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Abstract

:

Τhis study aims to measure the abundance of microplastic (MP) particles in the soft tissue of mussel (Mytilus galloprovincialis) and pearl oyster (Pinctada imbricata radiata) specimens. Samples were collected at four sites in Greece (Sagiada, Malesina, Elounda, Rhodes) from wild and farmed populations. The identification of MPs was accomplished by Raman spectroscopy. Comparisons were made between the two different species where the two species co-existed (Malesina), between the four study sites (five sampling stations) in relation to P. imbricata radiata individuals, and also in every station for the different MP types found. For the specimens from Malesina, M. galloprovincialis had more MPs in their soft tissue compared to P. imbricata radiata. Microfibers were found in abundance in M. galloprovincialis, while microfragments were found in P. imbricata radiata specimens. The main MP type found in P. imbricata radiata specimens was microfragments in all five sampling stations, and ranged between 1.54 ± 0.63 (Rhodes-baskets) and 3.56 ± 0.35 (Sagiada) MP particles/g. While the samples of mussels and pearl oysters were similar in age, the differences found in the concentrations of MPs appears to be due to their different farming methods and location characteristics concerning the five sampling stations of pearl oysters. This study indicates that the culturing system does not affect MP concentration in bivalves, and further investigation is needed to find the most appropriate method to limit and reduce MPs that end up in the farmed organisms.
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1. Introduction


During the past decades, microplastics (MPs) have caused major concerns for the public and the scientific community, as they have rapidly increased in the oceans, with various ecological consequences [1]. The term microplastics has been used by the National Oceanic and Atmospheric Administration (NOAA) for plastic particles less than 5 mm in size [2]. MPs enter the marine environment through many ways, for example, from the terrestrial environment through surface water runoff, plastic degradation from human coastal activities, where they remain for long periods of time [3], or from wastewater treatment plants, which are considered an important source of MPs (mostly fibers) in the marine environment [4].



MP analysis can be classified according to physical and chemical characterization. In physical characterization, several physical factors such as the size distribution, shape and color of the microplastics, are evaluated. In particular, MPs are divided into categories such as microfibers, microfragments, microbeads, microfoams, and microfilms based on their shape [5]. During physical characterization, the use of the stereoscope is the most widespread, as it provides a direct visual assessment of the number of MPs in the samples, their morphology and their size. Due to the low magnification factor of the stereoscope, visual identification may be limited and always depends on the researcher. The accuracy of this method can be improved by using various precautionary measures; however, it is still time consuming and cannot predict polymer types [6].



The composition of MPs is investigated through chemical characterization, which has the ability to accurately determine their composition. So far, chemical analysis methods are divided into destructive and non-destructive spectroscopic techniques, with Raman spectroscopy being the most commonly used method for MP samples with sizes <1 μm [6], as in the case of this study.



The ingestion of MPs is thought to be higher in filter-feeding organisms such as mussels and pearl oysters [7,8] due to the effective uptake and assimilation of particles suspended in the water column [9]. As a result, the measurement of the average body load of MPs in these organisms is being used as an indicator of MP environmental pollution [8,9,10]. Both field and laboratory studies have indicated that MPs can be detected globally in bivalves, causing, among others, adverse effects on the physiological responses of the organisms and their immune and antioxidant systems, as well as histological changes [11].



The study of MPs in mussels (Mytilus galloprovincialis) and pearl oysters (Pinctada imbricata radiata) in the Mediterranean region is very important. They are an essential link between the coastal, benthic and pelagic zones, since their ability to filter and remove particles from the water column provides benthic organisms with pelagic resources (food, nutrients) that would otherwise be unavailable [12,13]. In addition, Mediterranean mussels are farmed for human consumption, and pearl oysters are considered to be a very good candidate for cultivation [14] as they are an invasive but well-established species in the Mediterranean region that over time has become part of the local population’s diet [15,16].



It is known that fish farming releases large amounts of nutrients and organic waste that are capable of causing eutrophication phenomena in nearby coastal and aquatic systems [17,18,19]. Therefore, there has been an increased interest in alternative sustainable practices such as integrated multitrophic aquaculture (IMTA) [20]. IMTA focuses on the sustainability of aquaculture through the integrated production of species coming from different trophic levels, which can minimize energy loss and environmental degradation [21]. To this end, co-cultured species often include fish as a central crop, and filter-feeding species exploiting suspended organic matter (e.g., bivalves) [22]. MPs have been found in a variety of aquaculture environments, such as fish farms, and rice–fish co-culture systems [23,24]



The present study examined whether culturing techniques and fish farming activities affected the MPs abundance in the soft tissue of mussels (M. galloprovincialis) and pearl oysters (P. imbricata radiata). The main objective of the study was to compare MP concentrations in the soft tissues of bivalves originating from wild and IMTA-cultured populations. In addition, the difference in MP concentrations in the two bivalve species was investigated for the sites where these two species co-existed.




2. Materials and Methods


2.1. Study Sites and Sampling Stations


The study included five stations with bivalve populations from four areas in Greece (Figure 1): Sagiada station in the northern Ionian Sea codenamed “Sagiada”, Malesina station in North Evoikos Gulf codenamed “Malesina”, Elounda Bay station in Crete codenamed “Elounda”, and two stations in northern Rhodes in the Aegean Sea codenamed “Rhodes-baskets” and “Rhodes-blocks”.



In Sagiada station, P. imbricata radiata were farmed using the mussel farming methodology (longline-pergolaris) deployed within the cages of a fish farm as an experimental IMTA. Malesina station included mussels (M. galloprovincialis) and pearl oysters (P. imbricata radiata) farmed near fish cages (pilot IMTA, Figure 2a and Figure 3a). The IMTA culture methodology was based on the typical mussel culture methodology reported in [14]: mussel seeds were collected from mooring ropes within the fish farm and placed in elongated plastic cylindrical tubing nets (pergolaris) of 6 m in length and net eye of 80 mm. The pergolaris were made using polyvinylchloride cylindrical tubes with a diameter ranging between 4 and 7 cm, which were then deployed around a fish cage in the center of the fish farm (Figure 2b).



Pearl oyster juveniles were also collected from fish farm mooring ropes and were farmed in baskets made from polypropylene with carbon for UV stabilization, used in oyster culture and manufactured by SEAPA© (Figure 3b). Although these baskets are designed for longline oyster farming, they can be adapted to suit a range of alternative farming systems and methods such as IMTA. The baskets were tied to ropes around a fish cage in the center of the farm. Cultivation duration was 9 months during which both bivalves reached commercial size.



Elounda station supported a wild population of P. imbricata radiata close to the coast at 1.5–2 m depth near a highly developed touristic area (Figure 3d). The Rhodes-baskets station included only cultured pearl oysters (pilot IMTA) because M. galloprovincialis cannot survive in these ultra-oligotrophic conditions close to the Levantine Sea. Pearl oyster juveniles were collected from the mooring ropes around the fish cages and were farmed in SEAPA© baskets, like those at Malesina station. Finally, the pearl oyster wild population inhabiting the mooring blocks of the fish farm at 30 m depth was named ‘Rhodes-block’ station (Figure 3c). Two of the locations, Malesina and Rhodes, were pilot IMTA cultures developed in the framework of the research project, Innovative Development of Multitrophic Aquaculture (IDMA–www.idma.uoc.gr (accessed on 10 February 2023)).




2.2. Sample Collection


All the collected individuals in every station were of a similar size (commercial size) and were therefore approximately the same age class. From Sagiada station, a total of 6 individuals of P. imbricata radiata with a total of 53.12 g of flesh weight were collected. At Malesina station, a total of 12 individuals of farmed P. imbricata radiata with a total flesh weight of 231.04 g, and 30 individuals of farmed M. galloprovincialis with a total flesh weight of 145.09 g were collected. The wild P. imbricata radiata population of Elounda station consisted of 14 individuals with a total of 85.09 g flesh weight. Finally, 23 pearl oyster individuals with 116.65 g of flesh weight were collected from Rhodes-blocks station, and in Rhodes-baskets, 19 individuals of farmed P. imbricata radiata were collected reaching a total of 88.17 g of flesh weight. All bivalves collected were opened in the field in indoor and well-protected rooms to avoid extensive airborne contamination. Their soft tissue was removed, weighed, rinsed with ultrapure water, and placed in glass jars that had been well cleaned with HCl (10% w/v) solution. They were then refrigerated to prevent distortion until further analysis.




2.3. Mussel and Oyster Sample Preparation and Digestion


The procedure to extract MP particles from the soft tissue of mussels and pearl oysters was based on published methods [25,26,27,28] and was the same for both species. The samples were rinsed with ultrapure water and the wet flesh weight/individual was measured. Individuals of every station and species were sorted according to their weight into 5 to 12 replicated samples of approximately 10 g. The number of replicates was specified from the total flesh weight/station. Each sample was placed in a glass conical flask and digested with a 200 mL filtered KOH (10%, 1:20 w/v) and 2 mL H2O2 (30%) mixed solution. The samples were covered with aluminum foil and placed in 60 °C for 48 h, with a regular 40 sec shaking every 8 h (Figure 4a). After 48 h, 2 mL of H2O2 (30%) solution was added approximately every 4 h, after the foam had settled and the samples had been stirred for 40 sec. This procedure was repeated until there was no more organic material present and the solution was clear yellow in the case of mussels and clear green in the case of pearl oysters.



A filtered saline solution (NaCl) with 1.2 g cm−3 density was then added to each sample in concentrations twice as high as the KOH (400 mL saline solution), to induce flotation of the microplastic particles contained in the sample. The samples were well stirred and left for 24 h, allowing any organic material remaining in the conical flask to settle. The supernatant solution was then transferred to a new clean conical flask. At the end of the above procedure, the samples were filtered with 0.8 μm diameter Whatman™ cellulose nitrate membrane filters with a glass/metal filtering system and transferred to glass Petri dishes with lids where they were stored until further analysis.




2.4. Microscopic Inspection of Microplastics


The filtered samples were analyzed visually using a stereoscope (magnification ×1.0 to ×5.0), to identify and count the type of MPs larger than 0.8 μm according to their physical characteristics in each replicated sample [29]. The confirmation of the presence of MPs was performed by the ‘needle test’. This method involves the use of a red-hot needle, which, upon coming into contact with the presumed microplastic, melts it [30]. The smallest MPs found were 0.8 μm, while the biggest were 1500 μm. All MPs found were classified into 5 types (microfibers, microfragments, microbeads, microfoams and microfilms) according to the standardized size and color sorting (SCS) system [31]. In order to ensure the correct count of the MPs, each filter was marked near them with the tip of a needle.




2.5. Raman Spectroscopy


A subset of microplastic particles was randomly selected from each sampling station to determine their chemical type. Due to the small size of the samples and the difficulty in handling them, only microfibers were selected to be analyzed by Raman spectroscopy. A mobile Raman spectrometer (HE 785, JY Horiba) with excitation from a cw diode laser at λexc = 785 nm was used in the current study as previously described [32]. Measurements were made through a ×20 objective lens and the typical exposure time was 30–45 s per scan, with a minimum of 2 scans averaged per measurement. The spectrograph (Exemplar Plus, B&W Tek) provided spectral coverage from 98 cm−1 up to 3362 cm−1 at a spectral resolution of about 8–10 cm−1. Laser power (PL) values were in the range of 13–53 mW, measured on the sample surface. In addition, Origin Pro 2023 software was used to preprocess (smoothing, subtraction) some spectra. Raman spectroscopy was performed on 22 microfiber samples from all sampling stations, but also on a sample of the pergolari fibers used in some of the farms. The aim of the spectroscopic analysis was to indicate whether the particles detected during the experiment corresponded to microplastics.




2.6. Data Analysis


The measured numbers of MPs for each sample (total and each subcategory) were transformed to counts per 1 g of biomass. The data from the study were used to (a) compare MP accumulation in the two bivalve species (M. galloprovincialis and P. imbricata radiata) in Malesina, (b) examine the difference in pearl oyster MP concentration at the five different sampling stations (Sagiada, Malesina, Elounda, Rhodes-blocks, Rhodes-baskets), and (c) examine the difference in the MP types in every station separately.



A T-Test was used to check if there were significant differences in the counted MPs between the species at Malesina station, and a one-way analysis of variance (ANOVA) between the five different stations (Sagiada, Malesina, Elounda, Rhodes-blocks, Rhodes-baskets) and between the MP types of every station, for the P. imbricata radiata species. The requirements of parametric analysis were assessed using the Shapiro–Wilk test of normality and Levene’s test for homogeneity of variances, while boxplots were used to check for outliers. The values of the results represent the average ± standard deviation (average ± SD). All statistical analyses were performed with the “IBM SPSS Statistics v.26” software.




2.7. Quality Control and Contamination Precautions


All of the equipment used during sampling and in the experiment was either glass or metal and properly rinsed with HCl (10% w/v) solution before use. In the laboratory, all windows and doors were closed and all surfaces were cleaned regularly with acetone. The samples were covered with aluminum foil throughout the analyses to avoid airborne contamination of MPs. Laboratory personnel used protective cotton laboratory robes during the entire experiment, while hands were scrubbed to control self-contamination from skin, hair or dirt. All liquid solutions (KOH, H2O2, NaCl) used were filtered with 0.8 μm diameter Whatman™ cellulose nitrate membrane filters before use, to minimize their MP content. While conducting the experiment, three blind samples were created for every sample batch, to estimate and remove any MP contamination from the laboratory background.





3. Results


3.1. Identification of MPs


According to the physical characterization, the visual assessment of the stereoscopic analysis showed that the MPs found in the soft tissue of the two species were classified as microfibers, microfragments, microbeads, microfoams, and microfilms. The MP concentration for both species, but also for all the sampling stations, was higher in microfibers (6.46–47.74%) and microfragments (42.96–91.25%).



According to the chemical characterization, the microfibers in the oyster samples from the stations of Malesina and Rhodes-baskets exhibit Raman spectra bands assigned to polyethylene terephthalate (PET) (Figure 4a). Furthermore, the spectra obtained from the Elounda station indicated Raman peaks corresponding to the organic pigment “phthalocyanine blue” [33] (Figure 4b). At the stations of Sagiada and Rhodes-baskets, the Raman spectra peaks appeared to match the organic pigment “indigo” [33] (Figure 4c). Finally, the Raman bands spectra from the pergolari sample corresponded to polyethylene (PE) and polypropylene (PP) (Figure 4d) [34]. No similar peaks were found in the spectra obtained from the bivalve microfiber samples.



At wavenumbers higher than 1800 cm−1, samples do not exhibit any Raman bands and for this reason only the 100–1800 cm−1 spectral region is shown for all spectra with the exception of the pergolari sample, which also shows Raman bands in the 2800–3000 cm−1 spectral region (Figure 4). Apart from pergolaris, Raman spectroscopy was also performed on samples from SEAPA baskets, and fish farm nets and ropes used to support pergolaris, but they did not correspond to the spectral coverage provided by the spectrograph.




3.2. Differences of MPs between the Two Bivalve Species


The comparison of MPs for the two bivalve species co-cultured at Malesina station showed significant differences in total MPs and microfibers between mussels and pearl oysters (t-Test: F = 6.223, p < 0.05 and F = 9.298, p < 0.01, respectively). MP counts showed that M. galloprovincialis had more total MPs in their tissue (5.00 ± 0.96 MPs/g flesh) compared to P. imbricata radiata (2.55 ± 0.83 MPs/g flesh) (Figure 5). Furthermore, fibers were more abundant in mussels (2.11 ± 0.48 vs. 0.93 ± 0.36 fibers/g flesh). No significant differences were detected for microfragments, microbeads, microfoam or microfilm (t-Test: p > 0.05).



As shown in Table 1, total mussel MPs consisted mainly of microfibers (47.74%), while total pearl oyster MPs consisted mainly of microfragments (49.89%) (Table 1). In addition, pearl oysters contained more microbeads than mussels. Furthermore, pearl oysters contained some microfoam and microfilm particles that were not present in mussels.




3.3. Differences of MPs between Stations


For the comparison between stations, we used P. imbricata radiata specimens collected from the five different sampling stations of the study (shown from west to east in Figure 6). The total MP particles per gram of soft tissue of P. imbricata radiata for Sagiada station were 3.56 ± 0.35, for Malesina station they reached 2.55 ± 0.83, for Elounda they were 3.03 ± 0.54, for Rhodes-blocks they were 2.06 ± 0.51, while for Rhodes-baskets they were 1.54 ± 0.63 (Figure 6). ANOVA results confirmed that there were significant differences in total MPs, microfiber, microfragment, and microbead categories between the five stations of the collected samples (F = 3.652, p < 0.05, F = 7.672, p < 0.05, F = 5.095, p < 0.05 and F = 5.122, p < 0.05, respectively). The dominant type of MP at all sampling stations was microfragments (Figure 6), and consequently they affected the overall pattern of total MPs.



The post hoc analysis indicated that regarding microfibers, Malesina had significantly more particles than Elounda, Rhodes-baskets and blocks stations, and more microbeads than Rhodes-blocks and Elounda stations. On the other hand, specimens from Elounda and Sagiada stations had significantly higher microfragments than those collected from Malesina and Rhodes-baskets stations. The overall comparison, for all the particles, showed that the total number of MPs was higher in Sagiada and lower in Rhodes-basket, and the values found for other stations were between these two extremes, without significant differences.




3.4. Differences of MPs in Every Station


For the comparison in every station, we used the MP types that we found in P. imbricata radiata specimens from the five different sampling stations of the study (Figure 6). ANOVA results confirmed that there were significant differences in the MP types in every station (Sagiada: F = 103.838, p < 0.05; Malesina: F = 23.029, p < 0.05; Elounda: F = 57.732, p < 0.05; Rhodes-blocks: F = 30.061, p < 0.05; Rhodes-baskets: F = 13.416, p < 0.05).



The post hoc analysis indicated that regarding Sagiada, Elounda, Rhodes-blocks, and Rhodes-baskets, there were significantly more microfragments than the other MP types found in each station (microfragment type ranging from 79.06% to 91.25%, Table 2). On the other hand, Malesina station had significantly more microfibers (34.98%) and microfragments (49.89%) found in its specimens (Table 2).





4. Discussion


This study provides information on microplastic pollution and its widespread presence in the soft tissue of marine cultured organisms. The presence of MPs in the soft tissue of mussels and pearl oysters indicates that the MPs released from (or discharged in the site of) an aquaculture farm may end up in the food chain, especially in the case of filter feeding organisms. Benthic filter-feeding organisms, such as mussels and pearl oysters can give in situ data related to the concentration and bioavailability of the seawater pollutants [35], and thus they are widely considered as biological indicators [36].



From the first comparison, the main MP type found in mussels was microfibers, whereas microplastic fragments were found mainly in pearl oysters. Microplastic fibers could not have originated from the pergolaris since the Raman analysis showed no matching of the pergolari peaks with the corresponding bands of the bivalve samples. On the other hand, it is unclear if the SEAPA oyster baskets correspond to any of the analyzed samples, as the Raman spectroscopy did not show an outcome in the spectral coverage of the spectrograph. However, the SEAPA baskets are made of sturdy plastic, which is less likely to break into smaller pieces. Breaking microplastic from these SEAPA baskets is more likely to form fragments than fibers. Furthermore, Raman spectra, characteristic bands assigned to PET were found in three analyzed samples; in contrast, none of the Raman peaks in all the microfiber samples corresponded to PE and PP. This may lead us to the conclusion that this kind of cultivation method does not affect the cultivated bivalves. The two pigments found in some of the samples indirectly imply that these particles have an anthropogenic origin. In particular, the pigment “phthalocyanine blue” is a synthetic widely used in boat dyes and also as an antifouling agent [37]. Similarly, the use of indigo pigment is mainly for dyeing polyester clothing and cotton fibers [38]. However, identification was not successful for all of the samples. This may be due to the small size of the samples, the fact that their content is too low and close to the Raman spectroscopy limits, or even the fact that some of them may not in fact be plastic.



The MP content in mussels found in the present study is similar to others conducted in the Aegean Sea [Izmir Bay] [28] and in the Ionian Sea [39] (Table 3), where fibers were the main type of MPs found in their soft tissues. From the present study, it is observed that the values of MPs found in cultured mussels of Malesina station are similar to the ones found in wild populations (Table 3). However, results of other studies, indicate a variety of different MP concentrations for M. galloprovincialis. This difference in the MP concentrations is related to the methodology used in every study, as well as filter pore size (Table 3), since the smaller the pore size, the more MP particles are identified. To our knowledge, there is quite a limited number of comparable datasets on MPs found in the case of P. imbricata radiata. In the present study, the MPs found are not very different to those found in the wild population of the Persian Gulf [40] (Table 3).



The results of the comparison of MP content between the five different sampling stations confirmed the preference of P. imbricata radiata for microfragments. The population of Sagiada and the wild population of Elounda were found to be enriched with more MP fragments than the farmed populations of Malesina and Rhodes stations.



The higher and lower abundances of total MP content in P. imbricata radiata corresponds to the different water quality of the farming sites and the use of plastic material for the farming practices.



In the case of Sagiada, this may be due to the fact that the sampling station was in the vicinity of the discharge area of Kalamas River. Upstream estuaries can transport significant amounts of anthropogenic litter and discharge them into the marine environment [50].



Furthermore, the P. imbricata radiata individuals were collected from an experimental longline culture that are more likely to generate MP debris, as it breaks into smaller pieces more easily than the sturdy material of the SEAPA baskets. On the other hand, regarding total MPs, values from the Rhodes-baskets station were significantly lower than those from Sagiada, which might be due to the fact that the Rhodes-baskets station was located in an oligotrophic area far away from urban centers and any other MP pollution hot spots.



In the case of Elounda station, the results (i.e., high levels of microfragments) can be attributed to the characteristics of the study site, since the collected specimens inhabited the hard substrate of a shallow enclosed bay, next to a highly developed touristic area. Thus, the pearl oysters of Elounda station were exposed to plastic debris that was sinking to the bottom from different sources (visitors on the sea side, boats, etc.).



The pearl oyster populations at Malesina and Rhodes-baskets stations were farmed with the same method in areas with different water circulation conditions. Thus, the placement of Malesina station in a semi-enclosed area could explain the higher concentration of MPs in relation to the open sea area of Rhodes-baskets.



In Malesina station, the torrents seasonally discharging freshwater and agricultural wastes and plastic debris in the vicinity of the farm could be a potential source of enrichment with MPs in the area. Furthermore, the pergolari method used for mussel farming may have acted as an additional source of the MPs ingested by the oyster population.



Finally, the comparison of the MPs contained in the soft tissue of the specimens has indicated variations depending inter alia on the species, the site, and the extraction method used, as confirmed by recent studies on other members of the Ostreida order (Table 3). Nevertheless, the results of the current study for all five sampling stations are within the range reported so far for their conspecifics (Table 3).




5. Conclusions


Most of the existing regulations around the world are specific to macroplastics; there is no specific regulatory framework to contain MPs. However, there have been many attempts by various institutions/countries to introduce regulatory actions to reduce microplastics in water. In 2019, the European Chemicals Agency (ECHA) suggested banning products containing intentionally added microplastics from the European market [4]. The same year, the European Directive 2019/904 was adopted to limit the use of single-use plastics in order to reduce marine pollution [51]. In 2021, the European Union released the European Water Framework Directive (EWFD), which aimed to establish a methodology to quantify microplastics in water so they could be included in the Watch List [4].



The present study confirms that high or low concentrations of MPs are widely distributed in the natural ecosystem. Further research is needed to find ways to reduce or control MP pollution and set safety limits for human consumption, as at the moment the effects on human health, the marine organisms and generally the marine ecosystem are rather uncertain.



Most of the MPs found in the samples of the present study are microfibers and microfragments, which can easily end up in the marine environment, especially in areas of high anthropogenic activity. Raman spectroscopy is a useful analytical tool for the identification of MPs contained in mussel and pearl oyster specimens. More investigation is needed to determine whether the lower concentration of MPs found in the samples of the multitrophic aquaculture is due to the culturing method used for these organisms.



Regarding the P. imbricata radiata species, only one similar study was found in the literature (Table 3, [40]), and therefore further analyses should be conducted on wild and farmed populations to augment the available information on this issue and determine whether culture is a factor that affects the concentration of microplastic particles in the soft tissue of these organisms.
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Figure 1. Map of the sampling stations. 
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Figure 2. (a) M. galloprovincialis collected samples, (b) M. galloprovincialis cultivating method using pergolaris. 
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Figure 3. (a) Collected P. imbricata radiata within SEAPA© baskets, (b) P. imbricata radiata farmed in SEAPA© baskets near to the fish cages, (c) Blocks from where samples of P. imbricata radiata were collected in Rhodes, and (d) P. imbricata radiata individuals from the seabed of Elounda bay. 
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Figure 4. Raman spectra of microfibers. (a) Sample from Malesina station (green line) in comparison with a reference of PET, from our personal library (purple line). (b) Sample from Elounda station (red line) and the pure phthalocyanine blue, for reference (light blue line). (c) Sample from Rhodes-baskets station (yellow line) and pure indigo (blue line) for comparison. (d) Sample from pergolari with characteristic Raman bands correspond to PE and PP. 
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Figure 5. Average (±SD) number of MPs (total and subcategories) in 1 g of mussel and pearl oyster flesh in Malesina station. 
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Figure 6. Average (±SD) number of MPs (total and subcategories) in 1 g of pearl oyster flesh in all stations. 
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Table 1. Percentage of each MP type found within all mussel and pearl oyster specimens from Malesina station.
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Study Site

	
MP Type

	
Mytilus galloprovincialis (%)

	
Pinctada imbricata radiata (%)






	
Malesina

	
Microfibers

	
47.74

	
34.98




	
Microfragments

	
42.96

	
49.89




	
Microbeads

	
9.29

	
14.44




	
Microfoam

	
-

	
0.34




	
Microfilm

	
-

	
0.34
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Table 2. Percentage of each MP category found within pearl oyster samples for all stations.
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	Study Site
	Microfibers (%)
	Microfragments (%)
	Microbeads (%)
	Microfoam (%)
	Microfilm (%)





	Sagiada
	15.82
	79.06
	4.05
	1.07
	-



	Malesina
	34.98
	49.89
	14.44
	0.34
	0.34



	Elounda
	11.57
	85.69
	1.56
	-
	1.18



	Rhodes-blocks
	6.46
	91.25
	1.47
	0.42
	0.40



	Rhodes-baskets
	13.01
	80.05
	6.94
	-
	-
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Table 3. Range of microplastic concentrations (particles/g of flesh) in different types of marine bivalves found in the scientific literature.
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Species

	
MP Concentration

	
Filter Pore Size (μm)

	
Study Site

	
Reference






	
Mytilus galloprovincialis

	
5.3 ± 0.5

	
1.2

	
Ionian Sea (wild)

	
[39]




	
5.0 ± 0.96

	
0.8

	
Evoikos Gulf, Malesina (farmed)

	
This study




	
2.81 to 4.98

	
0.7

	
Izmir Bay (wild)

	
[28]




	
2.5 ± 0.3

	
1.2

	
Ionian Sea (farmed)

	
[39]




	
1.12

	
1.2

	
Marmara Sea (wild)

	
[41]




	
Mytilus edulis

	
13.2

	
0.7

	
Dutch North Sea Coast (wild)

	
[42]




	
0.7 to 2.9

	
5

	
U.K. (wild)

	
[43]




	
2.7

	
5

	
China (wild)

	
[33,44,45]




	
1.6

	
5

	
China (farmed)

	
[44]




	
0.36 ± 0.07

	
0.8

	
North Sea, Germany (farmed)

	
[46]




	
Pinctada imbricata radiata

	
1.54 to 3.56

	
0.8

	
Sagiada, Malesina, Rhodes, Greece (farmed)

	
This study




	
2.06 to 3.03

	
0.8

	
Elounda bay, Rhodes, Greece (wild)

	
This study




	
0.2 to 2.2

	
0.45

	
Persian Gulf, Iran (wild)

	
[40]




	
Saccostrea cucullata

	
1.5 to 7.2

	
20

	
Pearl River, Estuary, China (wild)

	
[45]




	
Crassostrea gigas

	
0.27–0.64

	
0.6

	
Santa Caterina Island, Brazil

	
[47]




	
0.47 ± 0.16

	
0.8

	
Brittany, France, Atlantic Ocean (commercial)

	
[46]




	
1.88 ± 1.58

	
0.6

	
Danang Bay, Vietnam

	
[48]




	
Crassostrea virginica

	
3.84 ± 3.39

	
0.45

	
Mosquito Lagoon, Indian River, Florida

	
[49]
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