics load from activities in coastal areas, such as aquaculture and fisheries, is partly taken into account in the tuned input of macroplastics from cities. Yet, plastic debris accidentally released offshore might be endowed with peculiar dispersal patterns influenced by off-coast currents. Therefore, in a future study, ocean-based sources should be further quantified and included in the model. Conversely, this is not important for microplastics as land-based sources represent the overwhelming majority (98%) of inputs into the ocean, according to IUCN (Boucher and Friot, 2017). Other sources of plastic that are less known, and thus are not considered by the model, but could affect certain areas, include the deposition of plastic fragments from greenhouses (e.g., in the Almeria region along the Spanish Mediterranean Coast; Dahl et al., 2021) and the illegal dumping of industrial wastes into coastal waters (Sheavly and Register, 2007).

Besides the uncertainties related to the adopted sources, our study is limited by processes that are not considered by the model. For instance, fragmentation of plastics into smaller particles results from the degradation of plastics which is more efficient on a beach environment, under the effect of solar radiation and waves that is primarily activated by ultraviolet (UV) radiation of sunlight, being also regulated by oxygen availability, temperature and mechanical abrasion (Andrady, 2011, 2017; Song et al., 2017). Even though fragmentation of plastics acts on relatively long time scales (∼years, Song et al., 2017), it provides a link between plastics of different sizes and thus it should be considered in future modeling efforts. Other processes that may affect the fate of microplastics include aggregation with sinking particulate organic matter (Long et al., 2015) and fecal pellets (Cole et al., 2016), as well as ingestion from various marine organisms (Cozar et al., 2014; Andrady, 2017; Choy et al., 2019 and references therein). These processes have been documented in the field or lab, but are still poorly quantified (van Sebille et al., 2020) and thus, were not taken into account in the model. With regard to biofouling, given the absence of experimental data, particularly on the size dependence of biofilm growth on microplastics, the adopted parameterization could not be directly validated. Still, the description of biofouling in Tsiaras et al. (2021) is among the most explicit, compared to other plastic dispersion models for the Mediterranean Sea (e.g., Liubartseva et al., 2018; Kaandorp et al., 2020; Soto-Navarro et al., 2020; Guerrini et al., 2021).

Finally, input from cities (both micro- and macro-plastics) is assumed to be constant through time. This is a simplification considering the changes of population and human activity in the coastal zone especially during the touristic period. For instance, in the Mediterranean Sea, a 40% increment of plastics input has been observed during the summer months (Galgani et al., 2014). In our results, the seasonality of plastic distribution is the result of changes in circulation, wind/waves, and rivers runoff. Considering that the model does not provide sufficient details to investigate the inter-seasonal distribution of plastic, we decided to study the accumulation in the Mediterranean protected areas using annual mean concentrations.




RESULTS


Simulated Plastic Distribution and Cluster Analysis

The average near-surface (0–10 m) distribution of micro- and macro-plastics as resulting from the 2016–2018 model simulation is shown in Figure 2. The majority of microplastics in terms of particles km–2 (basin average) were 200 μm (24.5%) and 350 μm (23.3%) followed by 500 μm (21%), 1,000 μm (15%) 50 μm (10.6%), and 2,000 μm (5.5%). Thus, in the resulting distribution maps, the fast-sinking microplastics (<1 mm) are dominant (79.5%) against afloat microplastics (20.5%). With regard to macroplastics, in terms of g km–2, the majority were 0.5–2 cm (54%), followed by 2–20 cm (37%), while bottles, bags, and foam were only 2.7, 3.5, and 2.7%, respectively. Thus, only 6.2% of macroplastics was affected by the wind. In Figure 3, the median distance covered by Lagrangian particles per particle category during the 3-year simulation is shown. The size of particles has a direct impact on their ability to travel far from their sources, as larger particles can potentially travel longer distances.
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FIGURE 2. Average distribution of micro-(top) and macro-plastics (bottom) of a 2016–2018 model run. Microplastics (<5 mm) concentration is the sum of the six microplastics size classes considered in this study (50, 200, 350, 1,000, 2,000 μm). Macroplastics concentration (>5 mm) is the sum of the five considered size/type classes (0.5–2 cm, 2–20 cm, bottles bags and foam>20 cm).
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FIGURE 3. Median distance covered by particles of the various sizes/types considered over the 3-year simulation run. Icons (A–F), represent examples of different size/type particles specified by y-axis: (A) fibers, (B) fragments, (C) pellets, (D) bottle cap, (E) bottle, and (F) bag.


The classification of the resulting distribution into 3 clusters, identified for both micro-and macro-plastics, is shown in Figure 4, and the corresponding statistics (median, 25, 75% percentiles etc.) of each cluster in Supplementary Figures 9, 10 and Supplementary Table 1. All clusters have scored high Jaccard indexes (>0.9), demonstrating that they are sufficiently stable and well-defined. The cluster analysis provides a more objective representation of the results, revealing the most contaminated areas (cluster#1, red).
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FIGURE 4. Clusters of micro- (top) and macro-plastics (bottom) of a 2016–2018 model run. Statistics of each cluster (median, 5–95% quantiles) are shown in Supplementary Figures 9, 10.


The simulated distribution is significantly affected by the source inputs from municipal wastewater and river runoff, as well as near-surface circulation. Highly polluted areas were found in the coastal zone, and especially in the vicinity of large rivers (e.g., Po—Italy, Soumman—Algeria, Nile—Egypt, Seman—Albania) and Metropolitan cities (e.g., Athens, Rome, Beirut). Microplastics accumulation zones that extend to the open sea are found in areas with inputs from large rivers (e.g., Algerian and Albanian coasts) or cities where no wastewater treatment is applied (e.g., Beirut, Tripoli). Rivers and untreated water are sources of large microplastics (>300 μm) that sink slowly (see section “Lagrangian Particle Drift Model”), and thus can travel longer distances than small microplastics (<300 μm). Thus, high concentration of microplastics in the open sea may be seen in areas where energetic coastal currents result in the off-shore advection of large particles from their source regions, as in the Algerian basin (Algerian current), the North Eastern Levantine (Asia-Minor current) and the Ligurian Seas (Liguro-Provencal current). In contrast, in areas where untreated water sources are scarce and input from rivers is not important, like the Spanish coasts, only input of small microplastics (<300 μm) occur, which rapidly lose buoyancy and sink due to biofouling (see section “Lagrangian Particle Drift Model”), resulting in a strong decrease of their concentration in open sea areas. The macroplastics distribution is mostly affected by rivers input. Particularly large accumulation zones, extended in the open sea, were found in the Algerian basin (dispersed from the coast to the open sea by the Algerian current), the North-Western and South-Eastern Adriatic, the Thermaikos Gulf (North Aegean Sea), and the Levantine basin. The effect of near-surface circulation is also visible in anticyclonic circulations that act as convergence/accumulation zones for floating particles (e.g., Gulf of Sirte Gyre and Ierapetra Gyre in eastern Crete).



Plastic Concentration in Marine Protected Areas Across Countries

The average concentration in national MPAs, Natura 2000 sites, and CCHs, is shown in Figure 5, along with the averaged concentration of inshore (<5 km distance from the coast) and offshore (>5 km) waters. Compared to CCHs, national MPAs and Natura 2000 sites are clearly more impacted, as on most occasions these are located in the coastal zone, while CCHs are generally larger areas extending also to the open sea. The difference between inshore and offshore waters is smaller for macroplastics. Macroplastics in inshore waters are 3.4 times higher compared to offshore waters, while microplastics are found to be 5.3 times higher in inshore waters, illustrating that macroplastics can travel longer distances from their sources.
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FIGURE 5. Average concentration of micro-(top) and macro-plastics (bottom) at inshore (<5 km distance from the coast), offshore (>5 km), national Marine Protected Areas (National MPAs), Natura 2000 sites and Cetacean Critical Habitats (CCHs). For micro- and macro-plastics estimation see Figure 2 caption.


The characterization of the studied areas, as of relatively low/medium/high pollution based on the cluster analysis is shown in Figure 6 (national MPAs and Natura 2000 sites) and Figure 7 (CCHs). A total of 41 (38%) national MPAs, 107 (36%) Natura 2000 sites, and 4 (23%) CCHs were found in the high cluster of microplastics. The studied areas were found less impacted by macroplastics with a total of 19 national MPAs (18%), 74 Natura 2000 sites (25%), and 1 CCHs (6%) belonging to the high cluster. A great amount of the studied areas is located in the Western Italian and French coasts. Although these areas accumulate microplastics originated locally as they are close to highly populated coastal cities (see Supplementary Figure 3), they do not receive significant inputs from rivers. Thus, compared to other areas where both rivers and cities provide significant inputs, like the Algerian coasts and the Adriatic and Levantine Seas, they accumulate significantly less macroplastics. Moreover, macroplastics accumulation zones, in comparison to microplastics accumulation zones, coincide much less with MPAs. Predicted micro- and macro-plastics concentration in all studied areas, as well as the corresponding clusters, can be found in Supplementary Material.
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FIGURE 6. Characterization of national Marine Protected Areas and Natura 2000 sites as of relatively low (blue), medium (green), and high (red) pollution based on the cluster analysis. Areas are plotted as circles at the mean coordinates of an area’s polygon.
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FIGURE 7. Characterization of Cetacean Critical Habitats (CCHs), as of relatively low (blue), medium (green) and high (red) pollution based on the cluster analysis.


From a country-specific point of view (Figure 8), a similar pattern is presented. Protected areas in EU countries like France, Italy and Greece are relatively more impacted by microplastics than macroplastics. The national MPAs of Albania, Turkey, Lebanon, and Algeria were found with relatively high concentrations of both micro- and macroplastics. In contrast, Natura 2000 sites and national MPAs in Croatia, Spain, Malta, and Cyprus maintain relatively low concentrations of both micro- and macro-plastics. Finally, the national MPAs in Tunisia, Libya, Israel and Egypt were found with relatively low concentrations in microplastics but high in macroplastics.
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FIGURE 8. Average concentration of micro- (top) and macro-plastics (bottom) in national Marine Protected Areas (MPAs) and Natura 2000 sites per country. FRA: France, CRO: Croatia, ITA: Italy, SPA: Spain, GRE: Greece, MAL: Malta, CYP: Cyprus, ALB: Albania, TUR: Turkey, LEB: Lebanon, MAR: Morocco, ALG: Algeria, TUN: Tunisia, LIB: Libya, ISR: Israel, EGY: Egypt. The first 7 countries (FRA—CYP) are members of the European Union (EU) and have both national MPAs and Natura 2000 sites, whereas the remaining 8 countries (ALB—EGY) are not part of the EU and thus do not have Natura 2000 sites. The number above each bar indicates the number of areas included in the calculation. For micro- and macro-plastics estimation see Figure 2 caption.


As regards to CCHs, the waters surrounding the Dodecanese Islands (Aegean Sea), the Tuscany Archipelago (Italy), the island of Ischia (Italy) and the Sazani Island (Albania) were found inside the high pollution cluster. With regard to macroplastics, only Sallum Gulf (Egypt) was found in the high cluster. Pelagos Sanctuary was found in the medium pollution cluster for both micro- and macro-plastics.



Plastic Concentration in Marine Protected Areas per Ecoregion

The average concentration of micro- and macro-plastics in Natura 2000 sites and national MPAs per ecoregion (ECR) is shown in Figure 9. National MPAs in ecoregions of the Eastern Mediterranean Sea—including the Ionian (ECR 6), Aegean (ECR 7), and Levantine (ECR 8) Seas presented particularly high microplastics concentrations. Natura 2000 sites in the Tyrrhenian Sea (ECR 3) presented the highest microplastics averaged concentration. With regard to macroplastics, the Natura 2000 sites of the Adriatic Sea (ECR 5), and national MPAs in the Levantine Basin (ECR 8) were the most impacted. Particularly low concentrations of both micro- and macro-plastics were found in the national MPAs and Natura 2000 sites of the Tunisian Plateau (ECR 4).
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FIGURE 9. Mediterranean ecoregions (top) obtained from Notarbartolo di Sciara and Agardy (2010) and Giakoumi et al. (2013). (1): Alboran Sea, (2): Algero-Provencal Basin, (3): Tyrrhenian Sea, (4): Tunisian Plateau, (5): Adriatic Sea, (6): Ionian Sea, (7): Aegean Sea (8): Levantine Sea. Average concentration of micro-(middle) and macro-plastics (bottom) at national Marine Protected Areas (MPAs) and Natura 2000 sites per ecoregion. The number above each bar indicates the number of areas included in the calculation. Red bars represent the mean concentrations per ecoregion. For micro- and macro-plastics estimation see Figure 2 caption.




Most Threatened Areas and Origin of Their Accumulation

Protected areas that were predicted to have extreme concentrations of plastic (above the 95th percentile of surface concentration in the whole basin) are shown in Figure 10. The majority of the most polluted areas with regard to microplastics are located along the Italian (13 areas) and French coasts (6 areas). In contrast, concerning macroplastics, the most polluted areas are dispersed in several regions including the eastern Italian coast (8 areas) and the Messina Strait (2 areas), in Turkey (5 areas), Spain (3 areas), Lebanon (1 area), Greece (2 areas), and Egypt (1 area).
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FIGURE 10. Protected areas above the 95th percentile of predicted surface micro-(top) and macro- plastics (bottom) concentration of the Mediterranean Sea.


From these areas, we highlighted three cases to investigate the origin of their resulting plastic accumulation in detail: the Natura 2000 site of Costa Viola in Italy (Supplementary Figure 11), the national MPA of the Tyre Coast in Lebanon (Supplementary Figure 12), and the national MPA of the Axios Delta in Greece (Supplementary Figure 13). The Costa Viola Natura 2000 site and the Tyre Coast presented a plastic concentration of more complicated origin (especially regarding macroplastics) than the Axios Delta MPA, as numerous sources contributed to their predicted concentrations. The Axios Delta (Supplementary Figure 13) lies in a semi-enclosed gulf and receives great amounts of plastic litter from local sources: the Axios and Aliakmonas Rivers and the city of Thessaloniki (∼1 million inhabitants). These three sources explained 95% of the resulting concentration for both micro-and macro-plastics in the Axios Delta. In contrast, at Costa Viola (Supplementary Figure 11), 95% of the resulting microplastics concentration came from 13 sources, and the same percentage for macroplastics was originated from 158 sources. All 13 sources of microplastics were in Italy. Conversely, 16% of macroplastics came from Algerian coasts, 4% from Tunisia, 2.5% from France, and 1.3% from Spain. Transboundary pollution was even more significant in the Tyre Coast MPA in Lebanon, where 50% of macroplastics came from Egypt, 19% from Turkey,16% from Israel, and only 13% of predicted macroplastics concentration originated locally from Lebanon.



Transboundary Pollution in National Marine Protected Areas

The transboundary pollution in national MPAs is shown in Figure 11. Transboundary pollution was found higher for macroplastics (= 57 ± 35%; MEAN ± STD) compared to microplastics (= 35 ± 34%; MEAN ± STD). All countries had at least one national MPA with over 55% of macroplastics originating from sources beyond their borders, excluding Algeria and Albania, which had a maximum fraction of 11 and 25% “foreign plastics” in their MPAs. The country receiving most transboundary pollution (as a percentage) was Malta, receiving 48% of the resulting concentration in macroplastics from Italy, 21% from Tunisia, 14% from Algeria and 7% from France (average percentages across all Maltese national MPAs). In contrast, in Greece, most national MPAs receive plastic load almost exclusively from sources within its borders, and thus the average fraction of transboundary pollution in Greek national MPAs was not found important for both micro- and macro-plastics (1 and 10%, respectively). The predicted fractions of transboundary pollution for both micro- and macro-plastics for all national MPAs can be found in Supplementary Material.
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FIGURE 11. Transboundary pollution in National Marine Protected Areas (MPAs) concerning microplastics (top panel) and macroplastics (bottom panel). Colors indicate the MPAs of a country drawn as polygons and squares; the percentages and arrows in the same color represent the plastic origin beyond borders. The percentages (only above 5% are shown) are averages from all MPAs of a country weighted by the mean concentration found at each MPA. The percentages for each national MPA can be found in Supplementary Material.





DISCUSSION

This study, presents the first attempt to quantify both micro- and macro-plastics concentrations in all Mediterranean MPAs, considering land-based sources and giving emphasis on the transboundary dimension of pollution. Generally, the coastal zone was found more impacted by both micro-and macro plastics, and thus protected areas such as Natura 2000 sites and national MPAs, which are commonly restricted in the coastal zone, accumulated more plastics than sites of conservation interest for cetaceans (CCHs), including the Pelagos Sanctuary, which often extend to the less impacted open waters (Figure 5). However, this result may be also partially attributed to the exclusion of offshore sources of plastic debris. Yet, since input from nearshore activities (e.g., aquaculture) is considered as plastics originating from cities (see section “Potential Bias of the Results”), and that the contribution of plastic released from shipping lanes is rather uniform throughout the Mediterranean Basin (Soto-Navarro et al., 2020), our results regarding transboundary fluxes of plastic in MPAs should not be significantly affected by the exclusion of ocean-based sources.

Our study highlights that the size of floating particles is an important factor since it largely determines the distance that plastics can travel from their sources: larger particles can travel longer distances (Figure 3), and thus can be more complicated to manage. This dependence of a plastic particles’ size on its residence time in the surface waters is confirmed by observations in the field. Ryan (2015) and Fazey and Ryan (2016b) have revealed a pattern where the average size of floating particles is increasing when moving offshore from coastal source areas. Another example is the results presented by Zeri et al. (2018) regarding the Adriatic Sea, where micro- (0.3–5 mm) and macro-plastics (5–50 mm) concentrations were, respectively, 3–5.5 and ∼2 times higher in inshore waters (<4 km) compared to offshore waters (>4 km). Accordingly, although the coastal zone is in general more polluted than the offshore waters, macroplastics concentrations were fairly similar in inshore and offshore waters, in contrast with microplastics that were predominantly in the coastal zone. Thus, assuming that the plastics’ origin is most likely land-based, macropastics travel longer distances from their source. Our results for the whole Mediterranean basin (Figure 5) are closely related to Zeri et al. (2018) findings as microplastics concentration in inshore waters (<5 km) was 5.4 times higher compared to offshore waters (>5 km), while macroplastics were presented more dispersed being 3.4 times higher in inshore waters (<5 km). Furthermore, we demonstrated that this attribute of floating particles, adds complexity to the management of marine litter in the protected areas of the Mediterranean Sea. Large particles (macroplastics) are more likely to significantly contribute to transboundary pollution, as demonstrated in Figure 11 and by two case studies in the Costa Viola (Supplementary Figure 11) and in the Tyre Coast (Figure 11 and Supplementary Figure 12). In contrast, the origin of microplastics appeared to be less complex (compared to macroplastics), as fewer and mostly local sources contributed to the resulting concentrations in MPAs. The majority of the distributed microplastics (∼80%) are small-sized (<1,000 μm), sink rapidly (<35 days, Supplementary Figure 1), and are thus ultimately distributed in MPAs that are nearer the source. In our framework, only larger microplastics (1,000 and 2,000 μm) can potentially travel longer distances. This is in accordance with the findings of Cózar et al. (2015) who demonstrated that large microplastics (∼1,000–2,000 μm) are the dominant size of microplastics in open waters.


Plastics Accumulation Zones in Protected Areas

Throughout our analysis (area characterization considering cluster analysis, and average concentration in protected areas per country and per ecoregion), it is revealed that high microplastics concentrations are found in the Natura 2000 sites of the French and western Italian coasts, while national MPAs were found highly polluted in Albania, Greece, Turkey, Lebanon, Israel and Algeria (Figures 8, 9). The resulting concentration depends on the coastal cities’ population (Supplementary Figure 3) and wastewater treatment type (Supplementary Figure 4) adopted by the UNEP/MEDPOL (2011) report, as well as on the near-surface circulation (Supplementary Figure 5). For instance, Natura 2000 sites along the western Italian and French coasts are located close to highly populated coastal cities. In Italian coastal cities (22.5 million inhabitants), mainly primary wastewater treatment is applied (59% of coastal cities) while a significant amount (33%) of wastewater is disposed untreated (UNEP/MEDPOL, 2011). This has a direct impact on the resulting accumulation zones, with the Italian Natura 2000 sites presenting the highest concentrations among all EU counties (Figure 8). As a counterexample, in Spain, where the vast majority of coastal cities (7.8 million inhabitants; UNEP/MEDPOL, 2011) apply secondary treatment (87%), Natura 2000 sites were found much less impacted. The French coast (7.5 million inhabitants), where secondary treatment is also mainly applied (71%), receives also large (>300 μm) floating microplastics from northern Italian cities, due to the prevailing near-surface circulation. As a result, Natura 2000 sites in France were found with the second highest averaged microplastics concentration after Italian Natura 2000 sites (see Figure 8). Still, these results suffer from limitations with regard to the adopted wastewater treatment from the UNEP/MEDPOL (2011) report. Besides the need of an updated report, some information about untreated water might be missing. For instance, for the WWTPs of Italy, 33% of wastewater from cities with primary treatment is reported as untreated. Although wastewater might not be totally cleaned in other countries as well (e.g., in Spain or France), no relevant information is available (UNEP/MEDPOL, 2011). Such uncertainties in the untreated water discharge might explain the underestimation of the model results of large microplastics abundance (> 300 μm) on the French and Spanish coasts (Supplementary Figure 7; Tsiaras et al., 2021).

Macroplastics presented high concentrations in Natura 2000 sites of the Adriatic Sea (Eastern Italy; ECR 5), at the Strait of Sicily (Italy) and in national MPAs of the Levantine Basin (Turkey, Egypt, Lebanon; ECR 8). Soto-Navarro et al. (2021) reported the highest concentrations of eastern Mediterranean, in the Adriatic Sea, the strait of Sicily and on the slopes of the Levantine Basin from Egypt to Turkey. Generally, our resulting distribution agrees with the findings by Soto-Navarro et al. (2021) regarding the eastern Mediterranean Sea, but differ for the western part. For instance, we found the Iberian Peninsula as of moderate pollution, whereas according to Soto-Navarro et al. (2021) it is the most contaminated area of the western Mediterranean. Such differences are attributed to the adopted sources, both land- and sea-based, with the latter not being considered here. Furthermore, our model does not predict a macroplastics accumulation zone in the Gulf of Lions, as predicted by Soto-Navarro et al. (2021). This is partially due to the underestimation of large macroplastics (>2 cm) input from Rhone river since, our estimation based on Lebreton et al. (2017) is lower (∼0.08 tons year–1) than the observed (∼0.7 tons year–1; Castro-Jiménez et al., 2019). Additionally, as discussed in section “Potential Bias of the Results,” the strong influence of Lebreton et al. (2017) empirical function on mismanaged plastic production results in an underestimation of riverine plastic in high-income/developed countries (e.g., France) and to an overestimation in low-income/developing countries (Mai et al., 2020).

The national MPA in the Sallum Gulf (Egypt), which was found to belong in the high macroplastics pollution cluster, is of particular interest considering its high biodiversity (Farrag et al., 2019). Moreover, due to its importance for various cetacean species, ACCOBAMS considers this area as a CCH. Thus, high concentrations of macroplastics in the Sallum Gulf should raise the alarm, as it is known that cetacean species are particularly vulnerable to macroplastics, often with lethal consequences (Alexiadou et al., 2019). Notably, we found that the vast majority (99%) of this predicted concentration in Sallum Gulf, originates from sources beyond the Egyptian borders (Figure 11, see also Supplementary Material). Other CCHs, that did not belong to the high macroplastic cluster but were partially located within macroplastics accumulation zones include the Alboran Sea, the Saronikos Gulf, the waters surrounding Dodecanese islands (Aegean Sea), and the Pelagos Sanctuary for Marine Mammals. The Pelagos Sanctuary is also partially located within microplastic accumulation zones, with a median concentration corresponding to the medium pollution cluster for both micro- and macro-plastics. Our results regarding micro- (>0.3 mm) and macro-plastics abundance in the area have been validated with in situ data observations (Supplementary Figures 7, 8), with the prediction regarding microplastics being underestimated most likely due to underestimation of input from untreated wastewater from the French coasts (Tsiaras et al., 2021). Among the various marine mammals that inhabit the Pelagos Sanctuary, the area is also an important feeding ground for the fin whale Balaenoptera physalus, which is directly exposed to microplastics due to their filtering activity (Fossi et al., 2012). Our findings reinforce the evidence presented by Fossi et al. (2017) and Guerrini et al. (2019) demonstrating the risk of plastic ingestion by fin whales in the Pelagos Sanctuary.



Reduction of Plastic in the Protected Areas of the Mediterranean Sea

The most effective way to reduce plastic pollution in protected areas is by reducing marine litter at the sources (Soto-Navarro et al., 2021). A management plan including litter reduction at its sources can occasionally be successfully implemented locally. For example, the National MPAs located in the semi-enclosed Thermaikos Gulf in the North Aegean Sea (Figure 11) receive large amounts of plastics from local sources: the Axios and Aliakmonas Rivers and the city of Thessaloniki (Supplementary Figure 13). Our results show that these sources explain 95% of the resulting concentrations for both micro- and macro-plastics. Thus, applying reduction technologies to these sources would significantly improve the levels of plastic pollution in the local protected areas. For instance, in Gkanasos et al. (2021) the implementation of two novel cleaning technologies is described, both outcomes of the recent CLAIM project (Cleaning Litter by developing and Applying Innovative Methods in European Seas). First, an effective floating barrier installation, to prevent macrolitter from entering the marine environment from rivers, and second a pre-filtering device (a combination of sand and mechanical filters of various mesh sizes placed in series) to more effectively clean wastewater from microplastics at treatment plants. Both technologies were tested in a semi-enclosed gulf (Saronikos Gulf, Greece; Gkanasos et al., 2021), with their estimated cleaning efficiencies looking promising, being 90% for the floating barrier (macroplastics) and 95% for the pre-filtering device (microplastics).

Yet, local management would only be efficient in areas with specific characteristics like the semi-enclosed Thermaikos and Saronikos Gulfs. Other protected areas, such as the Tyre Coast (Figure 11 and Supplementary Figure 12) and Costa Viola (Supplementary Figure 11) cannot be managed successfully in a local context, as they receive plastic from numerous and distant sources, especially with regard to macroplastics for which transboundary pollution was found significant. The consideration of connectivity in the marine environment has been stressed for the successful implementation of ecosystem-based management (Christensen et al., 2021), biodiversity conservation, and the sustainable use of marine resources. Here, we demonstrated the importance of connectivity in the distribution of microplastics and macroplastics across the Mediterranean Sea and, thus, that the management of plastic pollution requires coordinated efforts across countries even in national coastal MPAs. For example, we found that sources of macroplastic in an Italian MPA can be situated on the opposite side of the Mediterranean basin, in Algeria. In some cases, international collaboration for managing transboundary plastic pollution in MPAs at an ecoregion level could be effective, as would be the case for the Tyre Coast MPA. However, in other cases, e.g., the Costa Viola Natura 2000 site, international collaboration should be extended beyond ecoregions.



International Collaboration for Plastic Pollution Management in Mediterranean Marine Protected Areas

Previous studies have highlighted the importance of international collaboration for the implementation of transboundary networks of MPAs and the effective conservation of marine biodiversity in the Mediterranean and other European Seas (Katsanevakis et al., 2020). Herein, we demonstrated that the plastic pollution in a country’s MPA may originate from sources beyond its national jurisdiction, and thus, transboundary cooperation is also critical for the effective management of plastic pollution within Mediterranean MPAs. This collaboration could be more easily achieved among the EU Member States, which have committed to achieve a Good Environmental Status (GES) of the EU’s marine waters complying with the Marine Strategy Framework Directive (Directive 2008/56/EC). One of the descriptors of GES refers specifically to marine litter: Properties and quantities of marine litter do not cause harm to the coastal and marine environment. According to EU sources, this Directive has led to increased cooperation among littoral Member States and the knowledge gained from implementing it has been an important driver for the adoption of the Single Use Plastics Directive (Directive (EU), 2019/904, 2019). Nevertheless, as pointed out from our results, transboundary collaboration should extend beyond EU borders to address effectively the issue of plastic pollution within MPAs across the Mediterranean Sea. To this end, more cooperation and coordination of efforts across Mediterranean countries could be achieved under the auspices of UNEP/MAP (Mediterranean Action Plan of the United Nations Environment Programme). More specifically, the Barcelona Convention could provide a solid framework for the coordination of efforts to reduce or ultimately eliminate plastic pollution from Mediterranean MPAs, should the Mediterranean governments show increased political will to commit to ratified international environmental conventions.
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