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Abstract

:

Microplastic contamination is a challenge in aquatic systems. Among these, floodplains exhibit their cyclical hydrological patterns with substantial fluctuations in water levels caused by annual floods or discharges from rivers into lakes. The influence of water level fluctuation on microplastics within complex floodplain systems has received limited attention in existing studies. This study employs hydrological data and a physics-based hydrodynamic model to assess the effects of water level fluctuations on the transport and redistribution of microplastics within Poyang Lake from 2018 to 2025. High spatiotemporal distribution variability in microplastic concentrations was found within the flood and drought periods. Furthermore, the residence rate of microplastics was assessed based on the microplastic concentration variations in the computational time. A gradual drop in the average discharge rate of microplastics was assessed at the outlet of Poyang Lake. The microplastics are more likely to drain into the Yangtze River in the high water-level period. Meanwhile, under the influence of hydrodynamics, local topography, and water level fluctuation, an accumulation of microplastics appears on the shallow shoals of the western and eastern regions of Poyang Lake, especially in the Gan River. Overall, by means of numerical simulation, the aim of our study is to serve as a reference and advance our understanding of the transportation patterns of microplastics at the aquatic–terrestrial interface.
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1. Introduction


Microplastics (MPs), which refer to plastic particles smaller than 5 mm in size, have been the subject of numerous studies worldwide. This attention is driven by the significant influx of plastic debris into both terrestrial and aquatic environments each year, leading to their widespread distribution from soil to water and even the atmosphere [1,2,3,4,5]. Two primary categories of microplastics have been distinguished based on their sources. Primary microplastics originate from products such as cosmetics, paints, and textiles found in household wastewater, as well as from plastic industry pellets. Secondary microplastics arise from the fragmentation of larger plastic materials, primarily due to processes such as biodegradation, physical wear, photodegradation, and chemical breakdown [6,7,8,9]. Considering their capability and migration capacity in chemical pollutants and pathogens, microplastics inevitably accumulate and have an adverse impact on the human body through the food chain [10,11,12,13]. In recent years, an increasing number of researchers have recognized the significance of microplastics in natural environments due to their potential to cause substantial environmental pollution.



To date, only a limited number of studies have investigated the characteristics of microplastics within lake systems when compared to other aquatic systems such as oceans or rivers [14,15,16]. Nevertheless, insights from modeling work [17] revealed that over 95.3% of mismanaged plastic waste has been localized on land since the 1960s, thereby constituting a significant pool of plastic debris within terrestrial systems. In this context, lakes, with their widespread distribution across various countries and regions, have emerged as effective indicators of localized microplastic pollution [18]. Once microplastics are transported into a lake system, their trajectory patterns within the system are in response to adjacent circulation patterns and diffusion processes [19]. It is generally accepted that relatively lower flow rates in lake systems lead to relatively stable circulation systems between the water body and sediment layer, subsequently allowing for microplastics to be deposited. Therefore, particularly in stagnant regions, when microplastic particles are introduced to the systems, there is a possibility that a portion of the total amount of microplastics could become trapped either temporarily or permanently [20]. The longer plastic debris is retained in a system, the more likely it tends to undergo complex biotic and abiotic processes, including, but not limited to, weathering and degradation, the release of toxic compounds and heavy metals, or microbial colony formation on its surface [21]. In addition, variations in hydrodynamic conditions such as water level have a nonnegligible influence on the transport of microplastics in floodplain lake systems. A few previous studies have investigated the variations in microplastic concentrations in river and lake sediments in response to water level fluctuations [22,23]. For instance, Garello et al. [24] conducted field observations in river-side bars and observed a decrease in microplastic (MP) concentrations as the water level dropped. This finding aligns with Campanale et al. [25], who established a positive correlation between MP concentration, water level, and flow velocity in the Ofanto river. Hengstmann et al. [26] noted higher MP concentrations in lakeshore sediments during March, attributed to elevated water levels compared to September. Thus, the positive statistical correlation between the microplastic concentrations and the water level may be attributed to the relatively long residence time of microplastics during the flood period, and the increased number of microplastics transported from land to lake is linked with high water levels.



In contrast to laboratory and field observations of microplastics in aquatic systems, the modelling of plastic transportation is still at a relatively early stage. Coupled hydrodynamic and Lagrangian particle tracking models can reveal the movement of plastic debris and the distribution of floating plastic pollutants across various regions of the world’s oceans, at either a basin or subbasin level [27,28,29]. However, microplastics originating from uniformly distributed sources and either open boundary problem or beaching processes were overlooked, leading to substantial discrepancies among these numerical simulations. The particle-tracking model was further improved to predict the transport and fate of plastic debris in the Aegean Sea [30]. In the model, the emission of particles was distributed from clustered sources represented as coastal cities, rivers, ports, etc. Extra sources were also imposed to evaluate their influence on the simulation outcomes. The observations indicated were roughly consistent for transport pathways of particles, although the beaching of plastics was not specified in the model. Another attempt to investigate the distribution of plastic debris was reported by Liubartseva et al. [31], who divided the simulated domain within the Mediterranean Sea into three distinct environmental compartments: the sea surface, the coastlines, and the seabed. The combination of the 2D Lagrangian particle tracking model together with wave-dependent currents calculated from a coupled hydrodynamic model highlighted the effect of Stokes drift in the transport of plastics [31].



Nonetheless, Lagrangian models, which monitor individual particles, demand substantial computational resources. These models are not ideally suited for simulating plastic transport processes such as deposition, erosion, aggregation, and fragmentation. Moreover, the discrepancies among the aforementioned modelling results indicate that the realistic situation is highly complex and dynamic, owing in part to the fundamental mechanisms associated with external hydrological factors, such as transport by wave action [32], discharge [33], Stokes drift, beaching and sedimentation, buoyancy [31] in different aquatic environments, and even biological processes. However, the accuracy of numerical simulations in capturing the advection and dispersion of microplastics has not undergone comprehensive validation. This lack of verification can be partly attributed to the limited availability of measurements, whether from laboratory experiments or field studies. Meanwhile, the fate and transport of microplastics in water are also generally thought to be driven by the internal physical properties of particles, particularly density, size, and shape, which are highly sensitive and may change over time as a result of biological/chemical degradation, biofilm growth, coagulation, or fragmentation processes [34,35,36,37,38,39]. Therefore, a particular consideration was given to the properties of particles. For example, there have been several size-dependent models, in which both the fragmentation processes and individually varying size, shape, and density are in relation to mechanical forces exerted on the plastic debris [40,41]. Although, as shown in Table 1, an increasing number of researchers have realized the importance of microplastics and have fostered numerical simulations to quantify microplastic transportation in recent years, the interaction between microplastics and their adjacent environment is still far from being elucidated.



In the large-scale modelling domain, the coupling of a powerful hydrodynamic system, TELEMAC-2D, with GAIA, which simulates the movement of water and its associated properties in a grid system, allows for detailed analysis of fluid dynamics and interactions. Note that the representation of the true movement of particles may be better addressed by using the Lagrangian model than the spatially fixed Eulerian method. In this study, nevertheless, TELEMAC-2D coupled with the GAIA module is used to carry out the numerical simulation due to its inherent flexibility and better efficiency. Adequate parameterization and validation are required to mitigate biases resulting from the increased complexity. The objectives of this study are to reduce the scientific gaps concerning the fate of microplastics in China’s largest floodplain lake by means of numerical simulation. Our study concerning microplastics mainly focuses on these aspects: (1) the spatiotemporal variation between flood and drought periods, (2) the accumulation effect of microplastics in different local regions, and (3) the retention time of plastic pollutants in Poyang Lake. To this end, field observations [50], acting as an initiative source, are used to simulate the transport mechanisms of microplastics in the lake.



The rest of this paper is organized as follows. The study area and data are introduced in Section 2.1. Section 2.2 presents the setting of the numerical model. The model results are presented in Section 3. Finally, the discussion and conclusions are delivered in Section 4 and Section 5, respectively.




2. Methods and Materials


2.1. Study Area and Data


Poyang Lake (28.5–29.9° N, 115.7–116.9° E), situated in the southeastern part of China, features meandering shorelines, with a maximum length of 170 km and an average width of 17 km [51], as illustrated in Figure 1. The Poyang Lake watershed covers 162,225 km2, accounting for 9% of the Yangtze River Basin area. During flood periods, more than 80% of Poyang Lake exhibits water depths shallower than 6 m, as deduced from prior modelling outcomes by Li et al. [52]. The geographical makeup of Poyang Lake is intricate, encompassing attributes such as narrow and deep passages, islands, and expansive regions of shallow floodplain. The lake bottom elevation generally descends from over 14 m in the southern deltas (upstream) to below −2 m in the northern channels (downstream), which leads to a decrease in water levels from Kangshan (upstream) to Hukou (downstream). Poyang Lake receives water from five tributaries within its catchment area, subsequently releasing it into the Yangtze River through a narrow passage known as the Hukou outlet, located at the northern extremity of the lake. The gradient of water levels between the upstream and downstream regions coincides with the inverse trend in water levels. The Yangtze River discharge has a periodic and seasonal variation, varying from 8.1 × 103 m3/s to 44.4 × 103 m3/s over 1960–2010. The catchment inflow also varies considerably throughout the year, with a mean value between 1.4 × 103 m3/s and 12.0 × 103 m3/s based on a long-term observation from 1953 to 2010 [53].



It has been generally identified that a time lag exists in the peak discharge of the Yangtze River between July and September, just immediately after the arrival of the maximum catchment inflow between April and June [54]. Spatiotemporal and interconnected variations in the catchment inflows and Yangtze River flow foster the dynamic oscillation in the water level. Regarding water level, the hydrological patterns in Poyang Lake encompass four distinct phases: (1) a rising period (March–June), (2) a high water period (July–August), (3) a declining period (September–October), and (4) a low water period (November–February). The lake’s expanse varies, ranging from inundating vast floodplain areas during high water levels, surpassing 3000 km2, to contracting to less than 1000 km2 during low water levels [55,56]. In the rising period (March–June), Poyang Lake’s water level is primarily influenced by seasonal fluctuations in catchment inflows, particularly during instances of severe flooding [57,58]. However, during the high water-level and recession periods, changes in the Yangtze River’s flow dynamics significantly impact the river’s impeding force on the outflow from Poyang Lake [58], subsequently affecting the lake’s water level, storage capacity, and associated seasonal changes [54]. Throughout the low water-level phase (November–February), the water level in Poyang Lake is mainly governed by both the lake’s catchment area and the effects of the Yangtze River.



Economic development and the extensive application of plastics have led to a considerable amount of plastic waste and are major sources of microplastics in the environment [59]. Numerous studies have reported the prevalence of microplastic pollution in some lakes, including Poyang Lake, in China [60,61,62,63]. Since the 1960s, Poyang Lake has experienced much more frequent periodic flood and drought periods due to naturally occurring climate variability coinciding with increased anthropogenic activities [64,65]. Therefore, this area of floodplain systems, as a transition zone between fluvial and terrestrial environments, can play a key role in the deposition and relocation of microplastics [66,67].




2.2. Numerical Model


The numerical simulation is conducted utilizing the TELEMAC model system (http://www.opentelemac.org/, accessed on 24 September 2023), which is an open-source integrated modelling tool for numerical simulations developed by the LNHE (Laboratoire National d’Hydraulique et Environnement) of EDF (Electricité de France). The TELEMAC model system, with its diverse components (e.g., TELEMAC-2D, TOMAWAC, and GAIA), offers a comprehensive approach for investigating and analyzing hydraulic and environmental phenomena [68,69]. Within this system, TELEMAC-2D serves as a constituent component, using the finite element method (FEM) to solve the Saint Venant equations or SWEs (shallow water equations) on grids, providing hydrodynamic information in the simulation domain. By coupling TELEMAC-2D with the GAIA module, the transportation of particulate tracers can be modelled, which has been widely implemented for sediment investigation [70,71]. In this study, the transport of microplastic particles is modelled as sphere particles with specific densities and sizes using TELEMAC-2D and GAIA modules. The solved equations for hydrodynamics and the microplastic concentration are as follows:
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where h is the flow depth [m]; η is the water surface elevation [m]; u and v are velocity components in the x- and y-directions [m/s], respectively; t is time [s]; g is gravitational acceleration [m/s2]; vt is the diffusion coefficient [m2/s]; Fx and Fy are source or sink terms of fluid in the x- and y-directions [m/s], respectively; C is the microplastic concentration [g/L];    ε S    is the turbulent diffusivity of the microplastics [m2/s]; and E and D are the source and sink terms of microplastics.



Based on the topographic data of Poyang Lake, the computational domain of the hydrodynamic TELEMAC-2D model was determined, which spanned 100 km in longitude and 150 km in latitude. The topography was discretized by 30,967 elements and 18,747 nodes (Figure 2) using BlueKenue (https://www.nrc-cnrc.gc.ca/eng/eng/solutions/-advisory/blue_kenue_index.html, accessed on 24 September 2023). To accurately capture the variations in the lakeshore of Poyang Lake and optimize the efficiency of the hydrodynamic model, the element sizes within the model domain are carefully selected, ranging from 55 to 2500 m. The largest element sizes are located in the central region of the lake, while the smallest cells are positioned around the primary tributary. This spatial distribution of element sizes enables a more precise representation of the lakeshore characteristics and enhances the overall performance of the hydrodynamic model. The average error of the water level assessment from June 2019 to December 2019 at stations Xingzi, Duchang, Tangyin, and Kangshan is approximately 14% (Figure 3), within the same order of error observed in similar studies [72,73]. Considering the substantial fluctuations in water levels during flood and drought events, the simulation is run on non-structured triangular elements due to their exceptional adaptability to complex topography and sensitive shorelines.



A total of nine open boundaries have been identified within the model domain, which encompass the inflows from five tributaries: the Rao, Xin, Fu, Gan, and Xiu Rivers, along with the outflow into the Yangtze River. The Gan River has been further subdivided into its northern, middle, and southern branches, while the Fu River is divided into its northern and southern branches. To ensure the accuracy of the model verification runs, measured discharge and water level data during the period of July to December 2018 were obtained from adjacent monitoring stations for calibration purposes. The simulation input data for future years were set to be the same as the existing data in recent years, assuming that the interannual variation in the hydrodynamic conditions is stable in the Poyang Lake system.



To ensure the accuracy and stability of the model calculation, the initialization of the simulation is chosen as the “cold start” option in TELEMAC, which allocates the initial values for each physical parameter, such as the water level and concentration of microplastics. The initial water level is set as 18.0 m and the initial concentrations of microplastics are assigned as the same proportion in the in situ data of Jian et al. [50]. Note that the measured concentrations were in the units of counts/m3. The inflow concentrations of microplastics were calculated according to the field observations of Jian et al. [50] in the Poyang Lake system (Table 2). According to the in situ measurement of Poyang Lake and its catchment area [48,50], PE accounts for the majority of the polymer components of microplastics. A representative size of 750 μm [50] and density of 0.91 g/cm3 [48] were thus selected in this study.





3. Results


3.1. The Spatial Distribution of Microplastics in Poyang Lake


In terms of the spatial variability of microplastic concentrations in 2018, the shoreline extending from the mouth of the lake to the middle branch of the Gan River exhibited notably higher concentrations, surpassing 1 g/L (Figure 2). These elevated concentrations can be attributed to the influence of water flow from the Gan River, which triggers vigorous horizontal mixing in that specific region. In contrast, the eastern side, including the area from the lake’s mouth to the Rao River, as well as the southern region, with its shallow shoals along the eastern side, exhibited relatively lower concentrations of less than 0.5 g/L. Despite the lack of available field observations for metric-based validation of the model prediction, a substantial degree of qualitative concurrence is evident when comparing the model results to earlier studies conducted on the Poyang Lake system [50,63]. Both the field observations and the model reveal the occurrence of elevated microplastic levels in the middle region and proximate to the five primary tributaries. This congruity reinforces the alignment between the in situ data and the model outcomes.



At the end of the simulation in 2025, the western region of Poyang Lake, spanning from the north branch to the middle branch of the Gan River, is anticipated to maintain its status as the foremost area plagued by severe pollution. This region is expected to exhibit an average microplastic concentration exceeding 1 g/L (Figure 2), while the concentrations of microplastics on the eastern side are predicted to rise to approximately 0.8 g/L (Figure 2). The long-term accumulation of plastic debris in Poyang Lake takes place in the western and eastern regions. More specifically, the concentrations gathering along the western and eastern regions are approximately 2–3 times larger than those in the other regions from 2018–2025.



Turning the focus to the southern region of the lake, in both 2018 and 2025, a vast area of lowest concentrations represents relatively moderate hydrodynamics away from the influence of riverine currents. In 2018, the high microplastic concentrations near the mouth of the lake indicate that plastic debris is transported to the Yangtze River since it is the only outlet in our model. Conversely, after two months of model integration, the relatively moderate concentrations in the mouth demonstrate an annual reduction in microplastic influx into the Yangtze River. It is generally accepted that the northwards currents discharging into the Yangtze River, amounting to an annual average of 145 billion cubic meters, could determine the destiny of suspended and settling microplastics within the riverbed [63]. Moreover, the accumulation effect of microplastic concentrations along the western shore, from the northern branch to middle branch of Gan River, can be influenced by geography and topography; their effects will be interpreted in the Discussion section.




3.2. The Temporal Variation in Microplastics Transport in Poyang Lake


The monthly-averaged discharge rates of microplastics were calculated along the outlet of the simulation domain, which reflects the emission influx downstream of the Yangtze River. The discharge rates exhibit both short-term fluctuations and long-term variations, indicating the influence of various factors such as seasonal variations, human activities, and environmental changes. A clear seasonal variation is shown during 2018–2025 (Figure 4) after the initial convergence period of the model. On average, the discharge rate of microplastics is 1621 g/(m·s) in spring, reaches a maximum value of 2534 g/(m·s) in summer, then decreases to 1948 g/(m·s) and 1575 g/(m·s) in autumn and winter, respectively. The peak value of monthly discharge rates is found in August with 3254 g/(m·s) and the lowest value, 1243 g/(m·s), appears in April.



Five sites are considered to further analyze the polluted situation of the main area of Poyang Lake (Figure 1), i.e., S1 (outlet), S2 (north–central region), S3 (Nanjishan Wetland National Nature Reserve), S4 (northeast region), and S5 (southeast region). To depict the influx distribution in Poyang Lake, we mapped the model outcomes within the selected five sites over the seven-year interval (2018–2025). This selection was implemented to depict small-scale peculiarities and to facilitate comparisons of microplastic concentration values in Poyang Lake. Among the sampled locations, Site S3 consistently exhibited the highest microplastic concentration, which may be attributed to the convergence of three major river inflows, i.e., the Xin, Fu, and Gan rivers. Site S4 exhibited the second highest concentration of microplastics, while Site S2 demonstrated a similar level of microplastic concentration. In contrast, Site S5 displayed the lowest microplastic concentration among the investigated sites. Notably, Site S2 displayed significant fluctuations in microplastic concentration, with a remarkable outlier indicating a sharp increase in April 2019. Over the period spanning from 2018 to 2025, the annual peak values at Site S2 exhibited a declining trend.



To investigate the temporal variations in microplastics, the residence rate of the microplastics at each site was derived from the time of peak of microplastic concentrations and those on the last day of the computational period at the selected site. In the main lake area, it was observed that the residence rate of microplastics was relatively low in the eastern sites at the same latitude compared to the western sites (Figure 5). Specifically, Sites S2 and S5 exhibited residence rates of microplastics below 40%. A notably higher residence rate of microplastics, amounting to 73.8%, was recorded at the site near Nanji Mountain Nature Reserve (S3). This elevated rate could potentially be attributed to the site’s close proximity to the shoreline, coupled with significant pollution stemming from the tributaries of the Gan River.





4. Discussion


4.1. Microplastic Transportation in the Poyang Lake Catchment River System


Poyang Lake, together with its surrounding catchment area, forms a complex and interconnected ecological system known as the Poyang Lake catchment river system [74]. Its catchment area encompasses a network of rivers, streams, and tributaries that contribute to the water inflow of the lake, with the Yangtze River serving as the solitary outflow channel. The water exchange and interactions between the lake and the river play crucial roles in shaping the hydrological regime, nutrient dynamics, and sediment transport within the system. This intricate relationship influences the overall ecological equilibrium of the lake and has significant implications for regional water resource management. Among the ecological threats to the Poyang Lake catchment river system, the issue of microplastic pollution has emerged as a pressing concern. The presence of microplastics in Poyang Lake and its surrounding rivers poses potential risks to the ecosystem, wildlife, and human health. In this study, the situation of microplastic pollution within Poyang Lake was investigated by numerical model.



The flow velocity (Figure 6b) in Poyang Lake and the averaged profiles of micro-plastics (Figure 6c) in the water body over 2018–2025 were calculated, which showed a significant spatial variation for both microplastic concentrations and velocity profiles. In general, areas with elevated concentration patterns often align with the spatial distribution of plastic debris inputs. Rivers characterized by higher runoff rates are more likely to be densely populated, thus leading to a higher discharge of plastic waste. Compared with other regions, it is interesting to note that the microplastic concentrations along the western shoreline of Poyang Lake are relatively high during the first few months of the computational period. This may be attributed to its complex terrain comprising six tributaries along this side, which can be seen as point sources of microplastics in the adjacent regions.



Furthermore, numerous studies have suggested that microplastic pollution is tremendously influenced by geographical and topographic cues, including the morphology and scale of lakes and even the presence of water conservancy establishments, such as dams [62,63,75]. When looking at the geography and topography of Poyang Lake, we can visually recognize a wide southern region and a narrow connecting channel northwards to the Yangtze River. The microplastic concentrations will be further diluted, and the impact of riverine plastic debris sources can be reduced, once microplastics are transported into the southern region. In the meantime, a certain fraction of water flows is blocked by the narrow northern channel, creating a circulation pathway and, thus, contributing to accumulation of microplastics in the middle region.



Remarkably higher microplastic concentrations were found on eastern shoals and shoreline after few months of iteration, especially in the drought period. To evaluate and depict the microplastic concentrations in Poyang Lake, we selected five representative sites and exhibited the spatial trends in Figure 7.



The microplastic concentrations show a dramatic decrease in the western region after a few months of model integration, while in the eastern region, a gradual increase always appears during periods of rising water levels. To some extent, both low water levels coupled with low velocity and large areas of shallow shoals are likely the main factors facilitating the accumulation of microplastics in the eastern region during the drought period (Figure 8).



In addition, Poyang Lake plays a vital role as both a reservoir and a freshwater source for the Yangtze River. Given its status as a significant component of the Yangtze River basin, pollution or contamination in Poyang Lake can significantly impact the water quality and ecosystem health of the downstream Yangtze River. Consequently, the microplastic influx from Poyang Lake into the Yangtze River was also investigated in this study to help assess the overall contamination level and potential risks to the downstream regions. A seasonal variation was shown in the discharge at the outlet, wherein the microplastic discharge rates always reach the peak around August. This phenomenon can be attributed in part to how Poyang Lake interacts with its main tributaries through conjunctions. An important process among these complex interactions is the occurrence of inundation, which affects the temporary variations in water level and inundation extent [76,77].



The lake receives runoff from the catchment area through five tributary rivers: the Xiu, Gan, Fu, Xin, and Rao Rivers. It then discharges into the Yangtze River via the narrow outlet known as Hukou, situated at the northern extremity of the lake. During the flood period spanning from April to June, a significant surge in pressure occurs due to the presence of the largest outflow directed towards the Yangtze River. Once the blocking pressure is over a threshold, an outflow blocking effect is created, and reverse flow will be induced from the Yangtze River into Poyang Lake [58]. The blocking effect flow will be further amplified when the discharge of Poyang Lake reaches the peak from July to September [53]. The runoff from the tributaries dramatically dropped to the lowest level from November to December, leading to the emergence of a wide range of typical shallow wetlands and shoals, which facilitated the beaching of microplastics. The spatial and temporal patterns of these two hydrological processes reveal significant fluctuations in the water level and surface area both within and between different years [53].



During the period from July to February, the reduction in discharge rates of microplastics into the Yangtze River was attributed to several reasons. For instance, the decrease in the high water-level period (July to September) primarily results from the reverse flow into Poyang Lake. However, during the low water-level period, the discharge rates of microplastics are predominantly influenced by Poyang Lake’s catchment, and the impact of the Yangtze River is negligible. Here, the variations in the discharge rates of microplastics prioritize the lake–river hydrodynamics during different water level periods in Poyang Lake.




4.2. The Distribution of Microplastics in Floods and Droughts


The distribution of microplastics in the flood period and drought period varied heterogeneously in space (Figure 8). During the floods, more microplastics appeared on the western shoreline than the eastern region. That may be because runoff in the Gan River, located on west side, is greater than that in the eastern tributary, the Xin River. Owing to the strong runoff in the western region, the microplastics will be transported to other regions with the flow if there is no continuous microplastic influx from tributaries into the lake (Figure 8). The simulation model we employed does not incorporate the year-to-year and seasonal trends in plastic inputs, primarily due to the lack of data related to these specific variations. When compared with the extremely high microplastic concentrations in the western region during the first few months, the relatively less affected areas are situated in the eastern region, which can be attributed to fewer plastic debris sources, i.e., only the Rao River in the eastern region. Note that runoff is significantly reduced during drought periods, which may cause the microplastic accumulation on the eastern shoreline (Figure 6). During the droughts in 2019 and 2025, a large area of local shallow shoals and meandering shoreline on the eastern region were beneficial for the accumulation of microplastics, which reinforces the key role of water level fluctuation and emphasizes its effect on the assessment of microplastics pollution in similarly complex floodplain lakes. The water level fluctuations from 2018 to 2025 yielded distinctive responses among the five selected sites (Figure 7). During periods of elevated water levels, there was a moderate rise in microplastic concentrations at S1 and S5 (S1: 7.99 ± 0.61%; S5: 1.29 ± 0.91%) compared to the mean values. Additionally, a more substantial increase in MP concentrations was observed at S2, S3, and S4 (S2: 20.92 ± 0.03%; S3: 18.47 ± 0.37%; S4: 41.44 ± 0.59%). These observations suggest that the periodic water level fluctuations contributed to the accumulation of MP concentrations within the central regions of the Poyang Lake system. Despite the absence of existing literature on water level fluctuations and microplastic abundance within lake systems, our findings align closely with a study by Oo et al. [78]. In their investigation, the abundance of microplastics was directly linked to tidal fluctuations, resulting in the accumulation of microplastics in the estuary under study. These results suggest that the distribution of microplastic concentrations is closely connected to hydrodynamic conditions and topographical features.



In a realistic environment, one can speculate the increasing river discharge resulting in an increase in microplastic concentrations. According to Tramoy et al. [79], flood events may effectively flush plastic debris downwards owing to the high flow rates. There are some mechanisms behind this: (1) indirect microplastic flux from tributaries; (2) resuspension from the bottom and shoreline; and (3) direct input into lakes or riverine systems, which is closely related to dense inhabitation and anthropogenic activities including agriculture, shipping, and fisheries [80].



Around Poyang Lake, there are a total of seven wastewater treatment plants, with five located in the northern region and two in the central region. The sewage effluents from these plants contribute to a huge number of plastic pollutants into the lake. More than ten thousand vessels and one hundred thousand people live on the fishery in Poyang Lake. Hence, vigorous fishing activities may also serve as a significant source of microplastic pollution [63]. Moreover, urbanization and industrialization are believed to lead to local microplastic pollution [81], although these processes are not balanced in the Poyang Lake district. More specifically, the peripheral region has a higher level of economic development, and economic variations exist between the east and the west [18]. It is important to note that the microplastic input also corresponds to emissions from peripheral inhabitants and fishery activities in Poyang Lake. Even though there are numerous microplastic sources, the input from rivers exerts a great contribution to microplastic pollution [31,80,82]. The riverine microplastic sources in our study can, therefore, demonstrate a relatively good agreement with in situ observations [50,63].



The identification of input sources and their respective contributions can be utilized in future studies, provided that the relevant data are available. However, our simulation model does not encompass anthropogenic activities. It is necessary to conduct additional research to assess the microplastic contamination stemming from anthropogenic actions, particularly within economically developed urban areas with high population densities.




4.3. The Microplastic Residence Rate in Poyang Lake


The residence rate of microplastics refers to the proportion or percentage of microplastic particles that remain within a given environment over a certain period, which plays a crucial role in understanding the fate and persistence of contaminants within the water column and associated ecosystems. Microplastics exhibit various behaviors that influence their residence time, including buoyancy, settling velocity, and interactions with organisms and environmental factors [83]. Factors such as the influx of microplastics from external sources, the characteristics of the lake itself, sedimentation processes, and degradation mechanisms all contribute to the residence rate. Additionally, the interactions between microplastics and lake organisms, such as zooplankton and fish, can affect their residence time and potential bioaccumulation in the food web [84]. Furthermore, the extended residence period of the lake water would facilitate the breakdown of larger plastic items into microplastics, leading to their ongoing accumulation in the respective regions. By investigating and understanding the residence rate of microplastics, one can gain insights into their distribution, transport, and ecological impacts within lake ecosystems.



In the Poyang Lake system, the residence rates moderately differ between the western and eastern region of Poyang Lake (one-way ANOVA, p = 0.19). Approximately 50% of microplastics will still be retained in the western and eastern regions in 2025, especially the shallow shoals and shoreline. The long residence time is likely due to the highly complex and unstable hydrodynamic conditions in the Poyang Lake water system. For instance, the flow velocity is relatively high in the western region, where floating microplastics may flush into the outlet of the lake or dissipate to other regions. Additionally, the dramatic water level fluctuation during seasonal flood and drought switching may enhance the accumulation and result in longer residence times of microplastics in stagnant areas, such as the eastern region. Intrinsic and extrinsic factors, including particle size, polymer density, water temperature, and hydrodynamics, have notable influences on the residence times of microplastics [38,83,85] and thus control the transport of microplastics and their potential threat to the environment [84,86]. Our model reveals the behavior of the microplastics over the extent of the entire lake system with respect to hydrodynamic conditions and breaks the spatiotemporal limit to simulate residence times in the Poyang Lake system.



The proposed model does not incorporate the intricate biological and chemical processes within lake systems, which shows the necessity for further investigations into the mechanisms that govern the distribution and residence times of microplastics within lake systems, particularly under conditions of high hydrodynamic instability. Although it is commonly acknowledged that irregular particles tend to have longer residence times than spheres due to increased drag forces acting on them, particle shape and roundness exert a lesser impact on microplastic residence times than factors such as density and size [85]. As a result, treating each microplastic as a regular Euclidean particle in our model does not pose a technical challenge when simulating their transport.





5. Conclusions


In this study, we conducted a numerical simulation using the TELEMAC-2D model coupled with the GAIA module to investigate the transport of microplastics under water level fluctuations in Poyang Lake. The conclusions are summarized as follows:



(1) The TELEMAC-2D model and GAIA module can simulate the transport of microplastics in Poyang Lake. The simulation results revealed significant spatial heterogeneity in the distribution of microplastics within the lake. Specifically, the western shoreline exhibited high levels of microplastic contamination, attributed to the greater runoff from the Gan River during flood events. Furthermore, the periodic fluctuations in water levels and the lake’s topography were found to be key factors influencing the distribution of microplastics in the lake.



(2) Seasonal variations in the distribution of microplastic concentrations were observed, with an increase in the flood season and a gradual decrease in the drought season. Microplastics were found to accumulate on the eastern shoreline due to weak runoff in that region during droughts. Furthermore, the microplastic influx from Poyang Lake into the Yangtze River demonstrated seasonal peaks in discharge rates in August and a trough in April. These variations can be attributed to the intricate interactions and inundation events within the system. The findings highlight the significance of considering the hydrodynamic processes and complex dynamics of the Poyang Lake catchment river system in the management and mitigation of microplastic pollution.



(3) The residence rate of microplastics in Poyang Lake signifies the proportion of microplastic particles that remain within the lake system over time. A moderate difference in residence rates was observed between the western and eastern regions of Poyang Lake (one-way ANOVA, p = 0.19). By 2025, according to the models, approximately 50% of microplastics will persist in the lake system, particularly in the shallow shoals and shoreline areas. It is important to note that the model employed in this study did not consider biological and chemical processes, emphasizing the necessity for future research to gain a better understanding of these complex factors.
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Figure 1. Map of the water system of Poyang Lake including five inflow rivers and an outflow downstream of the Yangtze River. 






Figure 1. Map of the water system of Poyang Lake including five inflow rivers and an outflow downstream of the Yangtze River.



[image: Water 15 03658 g001]







[image: Water 15 03658 g002] 





Figure 2. The time–averaged distribution of microplastic concentrations in Poyang Lake during (a) 2018–2019 and (b) 2020–2025. 
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Figure 3. The water levels from June 2019 to December 2019 at different stations. 
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Figure 4. Discharge rate of microplastics along the outflow boundary to the Yangtze River during 2018–2025. 
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Figure 5. The residence rate at five selected sites in Poyang Lake and the outflow boundary. 
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Figure 6. The time–averaged results of (a) water depth, (b) water flow velocity, and (c) microplastic concentrations over 2018–2025. 
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Figure 7. Temporal variation in (a) microplastic concentrations and (b) water levels at the studied sites during 2018–2025. 
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Figure 8. Two–dimensional distribution of microplastic concentrations in low water, rising, high water, and recession periods in 2019 and 2015. 
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Table 1. Comparison of setup specifications for numerical modelling the transport of microplastics.
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Reference

	
Type of Model

	
Physics

	
Biofilm




	
Horizontal Advection

	
Vertical Advection

	
Gain via Collisions

	
Gain via Growth

	
Loss via Respiration

	
Loss via Explicit Grazing

	
Loss via Viral Lysis






	
Aliani and Molcard, 2003 [42]

	
Lagrangian particle tracking

	
x

	

	

	

	

	

	




	
Mansui et al., 2015 [28]

	
Lagrangian particle tracking

	
x

	

	

	

	

	

	




	
Zambianchi et al., 2017 [29]

	
Markov chain model

	
x

	

	

	

	

	

	




	
Liubartseva et al., 2016 [43]

	
Markov chain modelling

	
x

	

	

	

	

	

	




	
Fossi et al., 2017 [27]

	
Lagrangian particle tracking

	
x

	

	

	

	

	

	




	
Politikos et al., 2017 [30]

	
Lagrangian particle tracking

	
x

	

	

	

	

	

	




	
Liubartseva et al., 2018 [31]

	
Lagrangian particle tracking

	
x

	

	

	

	

	

	




	
Kooi et al., 2017 [44]

	
Lagrangian particle tracking

	

	

	
x

	
x

	
x

	

	




	
Lobelle et al., 2021 [45]

	
Lagrangian particle tracking

	
x

	
x

	
x

	
x

	
x

	

	




	
Fischer et al., 2022 [46]

	
Lagrangian particle tracking

	

	
x

	
x

	
x

	
x

	
x

	
x




	
Jalón-Rojas et al., 2019 [47]

	
Non-Lagrangian particle tracking

	
x

	

	

	
x

	

	

	




	
Shen et al., 2022 [48]

	
Lagrangian particle tracking

	
x

	

	

	
x

	

	

	




	
Shettigar et al., 2022 [49]

	
Population Balance Method based on TELEMAC-2D

	
x

	

	

	

	

	

	




	
This study

	
TELEMAC-2D coupled with GAIA

	
x

	

	

	

	

	

	











 





Table 2. The simulation conditions of microplastic inflow to the calculation domain.
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