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The widespread presence of microplastics (MPs) in freshwater systems as an emerging environmental pollutant has caused a global environmental problem. The present study investigates the distribution and abundance of source pathway and abundance of microplastics in surface sediment samples from rivers discharging into the Gorgan Bay, southeast of the Caspian Sea. A total of 57 surface sediment samples were taken from 19 stations to investigate the potential hot spots of pollution in the four rivers leading to the Gorgan Bay. The average level of microplastics was 333 ± 268 particles/kg. The highest amount is in the estuary of the Qarasu River (1080 ± 380 particles/kg) due to the accumulation of fishing, boating and tourism activities and the lowest amount in the forest area (80 ± 19 particles/kg) in the Klak River. The most common type of microplastic was fiber (68%). Microplastic pollution in the studied rivers is mostly black and gray (75.39%), and about 53% of them were sized less than 1000 μm. Spectroscopic analysis (Fourier Transform Infrared (FT-IR) of the MP showed that 37% were polyethylene, polyethylene (37%) and polypropylene (27%) were the dominating groups. The sediments’ size was significantly correlated (p>0.05) with the presence of microplastics. Sediments with a coarse grain (sand) demonstrated a great potential to store microplastics. The results of this study can be used for the management and protection policies of Gorgan Bay.
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Introduction

Plastics, which are synthetic polymers, have become integral to modern life and have had a significant impact on various aspects of society. The production and consumption of plastic have been steadily increasing since the mid-20th century. In 2020, the global production of plastics reached a staggering 367 million tonnes, with Asia being responsible for 51% of this total (Plastics Europe, 2020). While plastics offer numerous benefits to society and the economy, the improper disposal of plastic waste has led to environmental pollution and poses risks to ecosystems. Consequently, plastic pollution has become a pressing global environmental concern (van Emmerik and Schwarz, 2020).

Microplastics (MPs) are tiny plastic particles with a diameter smaller than 5 mm, and they are believed to have detrimental effects on ecosystems. Several researchers have conducted studies on the abundance, distribution, types, shapes, sizes, polymer colors, and potential ecotoxicological threats posed by MPs (Auta et al., 2017; Peng et al., 2020). However, there is a limited amount of research focused on understanding the abundance, distribution, characteristics, pollution hotspots, risks, and fate of MP pollution in river environments (Horton et al., 2017; Blettler et al., 2018; Li et al., 2018).

Microplastics (MPs) found in the environment can be classified into two categories: primary and secondary. Primary MPs originate from sources such as personal care products, fertilizers, detergents, cleaning products, and paints. On the other hand, secondary MPs are formed through the fragmentation of larger plastic items under various environmental conditions, including exposure to sunlight, oxidants, weathering, and degradation (Gewert et al., 2015; Scudo et al., 2017). Both riverine and marine systems receive MPs from different sources. Point sources, such as wastewater treatment plants, contribute to the presence of MPs in water bodies. Additionally, non-point terrestrial sources, such as agricultural areas, also contribute to the input of MPs into rivers and oceans (Siegfried et al., 2017; Kataoka et al., 2019).

Rivers play a dual role in the transport of microplastics, acting both as sinks and as conduits to the oceans (Scherer et al., 2020). Whether microplastics float near the water’s surface or sink to the bottom depends on their density and shape (Waldschläger and Schüttrumpf, 2019). The Caspian Sea, being an important marine system, is exposed to significant industrial and transportation activities, as well as oil pollution. The sinking of microplastics into sediments in coastal areas of the Caspian Sea, including Gorgan Bay, may be attributed to factors such as tourism development, river flow, and disturbances caused by shipping and fishing. Additionally, microplastic debris can experience increased density after biofouling, which occurs when microorganisms rapidly colonize the surfaces of microplastics. Due to their lower density, microplastic particles are more easily re-mobilized compared to natural sediments (Waldschläger and Schüttrumpf, 2019). The distribution and occurrence of microplastics in river systems are complex and influenced by the distribution of pollutants and sources (Haberstroh et al., 2021), as well as fluvial dynamics, including seasonality (Laermanns et al., 2021). Several studies highlight the significance of medium and small rivers in microplastic distribution, noting that the abundance of microplastics is often higher in smaller rivers due to their proximity to point sources (Constant et al., 2020; Kunz et al., 2023; Büngener et al., 2024). Consequently, tributaries are increasingly recognized as significant contributors of microplastics to larger rivers (Scherer et al., 2020).

Indeed, urban areas have been identified as significant point sources of pollution to rivers, and the abundance and types of microplastics (MPs) found in rivers are influenced by factors such as population size and the number of industrial and wastewater treatment plant (WWTP) discharge points in these urban areas (Murphy et al., 2016; Kataoka et al., 2019). Additionally, non-point sources of pollution associated with terrestrial uses, including agriculture, can also contribute to the presence of MPs in the aquatic environment. These non-point sources may include sewage sludge, coated fertilizers, irrigation water, agrochemicals, and other agricultural inputs (Huang et al., 2020; Ouyang et al., 2020; Qiu et al., 2020). However, there is still limited knowledge about the effects of land use on the contributions of both non-point and point sources of microplastic contamination in river environments (Siegfried et al., 2017; Kataoka et al., 2019). Therefore, it is crucial to study the emission of MPs from rivers to bays in order to understand the transport, fate, and plastic pollution loads from terrestrial sources to marine environments. Concentrations of microplastics in freshwater sediments have been found to reach similar levels as those observed in some of the most contaminated marine sediments worldwide (Hu et al., 2018; Luo et al., 2019).

Plastic polymers, including substances like polyvinyl chloride (PVC), can indeed have toxic effects on both humans and animals. Some plastic polymers have been identified as carcinogens and mutagens, posing risks to health (Lithner et al., 2011). Microplastic pollution presents significant risks to the environment, including the ingestion of microplastic particles by marine organisms, which can lead to various health issues (Li, 2019). Furthermore, studies have observed the presence of different polymer types in human urine and blood, indicating potential exposure and uptake of microplastics in humans (Xu et al., 2018). The impact of microplastics on human health, environmental protection, and global sustainability is of great concern. Despite the widespread presence of microplastics in aquatic environments, our understanding of the threats posed by these pollutants is still limited (Koelmans et al., 2017). Therefore, it is essential to develop pollution load indices and conduct risk assessments for different polymer types and their hotspots. Such assessments are crucial for the development and implementation of effective pollution control and management strategies to mitigate the risks associated with microplastic pollution.

The Caspian Sea and Gorgan Bay are important as an ecologically sensitive environments both in terms of aquatic (including sturgeon and Caspian kutum) and in terms of residential, and tourist (Gholizadeh and Patimar, 2018). Previous studies on microplastics (MPs) in Gorgan Bay have been conducted by Bagheri et al. (2020) and Gholizadeh and Cera (2022). However, these studies have only investigated a limited number of locations, providing a partial understanding of the issue. Furthermore, there is a scarcity of information in Iran regarding the contamination of rivers with MPs resulting from various land uses, including agriculture, industry, and residential drainage (Soltani et al., 2022). Therefore, conducting research on MPs pollution in river water can offer valuable new insights into identifying sources and understanding their impacts. Additionally, it is important to estimate the distribution of MPs from rivers to Gorgan Bay, taking into account the influence of various human activities occurring along its margins, such as agriculture, urban sewage, and tourism. Such research should also assess the types of polymers present in the microplastics. This information is crucial for the development of effective measures to mitigate microplastic pollution and implement appropriate management approaches in Gorgan Bay.

This study aimed to investigate the distribution of microplastics (MPs) in rivers, focusing on the relationship between human activities and MP pollution levels. The hypothesis posited that the upstream areas of the rivers, characterized by minimal human activity in high-altitude regions, would have the lowest MP concentrations, while the downstream areas affected by intensive human activities such as agriculture and residential areas would exhibit the highest MP levels. To test this hypothesis, the frequency and quantity of MPs in the sediment were examined in the Kalk, Mohammadabad, Bagu, and Qarasu rivers, extending from the upstream regions to the downstream area leading to the Gorgan Bay. The research objectives included comparing MP pollution levels among different river stations, investigating patterns of MP distribution related to urban and agricultural inputs, assessing the potential increase in MP pollution from upstream to downstream, and identifying hotspots for ecological monitoring and plastic waste management. This study provides a comprehensive assessment of MPs in rivers, examining their loading under various land uses, their transfer to the Gorgan Bay as a source channel, and the associated risks to river environments.





Materials and methods




Study sites, sampling and sample preparation

Gorgan Bay, situated in the southeast of the Caspian Sea, is the largest bay in the region. It is formed by the Miankaleh Peninsula, which extends into the Caspian Sea. Gorgan Bay, along with Miankaleh Wetland and Lapoo-Zaghmarz, has been designated as a Ramsar site, making it the world’s first internationally recognized wetland complex. The bay, along with its surrounding areas including Miankaleh Peninsula and Gomishan International Wetland, provides a valuable habitat for various species. It is also part of the Miankaleh Wildlife Sanctuary. The ecosystem of Gorgan Bay is influenced by the Caspian Sea, nearby rivers, and the Miankaleh Peninsula. The region is home to 23 distinct habitats that support diverse communities of coastal marine animals. The Kelak, MohammadAbad, and Baghu rivers, located on the hillside of Jahan Mora Mountain, are relatively small in scale. Baghu village, situated in Bandargaz city, has a population of around 700 people and cultivates approximately 142 hectares of agricultural land. The main occupations in this village are traditional agriculture, horticulture, and animal husbandry. Klak River, located in Khalil Shahr city with a population of 19,421 people, is known for horticulture and agriculture. The river originates from a mountainous area, passes through cities, villages, and agricultural lands, and eventually flows into Gorgan Bay. The Qarasu watershed, one of the three main sub-basins in the northern Alborz area, covers a wide area of the Gorgan plain in the southwest of Golestan province. It spans an area of approximately 1638 km2 and has a varied topography, with altitudes ranging from -26 meters at the mouth of Gorgan Bay to 3200 meters in the heights of Garmabadesht. The rivers within the Qarasu watershed have an average slope of 1.2%. The basin’s average height is 624 meters, and it receives an average annual rainfall of 581 mm. Qarasu River used to serve as a natural spawning ground for Rutilus rutilus.

The study employed a sampling approach to select stations along the rivers based on their location in the upstream, middle, and downstream regions. The first station of each river was situated in the upstream region, while the last station was positioned in the estuary. The middle stations were located in areas characterized by residential and agricultural land uses. The selection of these sampling stations was guided by the goal of assessing both point and non-point sources of contamination in the basins. Four land-use categories, namely forest, agriculture, residential, and estuary, were considered in the sampling area. The upstream regions, represented by the first stations on the Kelak, Mohammadabad, and Baghu rivers, were characterized by low population density and minimal impact from non-point sources, particularly agricultural and forestry activities. The intermediate stations, comprising the second and third river stations, were vulnerable to point sources of contamination. These stations were moderately populated and influenced by urban areas as well as non-point sources such as agriculture. The downstream and estuarine stations experienced significant impacts from both point and non-point sources due to high population density and the presence of agricultural, urban, and residential land uses. The study area’s zoning information can be found in Figure 1 and Table 1.


Table 1 | Characteristics and details of the study area.






Figure 1 | Distributions of MPs abundances and land uses among study stations of the Kelak, MohammadAbad, Baghu, and Qarasu rivers, Iran.



During the autumn of 2020, sediment samples were collected from four rivers, namely Kelak, MohammadAbad, Baghu, and Qarasu. The sampling was conducted using a Van Veen Grab sampler, which has a sampling area of 225 cm². Three replicates of each sample were taken, and the sediment was stored in pre-cleaned containers made of non-plastic materials. The sampling operation followed the guidelines outlined in the European Marine Waste Monitoring Guide (TSG_ML) and focused on collecting the top 5 cm of sediment (Li et al., 2020).

To extract microplastics from the sediment samples, various methods are available. Commonly used methods include the utilization of NaI, ZnCl2, NaCl, or sodium polytungstate (SPT) (Quinn et al., 2017; Abidli et al., 2018). Plastic particles have densities ranging from 0.8 to 2.3 g cm-3, depending on the polymer type and production process, whereas the density of sand particles or sediments is approximately 2.65 g cm-3 (Li et al., 2018). In this study, ZnCl2 with a density of 1.5 g cm-3 was employed for the separation and classification of plastic sediment particles at the selected stations.





Identification and characterization

The sediment samples were analyzed for microplastics following the protocol outlined by Claessens et al. (2011). Initially, 100 g of sediments were dried overnight at 60°C in an oven. To remove organic matter, 1 mL of 30% H2O2 was added to the sediments and left overnight. A filtered solution of ZnCl2 (1.5 g cm-3, Merck Schuchardt OHG 85662, Germany) was then used to separate the microplastics from the sediment samples. For mechanical separation, a magnetic stirrer was employed to mix the sediment (100 g) for 5 minutes. The solution was allowed to settle for 10 minutes, enabling the sediment particles to settle while the microplastics floated. The suspended particles were filtered through Whatman filter paper (grade 42, pore size 2 μm, Sartorius Stedim Biotech, Göttingen, Germany) using a vacuum pump, and the filters were collected in a clean glass petri dish. The filters were dried at 60°C in an oven. A stereomicroscope (NOVEL, Ningbo Yongxin Optic Co., Ltd., China) with a magnification range of 10x - 40x was employed to visually examine all the filters. Microplastic particles were confirmed using a hot needle (Devriese et al., 2015). The size of the microplastic particles was measured using ImageJ software, while their color and shape were detected using the stereomicroscope.

To conduct FTIR analysis on the microplastic particles, a total of 137 out of 317 particles were randomly selected. The samples were prepared according to the method described by Konechnaya et al. (2021). FTIR absorption spectra were obtained using a Bruker spectrometer (Vertex70, Germany). The scanning range of the FTIR absorption spectrum was set from 4000 to 400 cm-1, with a resolution of 4 cm-1 and 64 scans per sample. The identification of the chemical structures of specific polymer samples was based on their IR absorption frequencies, following the references provided by Braun (2013), Pavia et al. (2008), Loder et al. (2015), Kappler et al. (2016), Primpke et al. (2017), and Bagheri et al. (2020). A similarity threshold of greater than 70% between the sample and the reference spectrum was considered acceptable for identification purposes.





Quality control to prevent microplastic contamination

Throughout the experiment, precautions were taken to prevent air pollution and minimize contamination. Cotton laboratory coats and nitrile gloves were worn by the researchers. To maintain cleanliness, work surfaces and all devices were cleaned with 70% alcohol before and after each laboratory work session. Solutions were filtered prior to use to prevent contamination. Aluminum foils were utilized to cover the samples during the experiment, further protecting them from potential external contaminants. To assess the possibility of cross-contamination, a control blank consisting of pure water was carried out (Gholizadeh and Cera, 2022). The results of the blank tests indicated that the level of microplastic contamination in the water or air was negligible. To ensure the absence of plastic fibers in the solution, all water and reagents were passed through filter papers with a pore size of 0.7 μm (Whatman filters).





Statistical analysis

Initially, the collected data underwent normality testing using the Shapiro-Wilk’s test and Levene’s test to assess variance homogeneity. To examine variations among different groups (specifically, sampling sites and sampling stations), a two-way ANOVA test was employed to analyze the differences in group means. Subsequently, a post hoc LSD test was conducted as a multiple comparison procedure. IBM SPSS® Statistics (version 25.0.1.1) was used for these analyses, with a significance level (α) set at 0.05. Principal Component Analysis (PCA) was performed on loading values to evaluate similarities based on microplastic (MPs) concentrations. The PCA aimed to uncover the relationship between sediment particle size types and the abundance of MPs collected at sampling stations. Statistical analysis was carried out using Primer software (version 6), while Excel 2013 was utilized to create graphical representations of the data.






Results and discussion




Abundance and distribution of MPs

Figure 2 illustrates that all sampling sites were contaminated with microplastics (MPs). The total number of MPs counted was 317, corresponding to a concentration of 6340 particles per kilogram of dry weight (kg dw). The average MP concentration was 333.68 ± 211.17 particles/kg dw. Table 2 provides a summary of microplastic concentrations observed in the study regions and other geographic locations with river waters. Comparing the abundance of MP particles in sediment globally to this study, significant variations were observed, ranging from as low as 39.4 ± 16.1 particles/kg in the Yangtze River, China (Li et al., 2020), to as high as 700 ± 170.2 particles/kg in the Alna River, Norway (Bottolfsen, 2016). In this study, microplastics were found at levels ranging from 80 to 1080 particles/kg (Figure 2). The highest MP abundance was observed at the Q3-estuary in the Qarasu River (1080 ± 345.31 particles/kg), followed by the Q2-residential area (800 ± 244.11 particles/kg) and the MA7-estuary in the MohammadAbad River (720 ± 202.05 particles/kg). Stations 3, characterized by agricultural land use in Kelak and Baghu, contained similar amounts of microplastics, which were three times lower than the abundance observed in the estuary area (360.3 ± 97.45 particles/kg and 320.1 ± 81.29 particles/kg, respectively). The Qarasu River exhibited the highest total frequency of MPs, followed by MohammadAbad, Kelak, and Baghu, respectively. The distribution and abundance of microplastics among the upstream, middle, and downstream stations followed the order: estuary > urban > agriculture > forest. The highest MP abundance was detected in the Qarasu River (Figure 2). The two-way ANOVA test indicated that there were significant differences in MP levels among all stations and between sampling sites (p < 0.05).




Figure 2 | Abundance of microplastics in sediments of the sampling stations are presented as mean (n=3) and standard deviation.




Table 2 | Summary of the abundance and features of MPs in different river environments around the world.



Figure 2 illustrates the variations in abundance and distribution of microplastics (MPs) among the upstream, middle, and downstream study stations. Previous studies have consistently found higher plastic pollution in areas with significant anthropogenic activities (Horton et al., 2017; Masoudi et al., 2022; Gholizadeh et al., 2023; Willis et al., 2017). In line with these findings, our results indicate that the abundance of microplastics in the rivers was higher in downstream areas compared to upstream areas. Specifically, urban and rural areas such as B4, MA5, MA6, Q2, and K2 exhibited higher frequencies of MPs compared to other stations. The data further revealed that the predominant land use activity (urban or agriculture) in a given area influenced the presence of MPs in the corresponding rivers, as well as downstream regions. These urban and agricultural areas exhibited relatively higher frequencies of MPs compared to stations primarily affected by non-point agricultural sources and forested regions in the upstream stations (B1, MA1, and K1) (Figure 1, Table 1). Middle stations (B2 and MA2) were primarily influenced by non-point agricultural resources, and the number of MPs observed at upstream stations was relatively lower than those at downstream monitoring stations. These results suggest that a combination of non-point and point sources can contribute to higher concentrations of microplastics in rivers compared to either non-point or point sources alone (evident in stations Q3 and Q2). Additionally, the estuaries and residential stations of the Qarasu River exhibited the highest frequencies of MPs among all stations.

In the upstream sampling stations, the dominant land use activities were primarily related to forestry. The average numbers of MPs in these regions were as follows: MA1 (100 ± 32 particles/kg), K1 (80 ± 21 particles/kg), and B1 (120 ± 30 particles/kg) (Figure 2). These upstream study stations, characterized by a low population, were mainly influenced by non-point sources and forested areas (MA1: 100 particles/kg, K1: 80 particles/kg, and B1: 120 particles/kg) (Figure 2). The average MP abundance in sediment samples was determined to be 397 ± 128 particles/kg. This value was notably higher than the MP concentrations observed in the Beishagang River, China (160 ± 19 particles/kg), the Yangtze River, China (39.4 ± 16 particles/kg), and the Danube River, Romania (159.2 ± 138 particles/kg) (Table 2). However, the MP concentration in the sediment of the Alna River, Norway (700 ± 170 particles/kg), was considerably higher than what was found in our study.

The forested areas, including MA1 and K1, may also be influenced by additional processes and environmental factors such as the non-point transportation of atmospheric MPs (Allen et al., 2019). Overall, our findings revealed that non-point sources have the potential to release a significant quantity of MPs, alongside point sources, which aligns with the results reported by Baldwin et al. (2016).

The microplastic particles collected were categorized into three main groups: fibers (Figures 3A, D), fragments (Figure 3B), and films (Figure 3C). The observed microplastic particles were classified based on their shapes, which included fibers, fragments, and films. The two-way ANOVA test revealed a statistically significant difference in the types of microplastics (fiber, fragment, and film) among the study sites (p < 0.01). Fibers, in particular, have attracted significant research interest as they are commonly observed in aquatic environments such as Gorgan Bay and the Caspian Sea (Bagheri et al., 2020; Mehdinia et al., 2020; Nematollahi et al., 2020; Gholizadeh and Cera, 2022; Rasta et al., 2020). Among the extracted microplastics, fibers accounted for the highest proportion (68%), while fragments comprised 33% and films made up only 2% of the total. The prevalence of fibers has also been observed in sediment samples from other bay areas worldwide (Mendoza et al., 2020; Osorio et al., 2021; Alves and Figueiredo, 2019; Özgüler et al., 2022). The stations located along the Kelak River exhibited similar proportions of these microplastic shapes due to their distribution. In the Baghu River, the upstream study stations had higher ratios of fibers compared to the downstream stations. In the MohammadAbad River, all stations showed similar ratios of fragments and fibers, with MA5 having a higher proportion of fragments. In the Qarasu River, all stations except Q2 had similar proportions of fragments and fibers, with fibers being the dominant shape observed (Figure 4). Significantly high amounts of microplastic fibers were detected in sediment samples collected from stations situated in agricultural and residential areas. Studies indicate that polyethylene (PE) and polypropylene (PP) microplastics, commonly used in products such as toothpaste, facial cleansers, and clothing, contribute to the presence of these fibers (Gholizadeh et al., 2024). Various factors, including the input of microplastics into the river, population coverage, sampling and extraction methods, can account for the differences in microplastic abundance in the sediment (Bagheri et al., 2024).




Figure 3 | Types of microplastics collected in the sediment of the study rivers: (A, D) fiber; (B) fragment and (C) film.






Figure 4 | Mean abundance of microplastics (n: 3) in the sediments among the river sampling stations categorized by (A) shape, (B) color, and (C) size.



When examining the shapes of the microplastic particles under a stereomicroscope, the most commonly detected shapes across all stations were fibers (205 pieces, 68%), fragments (91 pieces, 30%), and films (4 pieces, 2%). Additionally, observations based on shape-size ratios revealed that all shapes (fibers, fragments, and films) predominantly belonged to small-sized microplastics (Figure 4A). Microplastic particles of various colors were also observed in the river sediments (Figure 4B). The extracted microplastics could be categorized into different colors, including black (53.31%), gray (22.08%), white (9.46%), blue (6.94%), brown (4.42%), and red (3.79%). Black was the most prevalent color among all sediment samples. The higher presence of black-colored microplastics was also noted in surveys conducted by Cincinelli et al. (2021) in the Black Sea and Montoto-Martínez et al. (2020) in the Canary Islands. Microplastics of various sizes were found in all sediment samples. Furthermore, the results demonstrated that a higher percentage (53%) of all identified microplastics were small-sized (less than 1000 µm), while microplastics sized between 1000 and 2000 µm accounted for the next category (25%). In terms of distribution, small-sized microplastics were evenly observed in all study points along the four rivers (Figure 4C). The larger proportion of smaller microplastics may be attributed to the continuous breakdown and deposition of plastics caused by weathering processes.

Comparing microplastic contamination levels in different locations is crucial for understanding the significance of low or high values. Our results indicated high levels of microplastic contamination in urban and agricultural areas compared to other studies. This can be attributed to the distinct characteristics of the study sites and waste production. Townsend et al. (2019) also found a positive correlation between the concentration of microplastics and the level of urbanization in watersheds. Isobe et al. (2015) stated that as the size of tiny plastic particles decreases, their quantity increases. Mani et al. (2015) also highlighted that larger plastics progressively break down into smaller microplastic pieces in aquatic environments due to mechanical action and solar oxidation. Other studies have also observed a higher incidence of small microplastics compared to larger ones, which is consistent with our findings (Naji et al., 2019; Ghayebzadeh et al., 2021). The high concentrations of smaller microplastics pose a greater risk as microplastic toxicity is size-dependent, and smaller microplastics tend to be more toxic than larger ones (Qin et al., 2021; Zhang et al., 2021).

FTIR spectroscopy analysis identified four different types of polymers present in the microplastic samples (Figure 5). The dominant polymers detected were polyethylene (PE) at 37%, polypropylene (PP) at 27%, polyamide (PA) at 23%, and polystyrene (PS) at 12% across all sampling stations (Figure 6). Although these were the dominant polymers, there were also low-abundance polymers that made significant contributions at certain stations, such as PS at stations K2 and Q2. A previous study conducted by Bagheri et al. (2020) also reported PE as the main type of microplastics found in the sediments of Gorgan Bay. The types of polymers present in microplastics can provide valuable information about their sources of pollution (Shim et al., 2018). Currently, PP and PE are widely used plastics in urban areas, industry, food packaging, and agriculture (Gholizadeh and Cera, 2022). In this study, PP and PE were abundantly observed at all sampling stations in Gorgan Bay. Possible sources of these polymers include fishing nets, drink bottles, bottle caps, and packaging bags. In residential areas, waste from sources such as tires (15%), residential waste (35%), and landfills (20%) may contribute to the presence of these polymers. Considering the accumulation of waste over the years, it is expected that residential areas would exhibit greater diversity in terms of polymer types compared to agricultural areas and forest land use.




Figure 5 | Spectra of the polymers of microplastics found in the sediments: (A) polyethylene; (B) polypropylene; (C) polyamide; (D) polystyrene.






Figure 6 | Proportions of MPs polymers (n=3) among all of the sampling stations.



The substrate grain size analysis revealed varying occurrences of clay, silt, and sand at each sampling station (Figure 7). The minimum and maximum proportions of sand particles were observed in the estuary of MohammadAbad (3.2%) and the forest area of Kelak (59%), respectively. The highest level of silt particles was detected in urban regions of Kelak (45%), while the lowest silt particle content was observed in the urban area of Baghu (4.34%). The range of clay particles across the sampling stations ranged from 12% to 87.6%, with a mean of 57.18% ± 23.44.




Figure 7 | Results of grain size (n=3) analysis described at sampling stations.



The principal component analysis (PCA) was performed on the five different colors of microplastics (MPs) found, along with the main shape types associated with four different land uses. The Kaiser-Meyer-Olkin (KMO) values, higher than 0.7, indicate the adequacy of the data for performing PCA. The results are presented in Figure 8. PC1 and PC2 explained 32.2% and 22.6% of the total variances, respectively. The stations B1, K1, and MA1 located in the forest area exhibited a correlation (p>0.05) with silt and sand and had the lowest density of MPs. These stations fell within PC1. On the other hand, the stations MA2, MA3, BA2, BA3, and KA3, situated in agricultural areas, were associated with organic matter, clay, and electrical conductivity (EC). These stations had a moderate level of MPs. The stations located in the estuary area showed a strong correlation with fiber, fragment, and film shape types and had high loads of MPs (Figures 2, 8). This study confirms that the density of MPs is significantly influenced by soil texture, particularly clay and organic load, which facilitate the adhesion of MPs to the sediments.




Figure 8 | PCA biplot for MPs features, physico-chemical factors of the sediment samples and landuse.



The results indicate that different types of microplastic (MP) polymers and their occurrence ratios vary among the upstream, middle, and downstream study stations. This suggests that anthropogenic activities have influenced the presence of plastic polymers in the environment. The influence of land use is presumed to be a factor in determining the types of polymer found in MPs, rather than their frequency. Currently, polymers are extensively used in the production of various products to meet the demands of modern life (Plastics Europe, 2020). The major polymers identified in this study, namely PE, PP, and PA, accounted for 88% of the total MPs. These results are consistent with previous studies conducted in different parts of the world. Additionally, data on Iran’s plastic production and consumption in 2020 revealed that PE, PP, PS, and PA comprised over 50% of the nation’s production. According to the World Population Review, Iran ranked 17th in plastic waste production in 2021, generating approximately 4 million tons of plastic waste. PE, PP, PS, and PET account for 62.5% of global plastic demand, as reported by Plastics Europe (2020). Therefore, the widespread use of plastics is a significant source of MPs pollution in Iran’s aquatic environments. The prevalence of MP polymers at all river sites indicates that MPs are being released into the environment due to the improper disposal of plastics in both point and non-point sources. These polymers are often associated with “disposable” plastics that are predominantly used in household, industrial, agricultural, and commercial settings. MPs are easily transported through wastewater and waste streams, leading to environmental pollution (GESAMP, 2016; UNEP, 2018; Plastics Europe, 2020).

PE fibers are widely used in various applications such as textiles, ropes, agriculture, and fishing nets. Previous studies conducted in Gorgan Bay (Bagheri et al., 2020; Gholizadeh and Cera, 2022) as well as other regions of the Caspian Sea (Mehdinia et al., 2020; Nematollahi et al., 2020) have also reported the presence of PE and PP particles. PE and PP are produced in large quantities and are commonly utilized as packaging materials for short-term purposes (Plastics Europe, 2020). Furthermore, PP and PE are among the primary types of polymers used in the construction of ropes for marine and boating applications. In urban areas, polyethylene and polypropylene fibers were predominantly found in downstream regions, such as MA7, MA5, and Q3, and were widespread in densely populated urban areas in the form of microplastics. Additionally, polyethylene fibers were particularly abundant in upstream stations like B1, MA1, and K1, which are located in forested and non-residential areas. Various sources contribute to the release of large quantities of PE, PP, PA, and PS into the rivers of the Gorgan Bay catchment, including domestic sewage, laundry drainage from washing machines, textiles, wastewater treatment plants (WWTPs), clothing, non-point sources such as fishing tools and aquaculture nets, as well as urban and agricultural activities (Bagheri et al., 2020).

The frequency of microplastics (MPs) in the examined rivers was compared to similar studies conducted around the world (Table 2). The comparisons revealed similar frequencies with the Danube River in Romania and the Beishagang River in China. However, the frequency of MPs in the Qarasu River was several times higher than in the other rivers. Generally, the frequency of MPs in the rivers included in this study was higher compared to other rivers investigated in different parts of the world. This finding highlights the elevated vulnerability of these small freshwater systems to MP pollution. Furthermore, the surface waters of these rivers were found to contain films, fibers, small microplastics (SMPs), PE, PP, and PET, which is consistent with findings from other rivers worldwide. The presence of films, fibers, components, SMPs, PE, PP, and PET in the surface waters of these rivers is similar to what has been observed in other rivers globally.





Contamination features, and potential threats to aquatic ecosystems

Based on the findings, four rivers in the Gorgan Bay Basin were found to contain prominent microplastics, such as fragments and fibers of various colors (<1000 μm). The former study by de Sa et al. (2018) found that fragments and fibers are the most frequently observed microplastics in marine organisms. Some earlier studies have demonstrated that tiny microplastic particles pose greater risks (Lei et al., 2018) and increase the likelihood of ingestion and biological transport by aquatic organisms (Katija et al., 2017; Zheng et al., 2020).

MP fibers have been found to possess higher toxicity towards aquatic animals, as indicated by Ziajahromi et al. (2017). Laboratory investigations have revealed that microplastic polymers have numerous eco-toxicological consequences on aquatic animals, encompassing reduced growth, increased mortality, interference with reproduction, diminished population size, impaired gene expression, and elevated oxidative stress, as documented by de Sa et al. (2018). The ingestion and absorption of microplastics can lead to physical injuries, such as intestinal obstruction and internal harm, as exemplified by Wright et al. (2013). Concerns regarding potential human exposure to microplastics have witnessed a surge in recent years, as noted in the studies conducted by Wright and Kelly (2017); Rist et al. (2018), and Cox et al. (2019). The impacts of microplastics on humans within river ecosystems are influenced by various factors, including fisheries, agriculture, freshwater food production, drinking water resources, and the consumption of aquatic food products.

Furthermore, the accumulation of microplastics (MPs) in both freshwater and marine environments can have implications for humans through their entry into the food supply chains, as highlighted in studies by Carbery et al. (2018); Oliveira et al. (2019), and Nelms et al. (2018). The present study identified the characteristics of MPs and their potential hazards, indicating possible environmental threats to the river ecosystems under investigation. These threats may extend to humans and other aquatic organisms within the Gorgan Bay ecosystem, which is part of the Caspian Sea. MPs encompass a diverse array of toxic contaminants that can carry additional toxic organic and inorganic chemicals, thereby increasing the risks associated with MP pollution, as suggested by Rochman et al. (2019). Therefore, it is crucial to develop comprehensive models that assess the risks associated with MP contamination and their interactions with other toxic contaminants, as emphasized by Yanga et al. (2022). Ecotoxicological studies play a critical role in determining the overall effects of MPs on aquatic ecosystems, their transfer through food chains, and their potential impact on human health.





Conclusions

This study aimed to investigate the frequency and levels of microplastic (MP) pollution in the four rivers of the Gorgan Bay Basin. The dominant types of microplastics observed were fibers, fragments, and films, which varied in shapes, colors, and sizes. The results confirmed that the Kelak, Mohammad Abad, Baghu, and Qarasu rivers were significant pathways for MP pollution entering the Gorgan Bay. The characteristics of the identified microplastics pose high risks and eco-toxicological threats to these rivers and the Gorgan Bay ecosystems, as well as potential hazards to humans through the food chain. The findings of this study also highlight the importance of assessing MP pollution in small-scale rivers and emphasize the need for continuous monitoring of pollution in these areas. Furthermore, the spatial distribution of microplastics can be used to identify hotspots of higher contamination levels, which can aid in targeted contamination monitoring and management prioritization. These findings have practical implications for the development of strategies to manage different river basins, control microplastic pollution, reduce risks, improve management techniques, and establish standardized water quality requirements. Future research should focus on evaluating watersheds, identifying pollution sources based on land use, and assessing their impacts on surrounding areas to facilitate integrated environmental management.
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