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Abstract


The presence and accumulation of microplastics (MPs) in riverine waters have been widely documented. The sustained operation of cascade reservoirs has altered the retention characteristics of MPs in the Han River basin. In this study, the composition, sources, and ecological risks of MPs in the water column and sediments of the Han River mainstream across different periods were investigated. Results showed that the MP abundances in the water column and sediments were higher during the flood season than in the non-flood season. Additionally, MPs in the water column exhibited an increasing trend along the operational sequence of cascade reservoirs. During the flood season, polyamide (PA), polyethylene (PE), and polypropylene (PP) were the dominant MP types in the water column, while polycarbonate (PC) and PP prevailed in sediments. In the non-flood season, polyethylene terephthalate (PET) was the dominant MP type in the water column, whereas PC and PET dominated in sediments. Overall, the distribution characteristics of MPs conformed to the “upstream input-reservoir accumulation-downstream output” pattern. The pollution risk of MPs in both the water column and sediments ranged from low to moderate. These findings provide a basis for exploring the impacts of cascade reservoir operation on the characteristics of MP in water and sediments. Future research will focus on migration mechanisms of MP under the joint operation of cascade reservoirs.
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1. Introduction


Microplastics (MPs, solid plastic particles ≤ 5 mm) are considered one of the four major emerging contaminants of global concern [1]. Their environmental behavioral characteristics and ecological risks have become a research hotspot in the field of environmental science. These composite pollutants, composed of polymer matrices, functional additives, and chemical auxiliaries, pose multi-dimensional threats to aquatic ecosystems due to their environmental persistence, potential for ingestion, and associated ecotoxicity [2]. Specifically, MPs can affect aquatic organisms through three main pathways: physical obstruction, chemical toxicity, and biological carrier effects. Larger-sized MPs can directly block the digestive tracts of organisms, while nano-sized MPs can penetrate cell membranes and release toxic additives such as plasticizers. Additionally, the persistent organic pollutants (POPs) and heavy metals adsorbed on their surfaces can produce combined toxic effects [3,4].



Notably, terrestrial freshwater systems, an important medium for pollutant transport, have hydrodynamic-sediment coupling processes that significantly affect MPs’ environmental fate. In riverine environments, the interaction between hydrodynamic conditions and sediment transport forms an interplay between MP transport and retention. In high-velocity areas (such as the center of river channels), longitudinal transport of MPs primarily occurs, while deposition is more likely in low-velocity zones (such as river bends and shoals) [5]. Among these parameters, velocity gradient, turbulence intensity, and riverbed morphology collectively regulate the spatiotemporal distribution characteristics of MPs. For example, rough riverbed structures can enhance turbulent mixing in the near-bottom layer, promoting the secondary suspension of MPs; seasonal water level changes, on the other hand, can lead to the exchange between shoals and channels, resulting in the lateral redistribution of MPs [6,7].



As an important component of terrestrial freshwater systems, reservoirs alter flow regimes, water levels, and sediment transport patterns of natural rivers by altering water level fluctuations, flow velocity, and sediment deposition patterns, thereby profoundly influencing the evolution of river water environments [8]. By the end of 2023, China had built over 94,000 reservoirs [9]. While these reservoirs fulfill the function of water resource regulation, their unique operation mode of “storing clear water and discharging turbid water” has a significant impact on the migration and transformation of MPs. Specifically, during flood seasons—when floods are discharged and sediments flushed—large quantities of sediments carrying adsorbed MPs are transported downstream. By contrast, during non-flood seasons, especially the water storage phase, the low flow or stagnant conditions promote MP settlement and accumulation. Existing studies have shown that the slow-flow environment in reservoir areas significantly facilitates the vertical settlement of MPs by reducing water flow shear stress. However, drastic hydrodynamic changes during scheduling processes (such as flood discharge) may cause sediment resuspension, leading to the re-entry of settled MPs into the water column [10,11].



Across major river basins in China, MPs in reservoirs differ distinctly from one another in terms of particle size and morphological characteristics among different basins. Secondary MPs with a particle size of <1 mm (primarily originating from long-term physical fragmentation and chemical degradation of plastic products) dominate, which is associated with the longer hydraulic retention time in reservoirs that facilitates the further fragmentation of MPs [12]. The morphological distribution is characterized by a typical combination of fibers (mainly from the discharge of textile washing wastewater), fragments (mostly degradation products of packaging materials), and films (commonly derived from residual agricultural mulch entering the reservoir area via surface runoff) [13]. Source apportionment reveals that tributary input is the primary contribution pathway for MPs in the studied system. Additionally, atmospheric dry and wet deposition—including MP particles in industrial dust and urban fugitive dust—and agricultural non-point source pollution (mainly from the degradation of agricultural plastic films and fragmentation of fertilizer packaging) also serve as important supplementary sources [14]. However, existing studies on MP pollution in reservoirs have mostly focused on investigating the occurrence characteristics of individual reservoirs. Notably, against the backdrop of long-term and intensive water resource development, river systems have generally formed cascade reservoir group structures. This dense spatial layout may lead to the superimposition of environmental impacts from individual reservoirs, specifically manifested as the cascading amplification of spatial heterogeneity in hydrological elements such as runoff, sediment, and water temperature [15,16]. Whether this cumulative effect will significantly alter the migration and sedimentation patterns of MPs remains unclear, which in turn hinders the precise formulation of MP prevention and control strategies at the basin scale.



Addressing this issue, this study focused on the cascade reservoirs along the middle and lower reaches of the Han River, the largest tributary of China’s Yangtze River. Utilizing field investigations, we analyzed the occurrence characteristics and assessed their potential ecological risks of MPs in both the water and sediments of the reservoir system. The findings provide new insights into the transport behavior of MPs under the operational regime of cascade hydro power projects. They offer a valuable theoretical basis for precisely predicting MP transport fluxes in rivers and support the scientific management and control of MPs in the basin’s aquatic environment.




2. Materials and Methods


2.1. Study Area and Sample Collection


The middle and lower reaches of the Han River are situated in Hubei Province, China, extending 652 km from the Danjiangkou Reservoir to the Hankou Longwang Temple Hydrological Station. The basin covers an area of 64,000 km2 within the East Asian subtropical monsoon climate zone, characterized by abundant rainfall. The annual average runoff is 5.13 × 1010 m3, accounting for 7.2% of the Yangtze River’s water resources. However, flow distribution is highly uneven intra-annually, with summer-autumn floods being one of the most significant hydrological features. To date, 15 cascade reservoirs have been constructed along the main stream, including six hydraulic projects in the middle-lower reaches (i.e., W1-4 for Wangfuzhou, X1-4 for Xinji, C1-4 for Cuijiaying, Y1-4 for Yakou, N1-4 for Nianpanshan, and H1-4 for Xinglong), collectively raising water levels by over 6 m.



The study targeted the entire mainstem of the middle-lower Han River. Sampling was conducted at 24 cross-sections distributed upstream (below the dam of the previous cascade; one section), midstream (two sections), and downstream (ahead of the next dam; one section) between adjacent projects (excluding Xinglong Lock) (Figure 1). During the flood season (October 2023) and non-flood season (April 2024), 15 L of surface water was collected from the central channel at each section using stainless steel water samplers. Samples were immediately pre-filtered through a 300-mesh (48 μm) stainless steel sieve on-site. Sieve-retained material was rinsed with deionized water and transferred into 250 mL glass bottles.



Simultaneously, surface sediment samples (~1000 g wet weight) were collected from the central channel using a stainless steel grab sampler (32 cm × 21 cm). After homogenization, samples were wrapped in aluminum foil, sealed in plastic bags, and refrigerated at 4 °C for further processing.




2.2. Laboratory Procedures


Surface water digestion was performed by adding 50 mL of 30% H2O2 to samples in glass beakers [17]. After sealing with aluminum foil, the samples were digested at 50 °C for 24 h with stirring every 8 h. Following digestion, vacuum filtration (using a 0.45-μm glass microfiber filter membrane) was initiated when organic impurities were visually undetectable. Membranes were air-dried in Petri dishes at room temperature prior to microscopic examination.



Sediment samples were wrapped in kraft paper and dried in a drying oven at 60 °C until they reached a constant weight. After gentle grinding, macroscopic impurities (e.g., stones, twigs, shells) were manually removed. A 20 g aliquot was weighed for digestion. Added 30% H2O2 dropwise to the sediment aliquot in 5 mL increments (total ≤ 50 mL) until effervescence subsided. Digested in a 50 °C water bath for 48 h. Centrifuged the digestate at 4000× g for 5 min; supernatant was carefully decanted. Following oxidative digestion, density separations were sequentially performed using solutions of NaCl (1.15 g/cm3) and ZnCl2 (1.59 g/cm3). Each separation involved 1 min vortex mixing and centrifugation at 4000× g for 5 min, with two replicate extractions per density solution. Pooled supernatants were filtered through pre-weighed 0.45 μm membranes, which were subsequently dried to constant weight prior to polymer identification.



Potential MP particles on filter membranes were isolated using a Zeiss Stemi 2000-C stereomicroscope (Carl Zeiss AG, Oberkochen, Germany) coupled with an imaging system. Morphological attributes-including color, size (μm), and shape-were documented during visual inspection. The polymer composition was determined using a DXR3XI micro-Raman imaging spectrometer (Thermo Fisher Scientific, Waltham, MA, USA, with a 532 nm laser, and a Raman shift 50–3500 cm−1). Acquired spectra were calibrated against reference spectral libraries for qualitative identification.




2.3. Ecological Risk Calculation


An ecological risk assessment of MPs pollution in aqueous and sedimentary matrices of cascade reservoirs along the middle-lower Han River was conducted using the Potential Ecological Risk Index (PERI) and Pollution Load Index (PLI) [18,19]. The PERI was used to assess the potential risk levels of plastic polymers based on the MP abundance in samples from the study area and in conjunction with the hazard coefficients of various plastic polymers (Table 1). The equation was as follows [20]:
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where Pi is the abundance of MP polymer at site i. Ci represents the measured total MP abundance (n·kg−1).     C   r   i     denotes the reference value. In this study, the value 6650 particles/m3, representing the predicted no-effect concentration (PNEC) for MPs in surface water bodies estimated by Everaert et al. (2018) using mathematical modeling, was selected as the reference value [21]. For MPs in sediment, 540 n·kg−1 was adopted as the reference background value.     T   r   i     is the toxic response factor, calculated as the sum of the percentage of plastic polymer i relative to the total abundance multiplied by its hazard index.     E   r   i     is the potential ecological risk index, and n represents the number of MP polymer types present in the sample. The ecological risk levels represented by the PERI are classified into the following five grades. PERI < 10 is level I risk, 10 ≤ PERI < 100 is level II risk, 100 ≤ PERI < 1000 is level III risk, and PERI > 1000 is level IV risk.



The PLI took the abundance of MPs as the main indicator to assess the overall pollution situation [24]. The equation was as follows:
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where     C   s     represents the measured total MP abundance (n·kg−1).     C   n     denotes the reference value (n·kg−1).     P L I   i     represents the MP pollution load index at site i.     P L I   z o n e     denotes the MP pollution load index for the entire study area. Pollution levels are classified as follows: PLI < 1 indicates low pollution; 1 ≤ PLI ≤ 2 indicates moderate pollution; and PLI > 2 indicates high pollution.




2.4. Data Processing and Analysis


Sampling site distribution maps were generated in QGIS v3.36.3 based on GPS coordinates of collection points. Statistical analyses and graphical visualizations were performed using Microsoft Office 2021 along with Origin 2024 (OriginLab Corporation, Northampton, MA, USA).





3. Results and Discussion


3.1. Abundance Distribution of MPs


This study investigated MP abundance in surface water and sediment across the middle-lower Han River during flood and non-flood seasons. MPs were ubiquitously detected (100% occurrence) in both surface water and sediment at each site. Waterborne MP concentrations spanned 609–5333 n/m3 (flood) and 200–3600 n/m3 (non-flood), while sedimentary MPs ranged 226–2018 n/kg (flood) and 50–650 n/kg (non-flood).



The cascade reservoir system of the middle-lower Han River displayed distinct longitudinal MP distribution patterns between hydrological seasons. During flood season, waterborne MP concentrations exhibited a marked downstream increase (2000–3000 n/m3), with minimum levels at Xinji Dam and peak accumulation at the confluence of the Yangtze River (Figure 2a). This gradient reflects (1) cumulative pollutant loading [25], (2) the reduction in flow velocity caused by dam structures [26], and (3) intensified anthropogenic impacts downstream [27].



The non-flood period showed significantly reduced MP abundances (200–3600 n/m3, Figure 2b), ranking lower than comparable Chinese rivers [28]. Lower velocity during the non-flood period, combined with no additional pollutant input, resulted in the sedimentation of MPs from the water phase to the sediment. Therefore, the abundance of MPs along Wangfuzhou, Xinji, Cuijiaying, and Yakou Dams showed a slowly decreasing pattern. The surge of MP abundance in the water at the Nianpanshan Dam could be explained by the surrounding agricultural, industrial activities, and domestic sewage, as well as plastic wastes from Zhongxiang City. Compared with the abundance of MPs in the surface headwater of the Yangtze River (the largest tributary of which is the Han River; 247–2686 n/m3) [29], and riverine waters of the Tibetan Plateau region (where the Yangtze River originates; 483–967 n/m3) [30], the abundance of MPs in the middle and lower reach of Han River was higher. However, compared with other Chinese rivers, such as the mainstream of the Yangtze River (21–44,080 n/m3) [31] and the Pearl River along Guangzhou city (8725–53,250 n/m3) [32], it was relatively low.



In the sediments, during the flood period, MPs were more abundant at the Wangfuzhou Reservoir section (~1200 n/kg) and Cuijiaying Reservoir section (~1500 n/kg). It is attributed to the proximity to Xiangyang City, the second-largest economic hub in Hubei Province. The region’s dense population, intensive industrial activities, and consequent discharge of domestic sewage, industrial effluent, and agricultural runoff may constitute persistent sources of MP pollution [33]. During the non-flood period, the MP distribution pattern remains largely consistent, with Wangfuzhou (~400 n/kg) and Cuijiaying sections (~400 n/kg) sustaining elevated levels. The persistent peak observed at Cuijiaying across both hydrological periods suggested that river hydrodynamics play a subordinate role in MP accumulation, further corroborating the presence of speculative constant input sources in this region. The abundance of MPs in the sediments in this study was higher than recorded in the Yellow River Delta wetlands (20–520 n/kg) [34] and the Yangtze River estuary (20–340 n/kg) [35], yet lower than the levels detected in the Pearl River estuary sediments (100–7900 n/kg) [36]. Overall, the observed MP concentration in sediments in this research represents a moderate level within the context of China’s aquatic environments [37].




3.2. Morphological Characteristics of MPs


3.2.1. Form


One essential aspect for defining MPs is their types/shapes/forms. In this study, different forms of MPs are categorized according to a consensus definition [38]. As illustrated, six distinct morphological types of MPs were detected in water samples during the flood season: foams, microbeads, pellets, films, fibers, and fragments. The detection rates for foam, microbead, and pellet-shaped MPs were relatively low (3.37%, 15.7%, and 33.7%, respectively), appearing only sporadically at specific sampling points and minimal proportional representation (0.3%, 2.2%, and 9.0%, respectively).



During the flood period (Figure 3a and Figure S3a), fragmentary MPs predominated in water, accounting for 19% to 71% across all sampling sections, with notable spatial variability but no monotonically increasing/decreasing or bell-shaped distribution pattern from upstream to downstream. Fibrous MPs followed in abundance, detected at all sites except N2, ranging from 0% to 55% in proportion, also lacking a clear distribution trend. Film-shaped MPs exhibited a generally higher detection rate, absent only at X4, C4, and Y3, with notably elevated proportions at N2 (75%), N3 (45%), and N4 (71%). MP pellets and microbeads were infrequently detected, appearing only at isolated locations, typically constituting less than 20% of the total.



During the non-flood period (Figure 3b and Figure S3b), fibrous MPs became the dominant form in water, reaching 100% detection frequency and substantial proportional representation, ranging from 50% to 100% across all sampling sites. Fragmentary MPs followed, accounting for 0% to 50%. Spherical and film-shaped MPs were rarely detected: spherical types appeared solely at X2 (7.7%), while film types were limited to X1 (40%).



As for the MPs in the sediments, 5 forms (fragments, fibers, films, pellets, and microbeads) were detected (Figure 3c,d and Figure S3c,d). Overall, fragmentary and fibrous MPs were the most abundant. Most plastic microbeads were detected during the flood period and accounted for a relatively low proportion. During the flood period, fragmentary MPs accounted for 31–86% of MPs, and fibrous MPs accounted for 6–46% at each sampling site. At C2 and Y1, pellets contributed more than 50% of all MPs. During the non-flood period, fragmentary MPs were the most prevalent and were not present only in W2 and X4. MP pellets were presented in 36% samples and peaked at Y1 with a relative abundance of 67% (Figure S3d). Microbeads were observed only in H2 with a relative abundance of 14% (Figure S3d).



Abundant MP pellets detected in both water and sediment in Y1 indicated the domestic sewage contributing to the distribution of MPs, as MP pellets were broadly used in cosmetic products [39]. In addition, the source of abundant MP films at C4, Y3, and H2 was attributed to the degradation of plastic food packaging bags and agricultural plastic mulch films [40], indicating potentially high levels of agricultural contamination in the area.




3.2.2. Color


In this research, various colors of MPs, including brown, transparent, black, blue, white, red, green, and purple, were observed at different sites in river waters. As demonstrated in Figure 4a and Figure S4a, during the flood period, brown was the most common color of MPs in water, ranging from 17 to 63% at each site, followed by transparent (18–68% at each site) and black (0–36% at each site). Blue, white, and red MPs were only detected in a few sites with a relatively low abundance. During the non-flood period, as illustrated in Figure 4b and Figure S4b, black MPs were the most prevalent and were detected in all but 3 samples with relative abundances ranging from 33% to 100%. Transparent MPs were the second most prevalent, with a relative abundance of 3–100%. Other colors, such as white, blue, purple, and green, were only found in very few samples with low abundances. Comparing the colors of MPs in water during different periods, a higher variation in microplastic coloration between adjacent sampling sites was found during the non-flood period. We hypothesize that enhanced hydrological dynamics during the flood season homogenize water bodies in the middle and lower reaches of the Han River, facilitating the downstream transport of MPs and increasing the compositional similarity across samples. Conversely, during the non-flood period, reduced flow velocities likely promote the settlement of MPs to the sediment.



In sediments, during the flood period (Figure 4c and Figure S4c), brown MPs were the most prevalent, accounting for 0–66% of MPs in each sediment sample, followed by transparent (0–53%) and black (0–57%) MPs. During the non-flood period (Figure 4d and Figure S4d), white MPs made up the majority with relative abundances ranging from 14 to 100% in 19 samples, and red ones followed with 0–100% in 8 samples. Transparent MPs were detected in only 7 samples, with proportions ranging from 9% to 66% in these samples. Green and blue MPs were only found in 1 and 2 samples, respectively, while no brown or purple MPs were detected. Comparing MPs collected from sediment samples in different periods, similar to water samples, a higher similarity across different sites was observed in the flood period, validating the previously proposed hypothesis that the decrease in flow velocity in the non-flood period hindered the transportation of MPs from upstream to downstream, and resulted in higher differences in color among sediment samples taken during the non-flood period.




3.2.3. Particle Size


Visualized in Figure 5a,b and Figure S5a,b, most MPs had a smaller particle size, and during the flood period, MPs with a size less than 500 µm accounted for the largest proportion. During the flood period, with more intensified hydrodynamic forces, larger MPs are more susceptible to fragmentation, resulting in smaller MP particles.



In sediments (Figure 5c,d and Figure S5c,d), MPs with a size less than 500 µm took the majority in both flood and non-flood periods with a proportion of 65–100%. Focusing on the MPs less than 500 µm, their proportions in sediment (65–100%) are higher than those in water (30–90%), and they were more abundant during the flood period (82%) than during the non-flood period (63%).





3.3. Materials of MPs


During the flood season survey, seven different materials of MPs were identified in water, including polycarbonate (PC), polypropylene (PP), polyethylene terephthalate (PET), polyamide (PA), polyethylene (PE), and ethylene vinyl acetate copolymer (EVA). Among these, the three most prevalent types, PA, PE, and PP, accounted for 48%, 24.5%, and 13.5%, respectively (as illustrated in Figure 6a). Conversely, in the non-flood season, five types of MPs were detected in water in the middle and lower reaches of the Han River: PET, PE, PP, PA, and polystyrene (PS). Notably, PET dominated the composition, representing 89.4% of the total, respectively (Figure 6b).



PA is typically derived from synthetic fibers such as nylon. These fibers shed during laundering and industrial processes, ultimately entering natural water bodies through wastewater treatment systems. Due to their chemical properties, they exhibit significant resistance to natural degradation [41]. PE is widely employed in plastic wrap, shopping bags, storage containers, buckets, and water bottles. PP frequently originates from packaging materials, strapping bands, bottle caps, gears, belts, as well as mechanical and automotive components. PS was only detected during the non-flood period, indicating the relevance to certain seasonal anthropogenic activities (e.g., tourism), which might increase the release of certain polymer compositions of MPs.



Overall, the findings align with previous reports documenting the predominant MP components detected in the Danjiangkou Reservoir and its tributaries [12chenyuling], effectively reflecting the production and consumption patterns of various polymer types. According to the “MP Source-Specific Classification System” proposed by Wang et al. (2019), the primary sources of MPs in the middle and lower reaches of the Han River can be attributed to domestic wastewater discharge, the application of paints and adhesives, as well as improper disposal of fishing gear [42]. Secondary MPs generated during household textile activities such as laundry frequently enter aquatic systems either directly or indirectly through sewage pathways, thereby exacerbating water pollution.



In the sediments, five types of polymers from MPs were identified during the flood period (Figure 6c), including PA, PE, PP, PET, and PC. Among these, PC, PP, and PET predominated, accounting for 40.5%, 24.0%, and 15.6%, respectively. In contrast, the non-flood season sediments contained different MP compositions: PET, PP, PS, PA, and PE (Figure 6d). Among them, PET, PP, and PS were the most abundant, taking 46.0%, 30.2%, and 11.1%, respectively. The presence of PS during the non-flood season can be attributed to seasonal human activities, such as tourism, which amplify the discharge of certain MP types [43].



From a broader perspective, denser MPs, PC (1.2–1.6 g/cm3), and PET (1.38–1.41 g/cm3) dominated the sediment polymer composition of MPs. This predominance stems from their propensity to settle in low velocity conditions, where fine-grained sediments further facilitate their deposition and adsorption. Nevertheless, lighter MPs like PP (0.89–0.92 g/cm3) still constituted a notable proportion, accounting for 24% in the flood season and 30% in the non-flood season. This occurrence can be explained by PP particles adsorbing organic matter, sediment grains, or heavy metals, thereby increasing their effective density and enabling their sedimentation [44].



Based on the “MP Source-Specific Classification System” proposed by Wang et al. (2019) [42], the primary origins of MPs in the middle and lower reaches of the Han River include textile fibers discharged via wastewater or surface runoff. Given their higher densities (PC: 1.19 g/cm3, PET: 1.38–1.41 g/cm3), these polymers are more likely to settle from the water column and accumulate in the sediments [45].




3.4. Source Analysis of MPs


During the flood period, the spatial distribution patterns of MPs were significantly influenced by the hydrodynamic forces. Due to continuous inputs of domestic sewage from urban residential areas, the proportion of polyamide (PA) in the water from the downstream section of the Danjiangkou Dam (W1) to the Wangfuzhou segment (W2–W3) reached 48%. Strong hydrodynamic forces reduced the abundance of MPs in sediments (226–450 n/kg) in this region due to resuspension. The simultaneous enrichment of polycarbonate (PC, 40.5%) and polyethylene terephthalate (PET, 30.5%) was shown in the Cuijiaying segment (C2–C3) during the flood period, which was directly attributed to the downstream transport of industrial emissions from Xiangyang City under strong flow conditions. Additionally, there was a significant increase in spherical polystyrene (PS, 55%) at the downstream section of the Yakou Dam (Y1), indicating the significant impact of the input from fishery waste caused by heavy rainfall. The Nianpanshan segment (N2–N4) was mainly contaminated by a combination of PE films (71%) and fibrous PA (35%) during the flood period, which could be speculated to reflect the co-effect of agricultural non-point source pollution as well as urban domestic sewage [46]. Moreover, the MP pollutants are transported rapidly from the Wuhan urban agglomeration under flood conditions [47], resulting in MP abundance reaching 5333 n/m3, with PET accounting for 42% at Hankou section (H4).



During the non-flood period, the slow velocity of water flow promoted the dominance of MP settlement. The proportion of PA in sediments from the upstream Wangfuzhou Dam (W2–W3) increased to 52%, indicating the continuous accumulation of domestic-source MPs. Moreover, at downstream of the Cuijiaying Dam (Y1), the proportion of PS in sediments increased to 67% during non-flood periods, reflecting the sedimentation and accumulation of fishery waste. Notably, the green film-like MPs (43%) identified as ship paint fragments via FTIR were detected only in Shayang (H2) during non-flood periods, indicating the localized accumulation of shipping pollutants under low-flow conditions [48]. Additionally, the persistently high proportions of PC (38%) and PET (42%) in sediments at the Hankou section (H4) reflected the long-term cumulative effect of industrial pollutants during non-flood periods.



In summary, it can be clarified that the MP pollution in the Danjiangkou Reservoir follows an “upstream input-reservoir accumulation-downstream output” transport pattern. Upstream urban residential (W1–W3) and industrial areas (X1–X4) are the primary pollution sources, with MPs significantly accumulating in the reservoir (C1–Y4) due to hydrological retention. Ultimately, MPs are transported downstream to the Yangtze River main stream via the Nianpanshan segment (N2–H4).




3.5. Ecological Risk Assessment of MPs


The calculated results of the PERI for MPs in water bodies are presented in Figure 7a,b. During flood seasons, the MP loads in the middle and lower reaches of the Han River were at Levels II–III risk, with PERI values ranging from 13.31 to 254.46, indicating a moderate pollution level. Spatially, the PERI values between Danjiangkou Dam and Wangfuzhou Dam remained below 100 with Level II risk. Along the cascade reservoir system, the PERI value presented an increasing trend, reaching a maximum value in the Yakou Dam section (Level III risk). The PLI values of MPs ranged from 0.55 to 1.30 during flood periods, representing low to moderate pollution levels. Specifically, the Nianpanshan and Cuijiaying segments showed the highest and lowest PLI value, respectively. The overall regional PLIzone value was 0.86, indicating a low pollution level.



In contrast, during non-flood periods, the MP pollution load in the middle and lower reaches of the Han River demonstrated Level I risk, with RI values ranging from 0.06 to 1.65 (Figure 7c,d). Spatially, RI values in the middle reaches were consistently below 1, while those in the lower reaches ranged between 1 and 10, with low risk levels.



These findings demonstrated that the substantial rainfall during flood seasons led to significantly increased surface runoff, which transported greater quantities of MPs from terrestrial environments, urban drainage systems, and waste accumulation sites into aquatic systems. Consequently, the ecological risks associated with MPs were markedly higher during flood seasons compared to those during non-flood periods. Furthermore, the rapid influx of MPs during flood events increased their abundance in river systems [49]. The enhanced flow velocities during floods also promoted the dispersion of MPs (Figure 2a,b), facilitating their rapid transport through river networks and increasing the potential to interact with various ecosystem components, thereby elevating the ecological risks. Additionally, the strong hydrodynamic forces during floods could cause sediment resuspension, which not only increases the concentration of MPs in the water column but may also accelerate their aging and fragmentation processes, leading to the formation of smaller, more bioavailable nanoplastics that could pose greater ecological hazards [50].



The RI calculations for MPs in sediments (Figure 8a) showed that during flood seasons, the pollution load in the middle and lower reaches of the Han River was at Levels II–IV risk, with RI values ranging from 95.44 to 2123.97. The Yakou segment and the Nianpanshan segment showed the lowest and highest RI values, respectively. The PLIzone value was 1.16 for the region (Figure 8b), indicating a moderate pollution level. Specifically, during autumn floods, sediment PLI values ranged from 0.53 to 1.93, indicating low to moderate pollution, with the Yakou segment being the least polluted and the Cuijiaying Dam segment the most polluted.



During non-flood periods, sediment MP pollution loads were at Levels I–II risk, with RI values ranging from 0.09 to 13.61 (Figure 8c). Notably, only the risk in Cuijiaying (C2) was at Level II. The regional PLIzone value was 0.64 (Figure 8d, low pollution), with only the downstream area of Danjiangkou Dam (W1) and Cuijiaying (C2) showing PLI values greater than 1 (moderate pollution).



It can be speculated from the results that the potential health risk of MPs in sediments is greater than that in the original water bodies due to the interception and accumulation processes. Sediment-associated MPs are typically dominated by smaller particles (0–300 μm), which can be easily ingested by benthic organisms, especially when they are resuspended by strong hydrodynamics, transmitted through the food chain, and then harm organisms at higher trophic levels, thereby increasing ecological risks [51]. In addition, it should be noted that there were some limitations of the presented methods, such as different toxicological mechanisms of microplastics with heavy metal pollutants, and difficulty in considering the physical properties of microplastics, which would make it hard to fully guarantee the accuracy of the evaluation results. Further studies should develop a comprehensive evaluation system.





4. Conclusions


In this study, the characteristics of MPs in the Hanjiang River were explored under the operation of dams in the middle and lower reaches. The main types and shapes of MPs during the flood season and the non-flood season were different. Meanwhile, the ecological risk of microplastic pollution was assessed. The main conclusions are as follows:



	
The higher microplastic abundance in both water and sediment during the flood period is driven by intense runoff washing terrestrial debris (e.g., packaging, agricultural film) into the river, explaining the prevalence of PA, PE, PP, and PC fragments.



	
In the non-flood period, point sources such as wastewater effluent result in a high release of PET. Microplastics accumulated downstream, forming local hotspots near the dam (e.g., Cuijiaying) due to the continuous input and deposition.



	
Microplastics with a small size and good bioavailability accumulate in sediments during flood periods and amplify in the food chain after ingestion by benthic organisms, leading to higher ecological risk.






These findings can provide guidance for assessing the ecological risk of microplastics under the operation of Cascade Reservoirs. Based on the characteristics, it is recommended that the management of waste discharge from fisheries, agriculture, and industrial activities should be strengthened. Further work will focus on the migration mechanism and the environmental behavior of MPs to clarify their environmental fate and ecological effects.
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Figure 1. Sampling point layouts for the cascade reservoir groups in the middle and lower reaches of the Han River. W, Wangfu Zhou Reservoir; X, Xinji Reservoir; C, Cuijiaying Reservoir; Y, Ya Kou Reservoir; N, Nianpanshan Reservoir; H, section from the estuary of Hanjiang River to Nianpanshan Hub. 
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Figure 2. MP abundance in water (a,b) and sediments (c,d) of the cascade reservoir group in the middle and lower reaches of the Han River during flood season and non-flood season. 
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Figure 3. Morphological forms of MPs in water (a,b) and sediments (c,d) of the cascade reservoirs along the middle-lower Han river. 
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Figure 4. MP colors in water (a,b) and sediments (c,d) of the cascade reservoirs along the middle-lower Han River. 
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Figure 5. MP particle sizes in water (a,b) and sediments (c,d) of the cascade reservoirs along the middle-lower Han River. 
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Figure 6. Different proportions of materials of MPs in water (a,b) and sediment (c,d) during flood and non-flood periods. 
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Figure 7. The RI and PLI calculation results of MPs in the Hanjiang River water column during flood (a,b) and non-flood (c,d) period. 
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Figure 8. The results of RI and PLI calculation results of MPs in the sediments of the Hanjiang River during flood (a,b) and non-flood (c,d) periods. 
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Table 1. MP polymer hazard scores [22,23].
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	Polymer
	Abbreviation
	Densit (g/cm3)
	Score (Si)





	Polypropylene
	PP
	0.85–0.92
	1



	Polydiol terephthalate
	PET
	1.38–1.41
	4



	Polyethylene
	PE
	0.89–0.98
	11



	Polyamide(nylon)
	PA
	1.14–1.15
	47



	Polycarbonate
	PC
	1.19
	1177



	Ethylene-vinyl acetate copolymer
	EVA
	0.93–0.95
	9
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2025 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg





media/file4.png
sediment

Type
. water
O

By/u)juswipas pue
(cWy/u)i21eM Ul ouepunge solyse|doloin

water sediment
—_— . - T
—_— = - =
©
S — 5 >
m — — O
— i - <
— —
Q — | O e
—_— ——— L T
—_— —_— -
g —_— — >
= —_— —— - O
—_— —— e - <
—— _—
& O —= =
| | | 1 1 | L | 1 L} |
o (e ] (e} o (e} o (o] (e ] (-] (e o
o o o o o o o o o
(-] (e ] (o] (a»] (e (o) o (-] o
o < o QY ~— N -~ —

Sites





nav.xhtml


  water-17-02793


  
    		
      water-17-02793
    


  




  





media/file16.png
@ ClX4 o

90.00 100.0 1000 2130 - o






media/file2.png
110°0'0"E 111°0'0"E 112°0'0"E 113°0'0"E

114°0'0"E

115°0'0"E

32OQ|OHN 33OQIOHN

3 1 OQIO"N

3000lEOHN

N

Han \
i | W4
w’[:i:;gﬁn / / / C2 (3

Y /Wangfuzhou

R M

L ]
\.

f’”’f T T g
b, & ijl""' **SCuijiaying

2
v

C4

X4 d Xiangyang

/// y ,(Yakou
Yy N

Y3 e Nianpanshan

100 Miles ’
N T N N S T O

/
l/\g\/

_—

e (ity
e  Sampling site
A Dpam

Yangtze River

Han River

33°0'0"N

/ \ WUhan

el

31°0'0"N 32°0'0"N

30°0'0"N

110°0'0"E 111°0'0"E 112°0'0"E 113°0'0"E

114°0'0"E

115°0'0"E





media/file5.jpg
Microplasitcs relative abundance

in water and sediment

100%

75%

50%

25%

0%
100%

75%

50%

25%

0%

flood

nonflood

oM

1uewipas

WXCYNH

WXCYNH

Sites

Morphological
Forms

B fragments
W ivers
B s
W eeres
[ microbeads
|

foams





media/file3.jpg
5000
4000
3000
2000
1000

2000

1500

and sediment(n/kg)

1000

500

Microplastics abundance in water(n/m?)

flood nonflood

i

oM

h'i“ bakini

awipas

WXCYNH WXCVYNH
Sites

B scciment





media/file1.jpg
S0ON 300N 3300N

30°00N

N0 NIGOE N200E IF00E 1400
N
-  Sampling i
Han ‘ i A pun
. (% 6 | Yangie Rine
/
[ Han River

0 25 50 100 Mies .
[ fed
TOO0E  IO0E | M200E  I300E | N400E  1IS00E

IGON 200N 300"

000N





media/file7.jpg
Microplastics proportions by color

nonflood

10leM

wewpas

w
Sites

X

Color

brown
transparent
black

blue

white

red

green

purple





media/file10.png
Microplastics proportions

by particle size

100% -
75% -

50% +

100% -

N
3
X

0%

75%
50% -

25% 4
L]

0%

flood

nonflood

1

@)

i)

la)em

Juswipas

WX CY NH

Sites

VV X C

Y N

Size (um)
<500

. 500~1000
B 1000~3000
B 3000~5000





media/file12.png
Sites

flood nonflood

lajem

Juswipas

Different materials of microplastics

<
Q
—
Q)
=
L

U T
U m

PET
PS
PA
PC
EVA





media/file9.jpg
icroplastics proportions

100%

flood

nonflood

(@) )
() (d)

£
— . IIIIII

w

XCYNH W
Sites

XCYNH

1000~3000

I 3000-5000





media/file0.png





media/file17.png





media/file14.png





media/file8.png
Microplastics proportions by color

100% -

735% -

50% +

295% -

0% -
100% -

73% =

50% -

25% +

0% -

nonflood

=
]

II II *

;lll-

d

(.)-_ ]

- -
w
D
o
3
D
=

brown
transparent
black

blue

white

red

green

purple





media/file11.jpg
Sites

oo nonfiood
% 3
o 5
@ la80% ® g
258%
8.8 3.
%
1% .
© @ 5

Different materials of microplastics

Material





media/file6.png
Microplasitcs relative abundance

in water and sediment

nonflood

100% -

75%

50% -

235% -

0% -

191eM

100% -

75% =

50% -

25% -

0% A

Juswipas

C Y N H

W
Sites

Morphological
Forms

- fragments

fibers

films
pellets

microbeads

foams





media/file15.jpg





