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Abstract


The release of plastics in freshwater is an increasing concern for ecosystem safety worldwide. There is a large knowledge gap on plastic pollution in Mediterranean freshwater, especially regarding surveys along entire river courses, partly due to the absence of guidelines for standardized monitoring of plastics. The present study analyzes the plastic distribution from source to mouth, also according to the River Continuum Concept, of the environmental matrices (water and sediments) and biota (caddisfly cases) of the Mediterranean River Mignone and their cause-effect relationship. The results of the water quality indices (Extended Biotic Index and Fluvial Functionality Index) were compared with the plastic concentrations observed in the water and sediments to explore what relationship there might be and to understand if the indices could be a proxy of the plastic pollution. Our results showed a significant prevalence of blue fibers, the concentration of which in water and sediment is positively associated. Plastic concentration at each site was not accurately detected by the water quality indices. These results may suggest that the factors considered by water quality indices are not able to detect the contamination of plastic pollution. It is mandatory to identify new tools for assessing the plastic impacts on river ecosystems.
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1. Introduction


Plastic is a growing concern as it contaminates aquatic ecosystems due to human activities, such as improper waste management and accidental loss, causing several negative effects on biota [1,2]. The mismanagement of plastic litter allows for contamination of freshwater ecosystems globally [3,4]. Indeed, water samples from 168 rivers around the world were analyzed, showing a contamination mean value of 11,128 items m−3, while regarding sediment, 96 rivers analyzed provide a mean value of 1161 items kg−1 [4]. However, the contamination of rivers varies between the sampling sites, ranging from values close to zero to thousands of items per unit [4]. In particular, we focus on the rivers flowing into the Mediterranean Sea that are contaminated but understudied (Table 1).



Although the effects of plastic on freshwater biota are documented [11], it is difficult to identify sources in order to reduce contamination [12,13]. Regarding point source pollution, several studies highlighted possible sources of plastic pollution, especially wastewater treatment plants [14,15] and agriculture [6]. Indeed, areas with wastewater treatment plants are linked to a greater presence of plastic fibers [14,15]. Fibers are one of the most common plastic pollutants and are connected to the release of synthetic clothes fibers from washing machines [16].



In particular, several studies found that synthetic plastic fibers can be found in samples from water, sediments, and biota, and can accumulate in the environment [17]. For instance, large quantities of fibers were found in the River Seine [18]. Fibers can be transported as airborne particles or accumulate in the sewage treatment plant and then can be available in the environment, as bacteria cannot quickly decompose them [16,18]. The fate and transport of microplastic fibers from washing machine to the sea is affected by wastewater treatment plants. After their release, microfibers pass into domestic drainages and enter the oceans via wastewater treatment plants and rivers [16]. Sewage treatment is an important factor affecting microplastic fibers pollution. Indeed, fibers were found in effluent from sewage treatment plants. Hence, effluent discharge often contains microfibers, which are not removed during the treatment process, and this increases the availability of microplastics fibers in situ [16].



Concerning the models used to investigate the distribution of plastics, cluster analysis was used as a tool in order to find the source of plastics by considering their characteristics (such as color, size and shape) at different sampling sites [19]. Several studies highlighted how different factors (e.g., particle size, river hydrodynamics) could influence the distribution of plastic in the river substrate [12,20]. In particular, the deposition of plastic in rivers follows the same pattern as natural particles [21], and river flow is a crucial factor affecting the behavior of both natural particles and plastics during transport and sedimentation. After settling, a strong flow can remobilize plastic items such as during sediment erosion [20,22,23]. Indeed, rivers change from being sinks to sources of plastics under flood conditions [23]. Further investigations are needed to better understand the factors influencing the plastic contamination pattern to manage and preserve the riverine ecosystems.



As plastics have an increasing impact on global riverine ecosystems and assessing their water quality is mandatory, the existing quality indices could provide information on plastic contamination. The water quality indices regulated by European Directive 2000/60/EC (i.e., Water Framework Directive, WFD) [24], require the use of biological indicators such as fish, diatoms, macrophytes and macroinvertebrates to evaluate the status (from very bad to excellent) of aquatic ecosystems. In particular, the occurrence of specific taxa of the macroinvertebrate community is an excellent tool to provide results for the assessment of water quality due to the different degree of sensitivity to changes in environmental factors, such as dissolved oxygen, pH, temperature and water transparency. For example, some taxa (i.e., Ephemeroptera, Plecopera and Trichoptera) occur more in good-quality waters, while other taxa (e.g., Chironomidae, Simuliidae, Gammaridae) are more tolerant and are found even in low-quality waters. Although macroinvertebrates are widely used in monitoring activities according to the WFD, the suitability of macroinvertebrate indices to detect plastic contamination is still poorly investigated [25,26]. Indeed, it is unknown whether the presence of plastics in rivers can affect the occurrence of the macroinvertebrate community, therefore influencing the results of water quality indices based on macroinvertebrates, such as the Standardization of River Classifications Intercalibration Common Metric index (STAR_ICMi) [24] and Extended Biotic Index (EBI) [27].



In addition to the biological indices, there is a method for the assessment of environmental status of a watercourse: The Fluvial Functionality Index (FFI) [28]. The FFI considers all the hydro-morphological elements cited in the WFD and allows to evaluate the overall quality state of the river ecosystem in relation to its functionality, i.e., the buffer function performed by the riparian ecotone, the morphological structure of the riverbed, the ability of banks and the entire course of the river to provide shelter and a suitable habitat for different biological communities. Therefore, the watercourse is observed throughout its entire course by analyzing its abiotic (morphological and structural) and biotic components (riverbed, riparian and periphery vegetation, macroinvertebrates and fish). The FFI allows identifying sections of a watercourse with a high ecological value and the impacted ones, highlighting their functional criticality and classifying its functionality [28]. However, even in this case, the suitability of the FFI to reveal disturbances induced by plastic contamination has not yet been evaluated to our knowledge.



This study aimed to investigate (i) the association between plastics and sediments according to river dynamism, and (ii) whether the water quality index based on macroinvertebrates community assessment EBI and the ecosystem functionality index FFI can be a proxy of plastic concentration in water and sediments.




2. Materials and Methods


2.1. Study Area


This study was conducted in River Mignone (Latium, Italy) by sampling water, sediments and macroinvertebrates in nine sites (S1–S9) (Table 2), distributed from source (S1) to mouth (S9) (Figure 1) during July 2018. In the upper (S1, S2) and medium (S3–S5) course, Mignone has well-conserved freshwater ecosystems, which are preserved by two European protected areas (i.e., Sites of Community Interest, Site Code: IT6010033 and IT6030001). However, some threats affect the Mignone catchment, e.g., sewage discharges of urban centers and agricultural lands [29,30]. The lower course (S6–S9) indirectly received sewage from other towns and agricultural lands in the catchment area.




2.2. Sampling of Water, Sediments and Macroinvertebrates


In each sampling site, the water was sampled by a plankton net with a mesh size of 80 μm and a diameter of 13 cm. Water velocity (cm s−1) was measured by flowmeter General Oceanics 2030 series [31]. The net was held against the current in the middle of the river 13 cm below the water surface for maximum 1 min (Supplementary Figure S1). The net was rinsed with distilled water to detach the items attached to the net itself. The filtered water sample (100 mL) was stored in sterilized falcons.



Regarding sediments, 12 samples were collected from each of the nine sampling sites following a linear transept connecting the opposite banks of the river. Three samples were collected from the left riverbank, six samples from the riverbed and three samples from the right riverbank (Figure 2). For each sample, approximately 250 mL of sediment was taken from the upper layer of the substrate (5 cm deep) by metal tools and was stored in 250 mL sterilized aluminum containers.



Macroinvertebrates were sampled along a linear transect parallel to the banks, following the procedure of kick sampling used for the EBI, trying to consider all possible habitats present in the sampling site. Then, macroinvertebrates were stored in alcohol (70%) and transported to the laboratory for identification to the lowest possible taxa [32].




2.3. Visual Detection of Plastics in Water, Sediments and Macroinvertebrates


A pre-treatment consisting of 30% H2O2 (30 volume) added to each water sample was conducted to digest biological matter [33]. Then, the digested water sample was observed under a stereomicroscope (LEICA EZ4HD) to pick plastic items > 1 mm. The number of plastic items per volume of filtered water is reported as items m−3 in each station, according to scientific literature [4,5,18].



Sediments samples were dried in a laboratory stove (Salvis Lab TC160) at 60 °C for 48 h. Once dried, each sample was divided into subsamples according to their grain size by a vibrator sieve (Retsch basic AS200) and each subsample was weighed (WTB 2000 Radwag balance). The sediment subsamples > 1 mm were placed in aluminum containers to form a layer of a few millimeters, facilitating the sample sorting. Then, the subsamples were observed by a stereomicroscope (LEICA EZ4HD) to pick plastic items using metal stainless forceps. The number of particles found in the substrate is reported in items kg−1, according to recent studies [4,8,34]. In addition, the results of grain size analysis are provided. Specifically, the coarse fraction (>100 µm) is divided by dry sieving to obtain the grain size, as described above. The resulting distribution is analyzed by SEDPLOT software and the Folk classification scheme [35,36].



Regarding macroinvertebrates, the presence of plastic items in the cases of sampled caddisflies was checked, based on recent observations in scientific literature [37,38,39]. Cases were digested in a solution containing 30% H2O2 (30 volume) at 37 °C for 48 h (adapted from Nuelle et al.) [33,38]. Thereafter, the digested cases were observed by a stereomicroscope (Nikon C-LEDS, China) to identify the plastics.



For all three matrices, plastic items were classified according to their color and shape [39], such as fibers, fragments and films [40,41,42]. In addition, the color of plastic items in water was analyzed on a randomly chosen subsample of 52 items, while of 25 items for plastic in sediments. Concerning biota, the entire sample was analyzed.



Laboratory coats and steel tools were used by the research team during all laboratory activities to avoid contamination.




2.4. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis and Polymer Identification


Fourier Transform Infrared spectroscopy (FT-IR) was applied for polymer identification of 77 plastic particles randomly selected (34% of total items). FT-IR spectra were collected in attenuated total reflectance (ATR) mode using a Thermo Scientific Nicolet iS5 6700 spectrophotometer: spectrum range was 4000–400 cm−1 and the resolution was 4 cm−1. Chemical composition of polymer particles was identified by comparison with the reference spectra database (instrument library). The identification was accepted with a threshold r > 0.90 as a value of similarity among samples




2.5. Quality Indices


The ecological quality status of River Mignone was analyzed by the diversity of macroinvertebrates taxa found, according to the EBI [27], and by the survey of river environmental status, according to the FFI [28].



Regarding the calculation of the EBI, the identification of sampled macroinvertebrates to the lowest taxa allows collecting two types of information to be inserted in a double-entry matrix: (1) the taxa occurring at each site and (2) the richness of the taxa found. The intersection between the two types of information yields a score that corresponds to one out of five water quality classes, going from “very bad” (score 0–3, class V) to “excellent” (score 10–14, class I).



Concerning the FFI, the index is structured as 14 questions about the vegetative condition of the banks and the territory surrounding watercourse, relative width of the wet riverbed and morpho-physical structure of the banks, structure of the riverbed and biological characteristics. Every question is repeated for each bank (left and right) and the answer is evaluated, assigning a score ranging from 1 to 30. The overall score is translated into a “level of functionality”, which can go from “very bad” (for FFI scores below 51) to “excellent” (for FFI scores above 260). As regards the fish data, we considered recent scientific literature data on fish occurrence in River Mignone [43].




2.6. Statistical Analyses


All statistical analyses were performed by Statistica software (ver. 10). Before the analyses, normality of data was checked by the Shapiro–Wilk test. If distribution was not normal, non-parametric tests were used. The different abundance between the shapes of plastics is tested by the Kruskal–Wallis test for water and sediment stations along the river course. Specifically, on sediments, a t-test was conducted to test the difference between the concentration of plastics in sediments of riverbed and riverbanks, and a Kruskal–Wallis test was used to separately test the difference between the concentration of plastics in the sediments of riverbed and two riverbanks (left and right). To compare the concentrations of plastic in water and riverbed sediments, the units of measurement items l−1 are homologated in items kg−1, following the assumptions reported in Cera et al. [4].



A Kruskal–Wallis test was performed to assess whether there is a difference between the concentration of plastic types in water and sediments of the three zones of the river identified by the River Continuum Concept (RCC), described as follows. According to the RCC [44], an ecological gradient is formed along the river course going from source to mouth, based on the variation of abiotic and biotic factors. Therefore, rivers can be divided into three zones: crenal, rhithral and potamal [45]. Hence, the sampling sites of River Mignone were divided into the three zones: (1) S1 and S2 are part of crenal, (2) S3–S5 of rhithral, and (3) S7–S9 of potamal. This categorization was carried out leaving out station S6 because it is located in a transition zone between rhithral and potamal, and thus it does not fit precisely into one of the three zones previously defined.



In addition, to investigate the trend of plastic concentration along the river course, Spearman’s correlation test was used to investigate the association between concentration of plastics in water, sediments and biota along the entire river course. According to those results, a linear regression was tested for the concentrations of plastic fibers in water and riverbed sediments. For these analyses, riverbank and riverbed sediment samples are analyzed separately as their plastic concentrations are not correlated. Moreover, a linear regression was calculated between the distance (km) of stations from the river source and the concentration of plastics in water and sediments.



As regards biotic and environmental indices, Pearson’s correlation test was used to investigate the association between plastic concentration in water and riverbed sediments and the results of EBI and FFI.





3. Results


3.1. Quantitative and Qualitative Description of Plastics in River Mignone


The total amount of plastic items found in water and sediments of River Mignone were 214 (148 and 66, respectively), of which 75% were fibers, 18% fragments and 7% films. The concentration of fibers is more abundant than films in water and sediments (water: H = 7.448, df = 4, p < 0.05, sediment: H = 6.489, df = 4, p < 0.05) (Figure 3a; Supplementary Table S1), while there is no significant difference with fragments. Sediments have a higher concentration of plastics than water, as the mean concentrations of plastics found are 1.32 and 0.28 items kg−1, respectively (Figure 4). In addition, 42 plastic items were found in biota, all fibers (Figure 3a; Supplementary Table S1).



3.1.1. Plastic Items in Water


All 148 plastic items collected from water were between the size of 1 and 5 mm (i.e., large microplastic). The mean concentration of plastic was 0.28 items L−1, while the range of plastic concentration was 0.03–1.17 items L−1 (Table 3). Fibers represented 84.5%, while fragments represented 10.8% and films 4.7% (Figure 3a). Blue was the color mostly observed visually (58%), followed by black (19%), white (14%), yellow (6%) and red (4%) (Figure 3b). The chemical composition of the microplastic particles examined by FT-IR clearly shows the dominant presence of polyethylene (PE) with 50% occurrence.




3.1.2. Plastic Items in Sediments


As grain size analysis showed, sediments are mostly sandy gravel (Figure 5; Supplementary Table S2). Moreover, 66 plastic items were found in sediment samples. In particular, 9 items ranged between the size of 5 and 10 mm (i.e., mesoplastics), while 57 were between 1 and 5 mm (i.e., large microplastics). The mean concentration of plastic was 1.16 items kg−1, while the range of plastic concentration was 0–2.45 items kg−1 (Table 3). Most of the plastic items were fibers (54.5%), followed by fragments (34.8%) and films (10.6%) (Figure 3a). The most frequent colors were white (44%) and red (24%), followed by blue (20%), green (8%) and brown (4%; Figure 3b). Polymer type composition showed the dominant occurrence of PE, polypropylene (PP) and polyamide (PA), with mean frequency of 40%, 16% and 14%, respectively (Supplementary Figure S2). Few particles were identified as polyester, with 7% occurrence.



Our monitoring activities revealed that the number of plastic items occurred mostly in the sediments of the riverbed (61%), followed by the right riverbank (30%), and lastly, by the left riverbank (9%). However, there was not a significant difference between the plastic concentration in riverbed and riverbank sediments and not even between right and left riverbank sediments.




3.1.3. Plastic Items in Macroinvertebrates


In 14 caddisfly cases belonging to Bereidae and Hydroptilidae families sampled in four stations (S4, S5, S6 and S8), 42 plastic items were observed (Figure 6). The mean number of plastic items of all cases found at each station is shown in Table 3. The mean concentration of plastic was 6.4 items for case (Table 3). All the plastic items were <5 mm (i.e., small and large microplastics) and belonged to fibers, of which 48% were blue (Figure 3). A minor number of items were black (17%), red (14%), green (12%) and white (9%).





3.2. Analysis of the Distribution of Plastics


The concentration of plastics varied among the stations (Table 3), however, the distance from the river source significantly affected the plastic concentration in water (y = 0.01857x − 0.1369, R² = 0.57, F(1,7) = 9.2721, p < 0.019) but not in sediments (Figure 7). Plastic concentration is not significantly different among the three river zones of River Mignone, divided according to the RCC.



There was a non-significant association between the concentration of plastics in water, sediments and biota. Similarly, the correlation between the plastic types (fibers, fragments and films) in water and in sediments (both riverbed and riverbanks) were not significantly correlated.




3.3. Comparison between the Results of Plastic Occurrence and Quality Indices


For EBI, S5 and S7 had excellent water quality, showing higher EBI scores than other stations (Figure 8). Concerning the other stations, S1, S2, S4 and S8 showed good water quality, while S3 and S6 had sufficient water quality. The lowest water quality (bad) was found at the riverine mouth (S9). Most sites have good water quality (44%), corresponding to class II (Figure 8).



Regarding the FFI, excellent scores were found in S1 and S5, while bad scores were found in S9 (Figure 8). Most sites had a sufficient level of fluvial functionality (44%) or higher (i.e., good or excellent levels in 44% of sites).



Plastic concentration was not significantly correlated to EBI and FFI indices both in water and in sediment (Figure 9).





4. Discussion


The present study analyzes the distribution of plastics along the River Mignone and contributes to fill the knowledge gap on plastic contamination of Mediterranean rivers recently highlighted in the scientific literature [46]. In fact, little information exists (Table 1). The comparison with existing papers shows that River Mignone is the least polluted by plastics for sediment samples and one of the most polluted for water among Mediterranean rivers (Table 1). It should be considered that only a few studies have been conducted on rivers flowing into the Mediterranean Sea (Table 1). For instance, the greater Mediterranean river, the River Nile, has not been sampled until now. Moreover, the mean concentration of plastic from the current study was 280 items m−3. This concentration is lower than the contamination mean value, as the global plastic concentration mean in water is 11,128 items m−3, as shown in the Introduction Section [4]. This could be due to the fact that River Mignone is characterized by low anthropic impacts and its course flows within a protected area, resulting in a generally well-preserved water and ecosystem quality. It should also be considered that it is located near towns poorly populated, as proximity to high human density areas is a factor influencing positively plastic discharge into freshwaters [47]. In particular, the higher and medium course of the river has low water contamination, which increases towards the mouth of the river. This could be due to the fact that plastic pollution accumulates in water as the river flows downstream by collecting inputs from the surrounding landscape and tributaries.



A further consideration on the sampling method regards the fact that the use of flow rate or velocity does not provide all relevant information on the hydromorphological characteristics of the sampled site. Indeed, equal flow rates could be provided by very different rivers with regards to hydromorphological factors, such as river depth and width. In this respect, we suggest including the previously described hydromorphological information on rivers during future samplings to allow the comparison of data from similar rivers. Also, standardized guidelines for monitoring rivers are suggested to take into account the natural diversity of hydromorphological factors.



Even though River Mignone is well preserved, the input of plastic caused by rivers that flow into the Mediterranean is considered relevant as rivers represent the major source and pathways of plastic transport to the sea [13]. As only a few studies [48,49] and models [13] investigated the plastic outputs from rivers into the Mediterranean Sea, further research is needed to fill this gap. In this regard, studies on the concentration and distribution of plastic along the entire river courses might contribute to better understand the health of the Mediterranean Sea. Particularly, which rivers are most contaminated and cause the most plastic release into the Mediterranean Sea.



A detailed analysis of plastic types highlighted that fibers were the most abundant in River Mignone, followed by fragments and films. Considering that fibers are a major contaminant globally [50], monitoring the distribution of fibers in nature provides information on the location of threat hotspots to the riverine ecosystem. In River Mignone, fibers accumulate mainly in S4 station (Supplementary Table S1), that is the most polluted by plastics. Near S4 station, there is an urban sewage [29] and a wastewater treatment plant that could be the cause of this pollution, as the latter are considered one of the main sources of plastics in aquatic ecosystems [15]. Especially, fibers occur more in sites close to wastewater treatment plants [14]. A potential source could be the release of plastic fibers from domestic washing machines [16].



The concentration of plastics along a river could also be affected by natural factors [51,52]. The result of grain size and plastic size analysis suggests that the spatial distribution of plastics in water and in sediment was related to riverine flow energy and follows the sedimentation process. The sinking of plastics in sediment could also explain the greater concentration found in sediments rather than in water of the River Mignone. Sediments can act as reservoir of plastics, however flooding periods can remobilize plastics, raising their bioavailability [12,23]. Therefore, the analysis of grain size could be further developed as an environmental indicator of potential accumulation sites of plastic items. This could be a useful tool for predicting the most sensitive areas to contamination and then to act for plastic removal. This information could be used for remediation activities, as this result suggests that the creation of low-energy flow areas could enhance the sinking of plastics with a certain amount of selectivity according to the plastic particle size and flow. The suitability of this remediation activity is to be tested. Moreover, since the actual classification of plastics is limited because it is not standardized and thus does not allow a versatile comparison, it was suggested that a universal classification of plastic could be based on grain size reference scale [53].



Concerning plastic in biota, here, we discussed the first occurrence of plastic in Hydroptilidae and Bereidae caddisfly cases. As for the comparison of plastic shapes, Hydroptilidae and Bereidae used only fibers, of which the majority were blue. A species of Odontoceridae, Odontocerum albicorne, used more fibers than films and fragments in its case [39], while a species of Lepidostomatidae, Lepidostoma basale, showed the opposite pattern [38]. Plastic shapes found in cases are suggested to depend on the environmental bioavailability of the sites inhabited by caddisflies [37]. The prevalence of plastic fibers is also assessed in other freshwater and marine species, e.g., fish and shrimps [54,55]. Indeed, fibers are generally the most abundant plastic shape contaminating freshwater [56], supporting the hypothesis that the environmental availability influences biota contamination. Regarding plastic colors, blue is the most abundant also in L. basale [38] and in O. albicorne [39]. It could be a preference of caddisflies for this color or rather its environmental bioavailability. In scientific literature, blue fibers are found in biota and they could be among the most abundant colors [57,58], however, the abundance of plastics by color is poorly reviewed. In this work, blue is the main plastic color detected in waters, while sediments have a prevalence of white. This could suggest that the environmental matrix also plays a role in influencing the bioavailability of plastics to macroinvertebrates, meaning that contamination of water rather than sediment could have more of an effect on the type of plastics used by caddisflies for case construction. Further research is needed to investigate more deeply the factors that determine the finding in cases of certain shapes and colors of plastics.



The water quality assessment was evaluated with macroinvertebrates through the EBI, but it was not correlated with the plastics’ concentration at each station. Therefore, it seems that EBI was not affected by the levels of plastics occurring in river as it is not a good proxy. Although water river quality was generally good, plastic items occurred in caddisfly cases. Thus, plastic concentration values are at such a level that the macroinvertebrate community is probably exposed but not affected. For instance, at the S4 station, where a high number of plastics occurred, the EBI score was high and the water river quality was in excellent status. Similarly, plastic concentration and FFI were not correlated, thus the river functionality was not affected by plastic concentration in situ, indicating a good quality of the River Mignone. This suggests that target investigations should be conducted to discriminate the exposure from the actual risk posed by the presence of plastics to biota and ecosystem.




5. Conclusions


This work has contributed to expand the research on distribution and monitoring of plastic along a Mediterranean river. In this study, we highlighted the occurrence of a plastic ecological gradient along the entire river course and the exploitation of EBI and IFF indices to evaluate plastic concentration. However, the plastic distribution does not seem to follow the riverine zonation of the River Continuum Concept, but the distance from the source affects the contamination of water. In addition, EBI and FFI cannot be exploited as proxies of plastic contamination of rivers. As the examined indices do not provide information on plastic pollution, the development of new standard and proficient monitoring tools is urgent for a quick and cost-effective assessment of freshwater ecosystems.



Results suggested that plastic concentration in water and in sediment are generally low if compared to other Mediterranean rivers (except for the riverine mouth in water) and that fibers are the main plastic type, considering wastewater treatment plants and washing machine release as their major source. However, in order to compare different levels of plastic pollution in environmental matrices, the use of different tools for sampling plastic (e.g., manta, plankton net, etc.) affect the size of the sampled plastic. Indeed, the absence of a standardized method encourages the use of different sampling methods, such as the newly developed Albatross Mark [59]. Therefore, the width of collected plastics varies due to the tool used for sampling. In this regard, there are several uncertainties in comparing the results we obtained with the scientific literature as the methods used are not adequate and not universal. For this reason, the creation of standardized guidelines is a matter of priority.



Further investigations are mandatory to increase the knowledge on distribution and monitoring of plastic along rivers. As an analysis gap in the literature, a modeling of the accumulation of microplastics in freshwater could be of relevant importance for freshwater ecosystem monitoring. In conclusion, biotic indices could be revised in order to be used as useful proxies of plastic in rivers.
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Figure 1. The sampling sites of water, sediments and macroinvertebrates along the River Mignone are highlighted from site 1 (S1), located near the source, to site 9 (S9), located near the mouth (image processed by QGIS ver. 3.12.2). 
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Figure 2. Sediment sampling in each station following a linear transept: 3 samples on the left riverbank (SX) represented in grey, 6 samples on the riverbed (SE) represented in blue and 3 samples on the right riverbank (DX) represented in grey. 
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Figure 3. (a) Frequency of plastic shapes in water, sediment and biota (caddisfly cases), (b) frequency of colors in water, sediment and biota (caddisfly cases). 
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Figure 4. Boxplot comparing the concentration of plastic items found in water and riverbed sediments. 
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Figure 5. Frequency of grain size sediment for each station divided for riverbed (SE), left riverbank (SX) and right riverbank (DX). Gravel: particles > 2 mm, sand: 0.063 mm < particles < 2 mm, mud: particles < 0.063 mm. 
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Figure 6. Hydroptilidae caddisfly case with a white fiber of plastic indicated by the white arrow. Photo by Dr. Silvio Kroha; Microscope ZEISS Axio Zoom.V16 connected to an Axiocam 503 (Stereo Zoom Microscope). 
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Figure 7. Scatter plot of the distance from the river source in each station and the concentration of plastics in: (a) water, (b) total sediments, (c) sediments of the riverbed and (d) sediments of the riverbanks. Dotted lines indicate the confidence interval, the continuous line indicate the regression line. 
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Figure 8. (a) Plastic concentration in water samples by station, (b) plastic concentration in sediment samples by station, (c) Extended Biotic Index (EBI) and Fluvial Functionality Index (FFI) results for each station by class and color (see the legends for details on the corresponding values and judgment). 
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Figure 9. (a) Results of EBI compared to the concentration of plastics in water and (b) in sediments of each station, and (c) results of FFI compared to the concentration of plastics in water and (d) in sediments of each station. 
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Table 1. Plastic concentration for water and sediment of rivers flowing into the Mediterranean Sea.
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	Matrix
	Plastic Concentration
	Study Area
	Reference





	Water
	1–84 items/m3
	River Po mouth (Italy)
	Atwood et al., 2019 [5]



	
	0.5–18 items/m3
	Ofanto River (Italy)
	Campanale et al., 2020 [6]



	
	2.4–88.4 items/m3
	Rhône River (France)
	Constant et al., 2020 [7]



	
	0.8–618 items/m3
	Têt River (France)
	Constant et al., 2020 [7]



	
	2.1–4.9 items/m3
	Ebro River delta (Spain)
	Simon-Sánchez et al., 2019 [8]



	Sediment
	72–191 items/kg
	Cecina River estuary (Italy)
	Blašković et al., 2018 [9]



	
	33–798 items/kg
	Têt River (France)
	Constant et al., 2020 [7]



	
	45–1069 items/kg
	Ombrone River (Italy)
	Guerranti et al., 2017 [10]



	
	1306–2798 items/kg
	Ebro River delta (Spain)
	Simon-Sánchez et al., 2019 [8]










 





Table 2. Global Positioning System (GPS) coordinates of the stations on River Mignone sampled for water, sediments and macroinvertebrates during July 2018.






Table 2. Global Positioning System (GPS) coordinates of the stations on River Mignone sampled for water, sediments and macroinvertebrates during July 2018.





	Sampling Site
	Station Label
	Latitude
	Longitude





	Vejano
	S1
	42°12′36.82″ N
	12°5′39.02″ E



	Mola di Oriolo
	S2
	42°10′16.81″ N
	12°5′35.24” E



	Canale Monterano
	S3
	42°7′58.09″ N
	12°3′12.13″ E



	Rota
	S4
	42°9′13.69″ N
	12°0′34.98″ E



	Monte Romano
	S5
	42°13′30.07″ N
	11°55′50.29″ E



	Casale Santa Maria
	S6
	42°13′52.36″ N
	11°53′42.10″ E



	La Farnesiana
	S7
	42°13′5.43″ N
	11°50′34.27″ E



	Fontana Matta
	S8
	42°11′44.79″ N
	11°47′32.91″ E



	Foce
	S9
	42°10′35.36″ N
	11°44′7.25″ E










 





Table 3. Plastic concentration in water, sediments and caddisfly cases along River Mignone.
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Station

	
Plastic Concentration in Water

(Items L−1)

	
Plastic Concentration in Sediment (Items Kg−1)

	
Mean Number of Plastic Items in Caddisfly Cases

(Items Case−1)




	
Total

	
Riverbed

	
Riverbank




	
Left

	
Right






	
S1

	
0.04

	
0.2987

	
0

	
0

	
0.2987

	
n.a. 1




	
S2

	
0.04

	
2.4543

	
1.9634

	
0.1636

	
0.3272

	
n.a. 1




	
S3

	
0.03

	
not sampled

	
not sampled

	
not sampled

	
not sampled

	
n.a. 1




	
S4

	
0.10

	
2.3815

	
1.4743

	
0.0000

	
0.9072

	
7.5




	
S5

	
0.07

	
0.9977

	
0.9977

	
0.0000

	
0

	
16




	
S6

	
0.34

	
1.0322

	
0.1720

	
0.1720

	
0.6881

	
1.0




	
S7

	
0.21

	
1.5868

	
0.2645

	
0.7934

	
0.5289

	
n.a. 1




	
S8

	
0.54

	
0.9395

	
0.2349

	
0.0000

	
0.7046

	
1.0




	
S9

	
1.17

	
0.7779

	
0.6483

	
0.1297

	
0

	
n.a. 1




	
mean

	
0.28

	
1.3086

	
0.7194

	
0.1573

	
0.4319

	
6.4




	
total

	
2.54

	
10.4687

	
5.7551

	
1.2587

	
3.4549

	
25.5








1 data not available because no caddisfly case was found.
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