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Eating Near the Dump: Identification of Nearby Plastic Hotspot as a Proxy for Potential Microplastic Contamination in the Norwegian Lobster (Nephrops norvegicus)












	 
	ORIGINAL RESEARCH
published: 01 July 2021
doi: 10.3389/fmars.2021.682616





[image: image]

Eating Near the Dump: Identification of Nearby Plastic Hotspot as a Proxy for Potential Microplastic Contamination in the Norwegian Lobster (Nephrops norvegicus)

Simone Franceschini1,2*†, Alessandro Cau2,3†, Lorenzo D’Andrea1,2, Maria Cristina Follesa2,3 and Tommaso Russo1,2

1Laboratory of Experimental Ecology and Aquaculture, Department of Biology, University of Rome Tor Vergata, Rome, Italy

2Consorzio Nazionale Interuniversitario Per Le Scienze Del Mare, Rome, Italy

3Dipartimento di Scienze della Vita e dell’Ambiente, Università degli Studi di Cagliari, Cagliari, Italy

Edited by:
Erica Giarratano, CONICET Center for the Study of Marine Systems (CESIMAR), Argentina

Reviewed by:
Ana I. Catarino, Flanders Marine Institute, Belgium
Arindam Sarkar, Bidhan Chandra Krishi Viswavidyalaya, India

*Correspondence: Simone Franceschini, simone.franceschini@uniroma2.it

†These authors have contributed equally to this work

Specialty section: This article was submitted to Marine Pollution, a section of the journal Frontiers in Marine Science

Received: 18 March 2021
Accepted: 28 May 2021
Published: 01 July 2021

Citation: Franceschini S, Cau A, D’Andrea L, Follesa MC and Russo T (2021) Eating Near the Dump: Identification of Nearby Plastic Hotspot as a Proxy for Potential Microplastic Contamination in the Norwegian Lobster (Nephrops norvegicus). Front. Mar. Sci. 8:682616. doi: 10.3389/fmars.2021.682616

Plastic waste dumped in the marine environment has severe ecological, social and economic impacts. In recent years, a series of scientific studies documented the contamination by macroplastic and its impact on marine organisms through the accidental ingestion of microplastics, which also originate from the degradation of macroplastic. However, the relationship between the spatial distribution of marine litter and the ingestion of plastics by organisms have never been related. In this work, we aimed to investigate, through a modeling approach, the relations between potential sources of microplastic particles (i.e., seafloor macroplastic accumulation hotspots detected by means of trawl surveys), and the ingestion by the benthic crustacean Norwegian lobster (Nephrops norvegicus). According to the literature, N. norvegicus is characterized by a sedentary behavior and therefore it has been highlighted as a proficient sentinel species for local microplastic contamination. Despite no significant relation has been found between microplastic ingestion and the local presence of seafloor macroplastic, it seems that proximity to hotspots of macroplastic accumulation is significantly related to microplastics ingestion. These results highlight important considerations on the fate of plastic in the marine environments with significant impacts on biota and the quality of the product caught at sea.
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INTRODUCTION

Every year, large quantities of waste enter the ocean, with plastic alone accounting for ca. 8 million tons of the total material (Jambeck et al., 2015). It is known that plastic objects voluntarily or accidentally dumped into the seas can float or sink and settle on the seabed (GESAMP, 2019). There, due to its persistency in the environment, plastic has become a dominant and widespread element of seafloor litter (Moore, 2008; Thompson et al., 2009), capable to reach secluded environments such as the poles or the deepest regions of the oceans (Bergmann and Klages, 2012; Cau et al., 2018; Chiba et al., 2018). When dealing with plastic wastes, size and chemical composition are two key aspects; indeed according to JRC (2013) and GESAMP (2019), macroplastics (MaP hereafter) range between 25 and 1,000 mm, mesoplastics range between 5 and 25 mm, and microplastics (MiP hereafter) are smaller than 5 mm. Size range of MaP often comprises mesoplastics (e.g., Koelmans et al., 2017), so that MaP are defined as particles >5 mm and MiP represent the portion below 5 mm. Size of plastic litter items is a crucial measure in marine litter monitoring (GESAMP, 2019), even because particles’ size can affects the potential interaction with biota. However, MaP undergoes environmental and mechanical deterioration/fragmentation into MiP (Frias and Nash, 2019), these last ones have been accumulating in oceans worldwide over the last decades (Avio et al., 2017) and scientific studies have documented how accidental ingestion of MiP by marine organisms occurs (Wright et al., 2013). Due to their small size, MiP are potentially available for ingestion to a wide range of marine species (Jâms et al., 2020), including cetaceans (Lusher et al., 2018), seabirds (Amélineau et al., 2016), mollusks (Ward et al., 2019), echinoderms (Graham and Thompson, 2009), zooplankton (Cole et al., 2013; Desforges et al., 2015), and corals (Hall et al., 2015). Ingested MiP may accumulate within organisms, causing blockages and internal abrasions or be fragmented through the digestion process (Cau et al., 2020). In addition, plastic particles may have toxic impacts due to monomers and plastic additives that do affect endocrine functions (Oehlmann et al., 2009; Talsness et al., 2009), reduce feeding behavior (Cole and Galloway, 2015), and compromise growth and reproduction (Lee et al., 2013; Lo and Chan, 2018).

Data quantifying MiP contamination in the deep sea are still limited; however, there is evidence of MiP contamination in all matrixes: water (Ferreira et al., 2020), biomass (Courtene-Jones et al., 2017), and sediments (Van Cauwenberghe et al., 2013; Kane and Clare, 2019). The latter matrix showed the highest concentrations of MP ever reported (Bergmann et al., 2017), thereby confirming the hypothesis that seafloor represents the final sink for plastic litter and MiP (Woodall et al., 2014).

In the Mediterranean Sea, all the categories (organic, metal, glass, etc.) of seafloor litter (including plastics) is extensively assessed by means of trawl-survey (Melli et al., 2016; Alvito et al., 2018) while ROV surveys provide detailed observation in habitats not suited for trawling activities (Angiolillo et al., 2015; Cau et al., 2017). Furthermore, predictive models able to estimate marine seabed plastic have been developed in the last decade: recent works focused on the application of machine learning methods to estimate plastic quantities on the seabed (Franceschini et al., 2019) while applications of Lagrangian methods have taken into account ocean circulation and main currents in order to model marine litter transport and fate (Liubartseva et al., 2018). These models and methods are useful since an important part of MiP in marine environments can be generated via fragmentation of larger plastic items (secondary microplastics), which persist in the environment for a long time (Barnes et al., 2009). Although fragmentation rates are largely unknown (Koelmans et al., 2017), it seems reasonable that the portion of MiP that does not reach directly the marine environment but originates from MaP weathering, embrittlement, and fragmentation (Andrady, 2017) depends upon the amount of MaP and the redistribution determined by environmental factors such as water currents. In effect, different studies emphasized how concentration of MiP tends to be higher in those areas where MaP accumulates (Wright et al., 2013; Shim and Thomposon, 2015). Even if the portion of MiP originated from MaP are likely to be smaller when compared to terrestrial sources, recent works have highlighted how trawling activities significantly affect local quantities of plastic debris, acting both as input and as fragmentation and redistribution agents of the seafloor plastic litter (Franceschini et al., 2019). Therefore, the possible availability of MiP to marine organisms dwelling in proximity of these areas increases beside the abundance of seafloor MaP, and the spatial relationship between seafloor hotspots of MaP and incidence of microplastics ingestion should be investigated using appropriate statistical approaches.

In summary, we know one of the sources of MiP, that is the marine litter (that is MaP), and we also know that MiP enter into the trophic nets, whereas the quantitative dynamics connecting these two aspects are still largely unknown and challenging from a modeling point of view. In this scenario, even if several studies allowed to assess macroplastic densities and MiP ingestion by benthic organisms, the relation between the accumulation of plastic items in the seabed/seafloor and organisms ingestion rates has not been established yet. This relation is potentially relevant to model and predict the consequences of spatial MaP accumulation on demersal organisms (including species of high value for fisheries). In fact, existing data about seafloor MaP have only recently been linked to the occurrence of MiP in benthic organisms that feed in those areas. For example, Alomar et al. (2020) conducted a study in western Mediterranean Sea, relating MiP ingestion in demersal species caught by trawls and the amount of seafloor plastics caught in the same haul. In last decades, it has been also proved how a consistent part of MaP debris originates from maritime activities including shipping and fishing (Barnes et al., 2009; Browne, 2015; Galgani, 2015).

In recent years, Cau et al. (2019) focused on the use of the Norwegian lobster Nephrops norvegicus (Linnaeus, 1758) as flagship species to investigate the fate of MiP in deep-sea environments and their availability to benthic biota. This decapod crustacean has relevant ecological roles in the trophic food webs of deep Mediterranean Sea, and it is among the most valuable fisheries resource in European Atlantic and Mediterranean waters, with landings worth cumulatively hundreds of millions of Euros (Ungfors et al., 2013; Sbrana et al., 2019).

In view of this, in order to evaluate sensitive zones of MiP availability to marine fauna, different environmental and anthropic factors should be considered, so as to properly assess the relation between plastic accumulated on the seafloor and the fraction of it that can ultimately become a source of MiP to benthic and demersal fauna.

In this work, we merged information on MiP present in N. norvegicus stomach contents, seafloor MaP accumulation hotspots and data on fishing effort of the Italian fleet, in order to test for possible relations among these factors. This paper therefore aims to model these relationships with the view of a better understanding of the potential sources which lead to a greater occurrence of MiP in the stomach of the Norwegian lobster and benthic fauna. In investigating the link between the amount of MaP in the seabed floor and the amount of MiP ingested by invertebrates we are aware to skip a step (the whole reconstruction of the origin and distribution of MiP, which is beyond the scope of this paper), but we argue that the potential existence of this link, if any, could provide insights about the environmental effects of marine litter and indicate new perspectives for researches in this field.



MATERIALS AND METHODS


Study Area and Data Collection

The area of research encompasses the Geographic Sub Areas (GSA hereafter1) 11.1 (Western Sardinia) and 11.2 (Eastern Sardinia), and comprises all waters around the island of Sardinia, Italy. Data on seafloor macroplastic litter were collected in the framework of the MEDiterranean International Trawl Survey (MEDITS) campaign (Bertrand et al., 2002), which is based on a stratified random design with a number of hauls that is proportional to bathymetric strata extension (i.e., 10–50, 51–100, 101–200, 201–500, and 501–800 m). A total of 111 hauls were carried out in 2017 and 2018 (Figure 1) and all litter items collected in the catches were classified according to the categories proposed by Fiorentino et al. (2013) and listed in the MEDITS protocol (Bertrand et al., 2002). Total number of items was computed for each category and, for the purpose of this work, we only considered information related to the “plastic” category (i.e., L1 category according to the MEDITS nomenclature).


[image: image]

FIGURE 1. Study area with the GSAs 11.1 and 11.2 evidenced (light gray). Purple diamonds refer to sites where samples of N. norvegicus were collected. Yellow points refer to MEDITS sampling sites where plastic items were collected.


The dataset on MiP ingestion in N. norvegicus was retrieved from two recent studies on the topic, conducted in the area under scrutiny in the present study (Cau et al., 2020, 2019). Samples used in these studies were collected in the framework of the same MEDITS campaigns, at depths between ca. 270 and ca. 660 m. In brief, a total of 116 samples were collected from 10 sites in 2017 and three sites in 2018 (Figure 1), with a total of 116 stomachs extracted (Table 1). Ranges of biometric data (and sex ratio) of analyzed specimens were Carapace Length (CL) 19.4–54 mm for 71 males and 45 females (see Supplementary Material). A power analysis was performed to confirm that the number of samples assessed (n = 116) was sufficient to justify the conclusions of the present work (two-tail test, α = 0.01, power 0.98).


TABLE 1. Sites ID and year of sampling; number of individuals of N. norvegicus collected, geographical coordinates and average depth of trawls.
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Microplastic Extraction and Characterization

Onboard, specimens were collected and transported in the laboratory for dissection to avoid the risk of contamination from sampling activities. Each stomach was dissected and stored at −20° until analysis, for which they were dried at 60°C for 24 h and pottered before extraction. MiP are extracted from dried tissues through a density separation (in NaCl saturated solution, density 1.2 gram cm–3), followed by filtration on cellulose nitrate membranes (8 μm pore size), partial digestion in diluted hydrogen peroxide (15%) and visual sorted for μ-FTIR characterization. The method has been validated and standardized with MiP of different types and sizes, across several environmental matrices, including biota and crustaceans such as N. norvegicus (Avio et al., 2015).

Quality Assurance and Quality Control measures included airborne contamination and procedural controls. The latter consists of 10 mL of pre-filtered hypersaline solution that undertook all the drying, extraction, digestion and sorting steps of samples. One airborne contamination and procedural control was used per each batch of samples processed and all working solutions were pre-filtered through a nitrate acetate membrane with pore size of 0.45 μm. Glass and metal materials were used and rinsed with pre-filtered milli-Q water before use. After rinsing, all containers were covered with aluminum foils, which were also kept during digestion, stirring, decantation and filtration steps. After filtration, membranes were kept in glass petri dishes, previously rinsed with pre-filtered milli-Q water. Cotton lab coats were used at all times, and special attention was paid to limit the wearing of synthetic clothes. NaCl saturated solution was prepared in distilled and pre-filtered (0.45 μm pore size) water.

All particles retrieved on membranes were sorted under a stereo-microscope (x64), photographed, categorized according to shape (fragments; film; pellet/beads; filaments) and measured (maximum length, in mm) through the CPCe software (Kohler and Gill, 2006). The average size of particles was estimated per each individual. All extracted particles were characterized using a μFT-IR microscope (Spotlight i200, Perkin Elmer) coupled to a spectrometer (Spectrum Two, Perkin Elmer), while the measurements were made using the μATR mode. Following back-ground scans, 32 scans were performed for each particle, with a resolution of 4 cm–1. Spectrum 10 software was used for the output spectra and the identification of polymers was performed by comparison with libraries of standard spectra. Polymers matching for more than 70% with the reference spectra were validated, while polymers with a match between 60 and 70% underwent a critical interpretation of the spectra.

Despite the above-described precautions, it was not possible to fully avoid airborne contamination and some textile fibers were found in the control membranes: the μ-FTIR characterization revealed these fibers as non-synthetic and almost constituted of cotton and wool. For this reason, they were not included in the presented results.



Data Processing and Statistical Analysis

In this study, we investigated the relationship between MaP spatial distribution and MiP ingestion by individuals of N. norvegicus. More in detail, we examined the presence of MiP in the gut of individuals of N. norvegicus as a function of 1) local macroplastic occurrence (deriving from MEDITS surveys), that is the abundance of MaP in the different fishing grounds, and 2) distance from the MaP litter hotspots. The local occurrence of MaP was obtained by standardizing the number of MaP items deriving from MEDITS trawl-survey with respect to a grid with square cells of 1 km2 area. Successively, a series of MaP litter hotspots was identified using an Inverse Distance Weighting (IDW) 2D interpolation (Falivene et al., 2007), thereby obtaining an extended map of the potential zones where plastic litter tends to sink and accumulate. Input variables taken into account for interpolation were longitude, latitude and depth while estimation errors were assessed using cross validation techniques (CV). This methodology did not obviously aim at obtaining accurate estimation of the number of plastic items, since its purpose was only to highlight areas where higher amounts of MaP can be found according to the MEDITS data. In this way, the 90th percentile of the interpolated distribution was computed on the grid of the number of MaP items, so higher values were empirically set to ease the identification of hotspots accumulation areas. The positions of these hotspots were used to compute the distance from them of the spatial origin of N. norvegicus specimens (i.e., the fishing ground – MEDITS haul) and investigate its effect on the number of ingested MiP.

In order to exploit fishing effort information as explanatory variable for analysis, fishing activities about the commercial fleet operating in the GSAs 11.1 and 11.2 was reconstructed for the years 2017–2018 by analyzing Vessel Monitoring System (VMS) data with the add-on package VMSbase (Russo et al., 2016, 2014) in the R statistical software environment (R Development Core Team, 2019). The time of activity—in hours—of the 312 vessels was estimated and the fishing effort for each vessel was computed in relation to a grid with square cells of 1 km2 area. Only information about bottom otter trawlers was kept for the purpose of analysis since, apart from being the predominant fishing activity in the area, it is the activity that has the greatest impact on the fishing of Norway lobster (Russo et al., 2019) and on the fragmentation of seafloor plastic litter (Franceschini et al., 2019). Moreover, information about individuals length—measured ad Carapace Length (CL) (Farmer, 1974)—and mean size of ingested microplastics were taken into account, since these may have relations with the number of particles present in the stomach of N. norvegicus individuals.

An exploratory analysis was conducted to assess relationships between MiP particles in N. norvegicus and fishing effort and MaP related parameters. To model these patterns, key factors in Table 2 were considered:


TABLE 2. Input variables taken into account for modeling approach.
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In order to use distances from main MaP hotspots, a sum of the distances between the coordinates of N. norvegicus hauls and hotspot cells was computed by summing the vectors of Euclidean distances. Each vector of distance was weighted for the value of the number of MaP items in the hotspot cell.

The multivariate analysis was based on the use of GAMs, a non-parametric extension of GLMs that includes smooth functions (a piecewise polynomial curve) of explanatory variables (Leathwick et al., 2006). In particular, a delta generalized additive modeling GAM approach was applied to account for zero-inflation (also known as Hurdle or Two-stage) (Rubec et al., 2016), since this method is suitable in cases of large proportions of zeros in the observations. In this approach, the positive values were fitted by a GAM using a Gaussian distribution, while the presence-absence data were fitted by a GAM with a binomial distribution. The smoother function used was a penalized cubic regression spline; the procedure automatically selects the degree of smoothing based on the Generalized Cross-Validation (GCV) score. Modeling procedure was applied on log-transformed data.

GAMs were fitted using the mgcv package (Wood, 2012) and the best model was selected using the criteria of explained deviance, the GCV score and the Akaike Information Criterion (AIC) (Akaike, 1973), which provides a balance between model fit and parameters used (Kramer, 2005). All the combinations of employed variables were investigated and selection of best models was evaluated by mgcv functions according to the above-described criteria.



RESULTS

Through the extraction protocol, a total of ca. 2,400 MiP have been isolated for the confirmation of their polymeric nature through μ-FTIR. In detail for 127 out of 730 (Cau et al., 2020) and 413 out of ca. 1,700 (Cau et al., 2019) the polymeric nature was confirmed, representing a range of 17–24% of all extracted particles. In all the 13 sites considered for relating MiP ingestion with explanatory variables, there was the presence of at least one organism that was positive to MiP ingestion.

Out of the 116 samples, only 14 did not show the presence of any MiP in their stomach (ca. 12%). Overall, pooling the dataset of the two studies together, the average number of particles in contaminated individuals was 4.75 ± 0.76 particles ind–1, which was consistent across years: 4.64 ± 0.73 and 4.85 ± 0.76 particles ind–1 in 2017 and 2018, respectively. With respect to the shape of particles, films and fragments were the dominant categories, accounting cumulatively for ca. 76% and 17% of the isolated MP, respectively, followed by filaments (7%).

The highest mean number of MiP in the stomach was observed in the western and the southern part of Sardinia (>40 particle individual–1, in 2017). Mean number of particles per haul range from a minimum of 1.33 ± 1.75 to a maximum of 7.27 ± 12.20 (Figure 2).


[image: image]

FIGURE 2. Mean number of MiP per individual for each sampling site.



Fishing Effort and Macroplastic Hotspots

Trawling effort around the Sardinia island is highly variable (Figure 3), with fishing grounds mainly located near the coast in the western side of the island and off-shore in the eastern side. Normalized number of MaP items from MEDITS data ranged from 9.2 to 506 items km–2 (mean = 83.5 ± 107.9) are shown in Figure 4A. Resulting hotspots (>90th percentile of the values) of MaP accumulation (Figure 4B), obtained on the Interpolated log-values of the number of MaP items obtained via IDW (Figure 4A), indicate that, on the basis of MEDITS data, the western and the southern coastal areas of Sardinia correspond to a greater occurrence in terms of number of MaP items with respect to the other areas.
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FIGURE 3. Total fishing effort (in hours) for the years 2017 and 2018 for trawling vessels. Values are log-transformed.
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FIGURE 4. (A) Interpolated log-values of number of plastic items via IDW. (B) Computed hotspots of plastic accumulation according to the 90th percentile.




GAM Model

The best models (Table 3) were selected by mgcv functions taking into account the lowest GCV value, the highest percentage of explained variance and the AIC. The selected GAM models identified statistically significant additive effects of weighted Euclidean distance from the hotspots of macroplastic, depth and fishing effort. Moreover, permutational multivariate analysis of variance using Manhattan distance matrix proved that number of MiP in the gut of N. norvegicus and the distance from plastic hotspots are significantly related (p < 0.05).


TABLE 3. GAM models ordered according to the AIC lowest value.
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According to the AIC and deviance explained (%DEV), the Best GAM model was identified as the one including the following variables: depth, weighted distance from main MaP hotspots, fishing effort and mean size of MiP ingested. The smoothing graph (Figure 5) shows how the number of MiP in the gut of N. norvegicus increases in the proximity of hotspots of seafloor MaP. Moreover, according to the model, number of MiP ingested by Norwegian lobster showed to have a positive correlation both with fishing effort and depth.
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FIGURE 5. Smooth term prediction for each of the four smooth terms used in the GAM of MiP occurrence. Respectively (on x-axis): Depth (blue), fishing effort (“Fishing Effort” – gold), distance from MaP hotspots (“DistHot” – red), number of MaP items (“MaP” – green). Predicted values (on y-axis) are on log-scale. The dotted line represents 95% confidence interval.


The predicted number of MiP in the gut of N. norvegicus for the GSAs 11.1 and 11.2, using the GAM model based on depth and distance from main plastic hotspots (Figure 6), clearly indicates that MiP ingestion occurs mainly in the southern and western coastal areas of Sardinia. Prediction was performed only for the bathymetric range where species are most likely to occur. (i.e., 200–800 m) (Aguzzi et al., 2003). This output was performed to evidence possible areas where a major number of ingested MiP can be found in N. norvegiucs according to the importance highlighted by the GAM approach.
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FIGURE 6. Predicted values of MiP per individual according to the GAM model based on depth and distance from plastic hotspots. Predicted values are on log-scale.




DISCUSSION

This study indicates that the number of MiP ingested by N. norvegicus has a significant relationship with the distance from the main hotspots where seafloor MaP accumulates. The number of ingested particles of MiP, indeed, was higher when Nephrops fishing grounds were closer to accumulation hotspots of MaP, regardless of the presence and abundance of MaP collected locally, within the same haul. Bearing in mind that the distribution of MiP and their availability for ingestion are actually unknown, and that other factors such as marine currents and MiP inputs from land could affect MiP distribution, it seems reasonable to speculate about the spatial coherence between MaP and MiP ingestion patterns, since a large proportion of MiP originates from MaP. However, “correlation does not imply causation” and therefore it is not possible to deduce a cause-and-effect relationship between distance from MaP hotspots and MiP ingestion. Nevertheless, the results of this study deserve further investigations and, given that the assessment of MiP distribution in the marine environment is still in its infancy, it confirms the urgent need to deepen all aspects related to the genesis and distribution of this type of pollutants.

Contrarily to what would have expected, the presence and amount of MaP items in the same hauls where individuals of N. norvegicus were collected, did not represent a significant factor to predict the contamination of N. norvegicus samples. This result can be explained by the fact that the amount of MaP items collected in a fishing ground could be misleading due to the continuous trawling activities and annexed displacement of items (Franceschini et al., 2019). Recent works demonstrated that fishing vessels, especially trawling vessels, act as sweepers of the sea, thereby redistributing litter at the boundaries of the main fishing grounds (Buhl-Mortensen and Buhl-Mortensen, 2018; Franceschini et al., 2019). Consequently, the amount of plastic collected in a haul represents only a part of the total plastic that was previously present in a certain site, since a fraction of this could have been dislocated by trawling activities. Our results corroborate this hypothesis since cells where major fishing effort occurs corresponded to those where lower quantities of MaP items were found.

We acknowledge how the whole set of processes that relate seafloor litter accumulation hotspots and the contamination of Norway lobster is complex and multiple factors can be invoked to contribute to the journey of plastic particles: the polymeric nature of plastics items, their fragmentation/degradation time, their mobility and, finally, the feeding behavior of the species that ingests particles. All these factors concur and interrelate to affect the potential number of ingested MiP. We also acknowledge how information about local quantities of MiP accumulated in sediments represent a relevant input variable for the modeling approach. However, since this information was missing, we focused our investigation on local MaP and accumulation hotspots so that to test as to whether the quantities of seafloor macroplastic can be a significant indicator of a potentially higher number of contaminated individuals and of ingested particles in nearby areas. Our results showed, indeed, not only that plastic hotspots are important variable that can alter the amount of MiP potentially available to benthic species (La Beur et al., 2019), but also confirms how N. norvegicus represents an efficient bioindicator for MP contamination (Cau et al., 2019; Hara et al., 2020). Indeed, recent studies emphasized how this species faces a considerable accidental ingestion rate, which easily exceeds 80–90% of positive individuals, regardless of the geographical location. Moreover, despite knowledge on the timing of ingestion and egestion is limited, there is increasing awareness on the fact that this species can experience a retention of larger MiP in the gut (which can be sometimes bigger than 5 mm; Cau et al., 2019), compared to other anatomical compartments (Martinelli et al., 2021), where they are triturated and egested of smaller dimensions (Cau et al., 2019).

Numerous studies that investigated MiP contamination in benthic organisms reported the absence of a spatial pattern, when comparing the contamination of organisms collected in different sites and/or fishing grounds (Murray and Cowie, 2011; Cau et al., 2019, 2020; Hara et al., 2020), rendering MiP contamination practically ubiquitous on the seafloor. Developing solid understanding on the drivers of the distribution of MiP in sediments is essential as we begin to understand their impact on benthic biota and thus sampling strategies are necessarily to be implemented. Our results provide evidence on how seafloor MaP hotspots can be potentially used as predictor for potential contamination in organisms dwelling in their neighboring areas, since MiP films and fragments (the majority of MP particles isolated from our samples of N. norvegicus), show an affinity with areas where macroplastic and in general marine litter are common and tend to accumulate (Kane and Clare, 2019). Indeed, recent studies proved how litter accumulation zones can influence the concentrations of MiP in sediments (Browne et al., 2011; Shim and Thomposon, 2015), ultimately emphasizing the importance of using such variable into modeling. Seafloor MaP hotspots could, indeed, become a source of MiP for the effects of mechanical, environmental and even biological fragmentation, which could likely be transported by turbidity currents and deep-sea bottom current (i.e., near-bed thermoaline bottom currents), which have been recently identified as major drivers of MiP distribution in deep-sea environments (Kane and Clare, 2019; Kane et al., 2020).

Although MiP are known to be largely present in the global seafloor, the processes that control their dispersal and concentration in the deep sea remain largely unknown (Kane et al., 2020). Deterministic transport models have faced considerable issues in obtaining accurate estimates of MiP on the seafloor. In fact, they have to take into account complex environmental processes as alterations in vertical migrations defined by size and shape of particles and interactions with biota. In addition, the frequent low resolution of currents and waves data makes it difficult to model the processes which lead to MiP fate and accumulation (Liubartseva et al., 2018), making the use of these variables for this kind of modeling risky and with uncertain results.

Fishing effort and depth variables showed a positive correlation with the number of MiP ingested (Figure 5). This could be related to the activity of trawling vessels which may both represent an important input of macroplastic (Browne, 2015) and increase availability of MiP to marine organisms through processes of fragmentation and mixing of sediment due to the action of trawl nets (Barnes et al., 2009). As depth, recent studies evidenced how deep sea is a major sink for MiP debris and accumulation (Van Cauwenberghe et al., 2013; Woodall et al., 2014).

Prediction of MiP based on GAM model based on depth and plastic hotspots clearly showed a high concentration of ingested MiP in the western-southern area of Sardinia (Figure 6). The area where highest values are likely to occur visually correspond to those areas identified as hotspot for MaP. This area includes also important N. norvegicus fishing grounds, where the fishing activities targeting this species are most concentrated (Cau et al., 2019; Russo et al., 2019). This does not want to take the role of an accurate predictive model, but it poses an important reflection on the future implications regarding the potential occurrence of MiP in benthic organisms according to plastic hotspots and the quality of the product fished. Moreover, this study lays a foundation stone on what could be the first relationship between the debris present on the seabed and the resulting concentration of MiP in benthic organisms. Accurately tracing the entire path and fate of MiP from the mainland to final bioaccumulation in marine organisms is a long research process that requires the synergic contribute and effort of different disciplines. This clue, together with others such as those highlighted by Alomar et al. (2020), suggests that there are evident correlations between the bottom areas where plastic tends to accumulate and contamination of MiP in benthic organisms that live in proximity of these areas.



CONCLUSION

The use of flagship species as N. norvegicus could represent an important step in monitoring and investigating the dynamics of seafloor MiP accumulation and occurrence, especially when information about the quantities of microplastics in the water column or sediment are missing. As anticipated above, our approach did not want to provide a suitable model to predict MiP in the gut of N. norvegicus, since many other vertical and horizontal transport mechanisms have proved to influence MiP distribution and, consequently, the availability to benthic fauna (Bergmann et al., 2017; Katija et al., 2017; Kane et al., 2020). However, GAM modeling approach allowed to investigate and highlight which features may (or may not) affect the presence of plastic particles in these organisms. The proximity to MaP hotspots may thus have a significant effect on the occurrence of MiP also in other deep-sea benthic species with similar feeding behavior. This result suggests evident effects of marine litter accumulation areas on biota and surrounding ecosystems, with strong implications on the trophic chains and, not last, the quality of the product caught at sea.
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