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Abstract

:

The frequency of freshwater cyanobacterial blooms is increasing globally due to climate change and eutrophication, particularly in reservoirs. Reservoir ecosystems exhibit unique characteristics, and there is a complex relationship between factors such as light, temperature, nutrient salts, hydrology, and algal growth. The impact of the other factors on algal growth varies significantly among different reservoirs. Thus, it is crucial to assess the effectiveness of various algal control measures implemented in different reservoirs. This study conducted a comprehensive assessment by establishing a eutrophication model for the Shanzi Reservoir in Fuzhou City. The model incorporated meteorology, hydrology, carbon dynamics, nutrient cycling, and biological communities. The effectiveness of diverse management measures was systematically evaluated. The findings demonstrate that increasing the water level, reducing nutrient salts in sediments, and implementing ecological fish stocking effectively suppressed algal growth to varying degrees and improved nitrogen and phosphorus levels. Lower water levels and ecological fish stocking had a significant impact on algal reproduction, while sediment reduction had a minimal effect. Conversely, lower water levels and ecological fish stocking did not significantly improve nitrogen and phosphorus concentrations in the reservoir, whereas sediment reduction had a noticeable effect. Consequently, the management strategies for the Shanzi Reservoir should prioritize external control measures and the implementation of ecological fish stocking.
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1. Introduction


Eutrophication is a significant ecological issue facing lake and reservoir water ecosystems [1]. It is characterized by excessive plant and algal growth due to the increased availability of nutrients, such as nitrogen and phosphorus, leading to imbalanced ecosystems [2]. Human activities have accelerated eutrophication through the discharge of nutrients into aquatic ecosystems, causing dramatic consequences for water quality, fisheries, and recreational water bodies. The latest survey results from 2018 showed that 63% of the world’s lake water bodies are experiencing eutrophication, making it a global challenge. In China, the 2019 survey results showed that 69.5% of China’s lakes are in a eutrophic state, higher than the global average [3,4].



Eutrophication occurs naturally over centuries as lakes age and are filled with sediments. However, human activities have significantly accelerated this process through the discharge of nutrients into aquatic ecosystems, leading to detrimental consequences for the affected water bodies [5].



Water resource managers employ various strategies to minimize the effects of eutrophication, including the diversion of excess nutrients, altering nutrient ratios, physical mixing, and shading water bodies [6]. Additionally, sustainable management practices, such as ecological engineering and biomanipulation, have been developed to mitigate eutrophication and improve water quality in lakes and reservoirs [7].



The overabundance of nutrients, primarily nitrogen and phosphorus, in water starts a process called eutrophication. Algae feed on nutrients, leading to enhanced vegetation growth. This poses significant environmental, economic, and social threats around the world. Good monitoring practices and active management methods are essential to prevent or limit eutrophication in water bodies [8].



In the research on the mechanism of eutrophication in lakes and reservoirs and the direction of pollution control, scholars have conducted extensive and detailed studies on the evaluation of eutrophication levels, analyses of eutrophication influencing factors (nutrient salts, light, hydrology, etc.), and various physical, chemical, and biological means of algae control [6,9,10]. External factors affecting algae growth include not only physical, chemical, and biological factors such as sunlight, nutrient salts, transparency, water temperature, and pH, but also hydrodynamic conditions in the water such as flow velocity, flow rate, and water disturbance [11,12,13].



Given the complexity of eutrophication under the influence of multiple ecological environmental factors, people have used the method of establishing mathematical models to assess and manage lake eutrophication [14,15]. With the development of regression statistical models, total phosphorus mass balance models, phytoplankton mass balance models, as well as ecological dynamic models, the comprehensiveness and systematisms of lake eutrophication models have been gradually improved [16,17,18]. The complexity and multi-factor nature of the eutrophication model of lakes and reservoirs have gradually been improved, as well as the related systemic research. The model has been widely used in the control and management of water eutrophication, mainly including assessing the algal proliferation in lakes and reservoirs under different scenarios, such as changes in nitrogen and phosphorus inputs in the watershed, nitrogen and phosphorus release from sediments, and hydrodynamic changes, etc. It plays an important role in evaluating the expected effects of eutrophication control technologies in lakes [19,20,21,22].



Aquatic ecological models describe the inherent mechanisms of change between individuals or populations in aquatic ecosystems, linking hydrology, water quality, meteorology, and other factors. They are mainly used to study eutrophication, biological enrichment, and food chains in aquatic systems [23]. Modern aquatic ecosystem models take into account the interaction between multiple factors in nature and spatiotemporal changes. At present, some large-scale ecological dynamics integration models are quite mature, and some have been commercialized, such as EFDC, CE-QUAL W2, WASP, DELFT3D, AUATOX, and MIKE. EFDC, DELFT3D, and MIKE are widely used for simulating eutrophication in reservoirs. In recent years, many domestic studies have been conducted on this topic. For example, Wu et al. used the EFDC model to predict the trends in chlorophyll and algal blooms and provided the criterion for the evaluation of algal bloom levels [23,24]. Dang et al. developed a DELFT3D model and analyzed the impact of temperature, wind forcing, and nitrogen–phosphorus inputs on algal blooms, and they concluded that the simultaneous reduction in nitrogen and phosphorus is more effective in controlling algal growth [25]. Cui et al. considered the impact of hydrodynamic conditions, specifically flow velocity, on algal growth. They coupled the velocity function with the MIKE21 Ecolab model and obtained simulation results that were more consistent with observations. The optimal flow velocity for algal growth within the pond was determined to be 0.055 m per second [26].



Comparing these mainstream models, each has its own strengths. The Ecolab module in the MIKE model allows researchers to freely add the processes of phytoplankton and zooplankton growth, as well as interactions with light, temperature, and nutrients based on personal experience and understanding [27]. It possesses good modifiability and expandability, making it advantageous for exploring the effects of different environmental factors on algal growth [28].



This study aims to develop a lake and reservoir aquatic ecological model based on the ecological cycle mechanism [29,30,31,32], using MIKE Ecolab as the development foundation and comprehensively considering all relevant factors. The focus will be on incorporating the nodes of aquatic organisms and microorganisms within the water ecological model, simulating the complete life cycle of algae, and ultimately developing a risk assessment and early warning system for algal blooms under the control of various ecological factors in lake reservoirs [33]. This system will serve as a predictive tool to evaluate the expected effects of various algal control technologies. Analyzing and validating the application of biological, chemical, and physical technologies to control oxygen, nitrogen, and phosphorus in lake reservoirs is crucial for the effective prevention and control of algal reproduction [34,35,36,37]. This research holds significant importance for the sustainable and healthy development of the ecological environment of lakes.




2. Materials and Methods


2.1. Overview of the Study Area


The Shanzai Reservoir is located in the lower reaches of the Ao River. The geographic coordinates at the center of the reservoir are 26°17′51″ north latitude and 119°21′35″ east longitude (Figure 1) [38]. The entire basin area of the reservoir is 1646 km2, with a total capacity of 1.06 × 108 m3. It is situated in the middle reaches of the Ao River, with the dam site located approximately 6 km upstream from Tangban Village in Lianjiang County. This is a third-level reservoir developed on the main stem of the Ao River, with primary functions including water supply, flood control, power generation, irrigation, and aquaculture [39]. The Shanzai Reservoir is the second water supply source for Fuzhou, serving the important task of supplying water to 1.6 million residents. It not only has to ensure the quantity, but also the quality of the water supply.



The water flow direction of the Shanzai Reservoir starts from the north, where the Qili River meets and merges with the Rixi River flowing from the southwest to the east towards the center of the reservoir. The main stream gradually inclines towards the dam, forming an irregular elongated shape, with an average depth of about 25–30 m and the deepest part reaching approximately 50 m in front of the dam. The hydraulic retention time is approximately 20.8 days, indicating that it is a seasonal regulating reservoir. The vertical water temperature distribution in the Shanzai Reservoir is characterized by a single convection type, forming a stable thermal stratification from spring to summer to autumn. The thermal stratification disappears in winter, and the vertical water body approaches a uniform mixing.



With the economic and social development of the catchment area, the reservoir has faced new or intensified challenges, including the following: (1) the increased pressure of eutrophication in the reservoir area; (2) the increased risk of seasonal algal blooms; (3) the availability of total nitrogen (TN) and total phosphorus (TP) as a nutrient source. As a result, the optimization of the aquatic biological community structure, and the reduction in the algal bloom risk have become key issues in the Shanzai Reservoir.




2.2. Principles of Hydrodynamic Modeling


The two-dimensional numerical model MIKE 21 FM, developed by the Danish Hydraulic Institute, was utilized to examine tidal flow in engineered sea areas [40]. The model employs an unstructured triangular grid for calculations, allowing for a better fit with the land boundaries and the software possesses several advantages: it has reliable algorithms, stable computations, a user-friendly interface, and powerful pre- and post-processing functions [41]. For horizontal spatial discretization, MIKE 21 FM employs the standard finite volume method, while a first-order explicit Euler difference format is used for the discretization of momentum and transport equations in time [42].
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where   h ( x , y , t )   is the water depth (m);   ζ ( x , y , z )   is the tidal level (m);   p , q ( x , y , t )   are the single-width flows in the x and y directions;   C ( x , y )   is the chezy coefficient (m^1/2/s);   g   is the gravitational acceleration (m/s2);   f ( V )   is the wind friction factor,   f ( V ) =   γ   α   2     ρ   α     where     γ   α   2     is the wind stress coefficient and     ρ   α     is the air density;   V ,   V   x   ,   V   y   ( x , y , t )   are the wind speed and its components in x, y directions;   Ω ( x , y )   is the Coriolis force coefficient (s−1);     p   a   ( x , y , t )   is the atmospheric pressure (kPa);     ρ   w     is the density of water (kg/m3);     τ   x x   ,   τ   x y   ,   τ   y y     are the effective shear force components.



Equations (1)–(3) constitute the basic governing equations for solving the tidal flow field. In order to solve this initial boundary value problem, appropriate initial and boundary conditions must be provided.




2.3. Aquatic Ecological Model Framework


The Shanzai eutrophication model reflects a redeveloped and enhanced version of the eutrophication and sediment system template found in MIKE 21 (DHI) in the ECO Lab [43]. It simulates and adjusts the biomass of blue-green algae, green algae, diatoms, and fish (using ABM simulation) while tailoring the aquatic ecological cycling mechanism to accurately replicate the eutrophication process in the Shanzai reservoir.



This model is derived from the established eutrophication and sediment system template in the ECO Lab [44]. It simulates and adjusts the biomass of blue-green algae, green algae, diatoms, and fish (employing ABM simulation). Furthermore, it customizes the aquatic ecological cycling mechanism to represent the eutrophication process in the Shanzai reservoir.



The Shanzai eutrophication model articulates the nutrient cycling process in the reservoir and the growth dynamics of phytoplankton and zooplankton. It also encompasses the cycling processes of various forms of nitrogen and phosphorus nutrients in the sediment, capturing their interactions with the overlying water. Utilizing a suite of 129 differential equations, the Shanzai eutrophication model describes the variations in 29 distinct state variables, encompassing phytoplankton (blue-green algae, green algae, diatoms, and dinoflagellates), chlorophyll-a, zooplankton, humic substances, dissolved oxygen, and inorganic nutrients.



Additionally, the model calculates various derived variables, such as primary productivity, total nitrogen and phosphorus concentrations, sediment oxygen demand, and water clarity. Figure 2 illustrates the carbon, nitrogen, phosphorus, and oxygen cycling and transformation processes described in the eutrophication and sediment system template. The entire model is constructed around the carbon cycling and transformation processes of different nutrient pools, including phytoplankton, zooplankton, humic substances, and sediment.
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where   c   is the concentration of the ECO Lab state variable;   u , v , w   are the flow velocity components;   p , q ( x , y , t )   are the single-width flow in the x and y directions;     D   x   ,     D   y   ,     D   z     are the dispersion coefficients;     S   c     is the sources and sinks;     P   c     is the ECO Lab processes,     process   i     stands for various biochemical processes.




2.4. Data Collection


All the data were collected in the year 2021. Water quality data were obtained from the automated monitoring station operated by the Ecological and Environmental Bureau’s Reservoir Center in Fuzhou, with a monitoring frequency of every 4 h. Additionally, monthly manual monitoring data from the inlet rivers were utilized. These data encompass parameters such as water temperature (TEM), dissolved oxygen (DO), total nitrogen (TN), ammonia (NH3), total phosphorus (TP), and chlorophyll concentration (CHL).



Hydrodynamic data for the reservoir area were obtained from the daily average data provided by the Shanzai Reservoir Management Office, including inlet flow, outlet flow, and upstream water level. On-site measurements of flow velocity in the reservoir were conducted using a portable flow velocity meter.



Meteorological data were sourced from the tavg1_2d_rad_Nx dataset in the second Modern-Era Retrospective analysis for Research and Applications version 2 (MEERA-2) [45]. This dataset includes information on rainfall, wind speed, wind direction, solar radiation intensity, and photosynthetically active radiation (PAR).




2.5. Model Setup and Simulation Scenarios


2.5.1. Initial Model Parameters


In the simulation of the annual growth and succession of the main algal species in the Shanzai Reservoir, in order to reflect the succession of the main algal species in the Shanzai Reservoir as realistically as possible, it is necessary to use the actual water quality situation of the Shanzai Reservoir as a basis. For measurable indicators, the average of the measured data from various monitoring stations within the reservoir can be used as the initial value for the entire reservoir. For indicators that lack monitoring data or are difficult to monitor, default values of the various state variables in the model can be used as the initial values for simulation.



The model comprised two inlet boundaries and one outlet boundary, as depicted in Figure 3. The total number of cells in the unstructured mesh model was 10,541, with a typical horizontal size of 40 m × 40 m and no vertical stratification. The initial values of various indicators in the model were set as shown in Table 1.




2.5.2. Model Verification and Validation


The hydrodynamic verification results are shown in Figure 4, while the water quality and biomass indicators’ verification results are illustrated in Figure 5. Simultaneously, the model’s effectiveness was evaluated and analyzed using the statistical indicators Root Mean Square Error (RMSE) and Nash–Sutcliffe efficiency coefficient (NSE) [46], as shown in Table 2. Due to the strong correlation between chlorophyll and biomass [47,48], this study uses chlorophyll concentration to represent the biomass indicator.



Generally speaking, an NSE greater than 0.6 is considered acceptable, and a smaller MRE is preferred. Based on the indicator results (Table 2), the NSEs for TN, TP, NH3, and flow rate are relatively low, indicating poor performance. However, the NSEs for water level, CHL, TEM, and DO are higher, indicating better performance. The performance of the RMSE is acceptable, with the chlorophyll indicator slightly higher compared to other indicators.



Overall, the water level simulation results are in good agreement, and the flow velocity simulation demonstrates moderate effectiveness, showcasing the reservoir flow velocity’s order of magnitude. The simulated water quality indicators are basically consistent with the measured values, especially the important parameters such as CHL and TEM, effectively reflecting the annual variations in the water quality of Shanzai Reservoir.



Concerning CHL simulation and measurement results, the simulation effectively reflects the inter-annual variations, showing a normal distribution curve with the highest concentration occurring from June to August. The simulation results exceed the measured values in August and September, likely due to the gradual decrease in solar radiation after July in the northern hemisphere, leading to a rapid decline in reservoir temperature. The model’s monthly average TEM simulation is 1–2 °C higher than the actual temperatures due to the reservoir’s vertical stratification buffer effect [49]. Moreover, the model utilizes a single-value function curve to express the algae growth rate at the most suitable temperature, while a stepped growth curve where algae maintain a stable growth efficiency within an optimal temperature range may exist in reality [50]. Addressing this discrepancy is a potential direction for further exploration and model improvement.




2.5.3. Simulation Scenarios


The management and control of eutrophication and algae in water sources should consider water usage safety and the ecological risks associated with chemical and microbial methods of algae control, which are challenging to manage. In the prevention and control of algae in water sources such as lakes and reservoirs, the focus should be on reducing nutrient sources, particularly internal sources within the reservoir, and implementing biological and physical algae control measures, such as ecological fish stocking, mollusk breeding, and algae removal equipment [51,52,53,54,55].



Consequently, this research project specifically proposes hydrodynamic solutions, a reduction in sediment pollution sources, and ecological stocking measures to address the issue of blue algae bloom in Shanzai Reservoir. It conducts a simulated analysis to evaluate the effectiveness of these control measures.



This chapter presents a water ecological cycle model, constructed based on the characteristics of the Shanzai Reservoir. It analyzes various simulation scenarios and operating conditions to study their effects on the growth of blue algae in Shanzai Reservoir throughout the year. The research is guided by an ecological perspective of the control system of algae in lakes and reservoirs, and it establishes different simulation scenarios and operating conditions can be used to analyze the impact of different water levels (Table 3), bottom sediment endogenous sources (Table 4), and ecological fish stocking (Table 5) on the growth of blue algae in the Shanzai Reservoir.






3. Results and Discussions


3.1. Reservoir Water Level Scheme Analysis


In the reservoir’s water level design scheme, the figure displays the results for both the reservoir center (Figure 6) and the overall reservoir (Figure 7).



The results (Figure 6) of the reservoir area simulation indicate the following conclusion:



(1) As the water level rises, there is a significant decrease in blue-green algae carbon (BC) content in the reservoir center. For instance, in scheme one, the blue-green algae carbon amount is approximately 48% higher at a water level of 75 m compared to scheme three at a water level of 85 m. This result aligns with the actual algal outbreak in the reservoir between July and April 2020 at a water level of 75 m, and the same period in 2021 and 2022 at a water level of around 85 m.



(2) There are minimal variations in the total nitrogen and total phosphorus content in the reservoir center across different water level schemes, with slight fluctuations observed. Over time, it can be observed that the concentration of nutrients in the water transitions from being higher at low water levels to being relatively consistent at high water levels. This is because the model-simulated total nitrogen and total phosphorus encompass all nitrogen and phosphorus substances in the water, including algal nitrogen and phosphorus, detrital nitrogen and phosphorus, inorganic nitrogen, and inorganic phosphates. With no changes at the inflow and outflow boundaries, the main factors influencing changes in the total nitrogen and phosphorus content are nitrogen and phosphorus deposits and their release from the bottom sediment.



On one hand, the decrease in water levels leads to an increase in water temperature and light intensity, particularly impacting shallow areas and the overall flow velocity in the reservoir. This results in excessive water exchange and an overall rise in nutrient concentration, fostering increased algal growth and reproduction. On the other hand, following algal death, detritus settles at the reservoir’s bottom, carrying nitrogen and phosphorus into the sediment. As nitrogen and phosphorus concentrations in the water decrease due to algal absorption, the concentration gradient between the interstitial water in the sediment and the overlying water intensifies, leading to an increase in nutrient release from the sediment. This relationship is a dynamic equilibrium tied to water temperature. Ultimately, the overall change in total nitrogen and total phosphorus tends towards a stable state, with slightly different variations as the seasons shift.



The results (Figure 7) of the reservoir area simulation indicate the following conclusion:



(1) Blue-green algae and chlorophyll are primarily distributed in various bays and areas with different water depths, with a higher biomass of blue-green algae observed in the dock area compared to other regions. The overall distribution of blue-green algae and chlorophyll demonstrates a spatial decreasing trend from the inflow to the dam.



(2) The distribution of nutrients, nitrogen, and phosphorus displays minor variations, with the total nitrogen concentration being positively correlated with algal biomass and the total phosphorus exhibiting the opposite trend. The simulation results clearly indicate that the total phosphorus in the dock bay area is significantly higher than in other regions, while the total nitrogen concentration is lower. This disparity arises because algae absorb more inorganic nitrogen, and the amount of phosphorus released from the sediment exceeds the amount that is deposited, whereas the opposite trend applies to total phosphorus.



Therefore, in reservoir management, when considering flood control and storage, as well as ensuring flood discharge safety and water resource protection, it is crucial to establish an appropriate ecological water level based on the relationship between algae and the local reservoir water level [56].




3.2. Analysis of the Impact of the Sediment Pollution Reduction Plan


In the reservoir’s sediment pollution reduction scheme, the figure displays the results for both the reservoir center (Figure 8) and the overall reservoir (Figure 9).



The results (Figure 8) of the reservoir area simulation indicate the following conclusion:



(1) The reduction in bottom sediment has a minimal impact on the growth of blue-green algae, slightly decreasing the algal biomass.



(2) The reduction in bottom sediment significantly affects the concentration of nutrients in the reservoir center, notably decreasing the concentration of total phosphorus and total nitrogen. A 25% reduction leads to a 6% decrease in total nitrogen and an 8% decrease in total phosphorus. A reduction of 50% results in a 12% decrease in total nitrogen and a 14% decrease in total phosphorus.



The results (Figure 9) of the reservoir area simulation indicate the following conclusion:



(1) Overall, dredging and cleaning the bottom sediment has a greater impact on algal growth in the dock and shallow water areas of the bays compared to the deepwater areas of the reservoir. This is because, on the one hand, although there is a reduction in nutrients in the deepwater areas, the diffusion of released nutrients from the bottom to the surface is weaker, resulting in a smaller effect compared to the shallow water areas. On the other hand, the two-dimensional model considers the time cost and averages the algal concentration vertically at the grid scale [57]. However, the actual distribution of algae is not uniform, with the majority existing in the surface layer within the photic zone. Assessing algal growth by removing the influence of water depth, possibly using g/m2, might be more appropriate.



(2) Overall, the reduction in internal sources in the reservoir significantly decreases the concentration of total nitrogen and total phosphorus, but they still remain above the threshold levels of 0.6 mg/L for total nitrogen and 0.03 mg/L for total phosphorus. In terms of the inhibitory effect on algal growth, although algal biomass has decreased, the effect is not as significant as the decrease in nutrient concentration. The total nitrogen and total phosphorus from the river inflows at Huokou and Rixi still represent the largest input of nutrients into Shanzai Reservoir. Merely carrying out internal dredging is not enough to achieve the environmental threshold of 0.6 mg/L for total nitrogen and 0.03 mg/L for total phosphorus. To some extent, reducing nutrient levels does not play a decisive role in algal growth, given the strong influence of light and water temperature.



From the results of the model simulation from July to September, it is evident that under an appropriate water temperature and sufficient light intensity, the role of nutrients in algal growth is much less significant than the influence of light and water temperature. Therefore, in the prevention and control of algae, paying continuous attention to temperature and light conditions is particularly crucial [58].




3.3. Ecological Fish Farming


Regarding the reservoir’s ecological fish farming scheme, the results for both the reservoir center (Figure 10) and the overall reservoir (Figure 11 and Figure 12) are presented.



The results (Figure 10) of the reservoir area simulation indicate the following conclusion:



(1) An analysis of the ecological stocking from July to October indicated that the stocking of 200,000 fish had a significant impact on reducing algae biomass. Following the introduction of carp and silver carp, there was an average decrease of approximately 35% in blue-green algae biomass compared to pre-stocking levels. This decrease had a discernible effect on the peak outbreak, leading to a flattening of the overall algae biomass curve. A comparison with the ecological stocking of 300,000 fish by our institute in 2009 yielded similar results.



(2) Following ecological stocking, there was a marginal decrease in the concentration of total nitrogen and total phosphorus in the deep-water area represented by the reservoir center, with a reduction of approximately 1% for total nitrogen and 0.4% for total phosphorus. There are two main reasons for the poor effect of nitrogen and phosphorus reduction. Firstly, in this model, fish only feed on phytoplankton, and the proportion of nitrogen and phosphorus content in algae to total nitrogen in the reservoir is very small. Secondly, In this simulation process, only the predation on phytoplankton was considered, while the situation of fish feeding on organic debris and zooplankton ingestion was ignored. Therefore, the assessment of the reduction ability of fish on total nitrogen and total phosphorus nutrients is relatively conservative, and there is room for improvement in actual effectiveness.



The results (Figure 11 and Figure 12) of the reservoir area simulation indicate the following conclusion:



(1) Following ecological fish farming, the overall distribution of algae biomass became more evenly spread in the reservoir area due to the feeding activity of fish. Regions with previously high levels of algal biomass, such as local bays and shallow waters near the dock, exhibited a significant decrease in biomass after fish stocking.



(2) Although the overall distribution of nutrients decreased in the area, there were instances where nutrient levels increased after ecological stocking, mainly concentrated near the dock or in shallow waters in front of small islands in the reservoir, where algae reproduction was significant.



(3) An analysis of the nitrogen and phosphorus conversion details in the various ecological circulation processes simulated by the model revealed that, primarily due to the large-scale reproduction of algae resulting from ecological fish farming, nitrogen and phosphorus were brought to the surface after stocking, contributing to an “anomalous phenomenon” of increased levels without offsetting the amount brought into the sediment through the dead biomass of algae [59].



Therefore, acknowledging the significant role of planktonic algae in the aquatic ecosystem is paramount; the controlled reproduction of algae acts as an absorber and converter of nitrogen and phosphorus, playing a crucial role in reducing and buffering nutrient concentrations in reservoirs. Pursuing the complete eradication of algae may have detrimental effects on the ecological cycle of reservoirs.





4. Conclusions


This research aims to explore the mechanism of algal growth in the Shanzai Reservoir and establish an algal reproduction growth model to deepen the understanding of the interaction between algal growth and the external environment, encompassing hydrology, meteorology, nutrients, and plankton. This model provides a reliable method to assess the impact of various algae control measures on the overall ecological balance of the reservoir, which is of significant importance. The study evaluated three primary directions of algae control measures—water level, internal source reduction, and ecological stocking. By comparing the effects of these measures on algal biomass and nutrient reduction, future directions in reservoir control research can be derived as follows:



(1) The implementation of ecological hydraulic construction in the reservoir area, integrating algae control with reservoir water conservancy prevention and control. When balancing the ecological water level factor, it is recommended to consider controlling the water level and reservoir capacity within the scope of the flood limit water level and dead storage capacity in water conservancy. This approach ensures macroscopic control over the hydrodynamics and water environment for algae growth.



(2) The adoption of a moderate reduction in pollution sources, with a focus on regular early warning monitoring. In the face of the increasing treatment of basin pollution sources, especially after the effective control of major pollution sources in southern reservoirs, the pursuit of the complete elimination of algae is deemed detrimental to the stability of aquatic ecosystems. The simulation model indicates suitable light and temperature conditions as the main driving forces for algal reproduction, recommending incremental reductions in internal and external sources, along with strengthened regular monitoring, to anticipate and prevent extensive algal growth.



(3) The integration of ecological governance, pollution source reduction, and emergency responses. Combining ecological governance, such as the ecological stocking of fish species like carp and silver carp, with efforts to reduce pollution sources, including internal and external sources in the reservoir, would compensate for the deficiency in nutrient reduction. Over time, this integrated approach will help establish a stable water ecological system in the reservoir, preventing algal outbreaks.
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Figure 1. (a) Fujian Province, in the yellow section, is located on the southeastern coast of China; (b) Fuzhou City, in the pink section, is located at the eastern end of central Fujian Province; (c) the boundary of Shanzai Reservoir. These points are hydrological and water quality monitoring sites. 
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Figure 2. Schematic diagram of eutrophication model structure. 
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Figure 3. Domain and grid partitioning in the model. 
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Figure 4. Verification of hydrodynamic simulation results. 
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Figure 5. Water quality simulation results’ verification. 
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Figure 6. (a) Comparison of carbon content of blue-green algae (BC) in different water level scenarios; (b) comparison of total nitrogen (TN) concentration in different water level scenarios; (c) comparison of total phosphorus (TP) concentration in different water level scenarios. 






Figure 6. (a) Comparison of carbon content of blue-green algae (BC) in different water level scenarios; (b) comparison of total nitrogen (TN) concentration in different water level scenarios; (c) comparison of total phosphorus (TP) concentration in different water level scenarios.



[image: Water 16 01494 g006]







[image: Water 16 01494 g007] 





Figure 7. Comparison of carbon content of blue-green algae (a,e,i), chlorophyll concentration (b,f,j), total nitrogen concentration (c,g,k), and total phosphorus concentration (d,h,l) in scenarios with a water level of 75 m (a–d), 80 m (e–h), and 85 m (i–l). 
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Figure 8. (a) Comparison of carbon content of blue-green algae (BC) in different dredging scenarios; (b) comparison of total nitrogen (TN) concentration in different dredging scenarios; (c) comparison of total phosphorus (TP) concentration in different dredging scenarios. 
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Figure 9. Comparison of carbon content of blue-green algae (a,e,i), chlorophyll concentration (b,f,j), total nitrogen concentration (c,g,k), and total phosphorus concentration (d,h,l) in original sediment cleaning (a–d), 20% sediment cleaning (e–h), and 50% sediment cleaning (i–l) scenarios. 
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Figure 10. (a) Comparison of carbon content of blue-green algae (BC) in different farming schemes; (b) comparison of total nitrogen (TN) concentration in different farming scenarios; (c) comparison of total phosphorus (TP) concentration in different farming scenarios. 
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Figure 11. After one day of release, the fish fry dispersed and swam away. 
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Figure 12. Comparison of carbon content of blue-green algae (a,e), chlorophyll concentration (b,f), total nitrogen concentration (c,g), and total phosphorus concentration (d,h) in non-ecological stocking (a–d) and ecological stocking (20,000 individuals) (e–h) scenarios. 
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Table 1. State variables and initial value settings.
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	State Variable
	Description
	Initial Value
	Unit





	BAC
	Blue algae carbon content
	0.1
	g C/m3



	BAN
	Blue algae nitrogen content
	0.014
	g N/m3



	BAP
	Blue algae phosphorus content
	0.002
	g P/m3



	BACH
	Blue algae chlorophyll content
	0.001
	g CH/m3



	Diatoms Si
	Diatoms silicon content
	0.01
	g Si/m3



	Zooplankton C
	Zooplankton carbon
	0.003
	g C/m3



	DC
	Detritus carbon content
	0.5
	g C/m3



	DN
	Detritus nitrogen content
	0.3
	g N/m3



	Detritus P
	Detritus phosphorus content
	0.02
	g P/m3



	Detritus Si
	Detritus silicon content
	0.1
	g Si/m3



	Dissolved oxygen
	Dissolved oxygen
	11.05
	g DO/m3



	Ammonium
	Ammonium nitrogen
	4.05
	g N/m3



	Nitrate
	Nitrate nitrogen
	1.6
	g N/m3



	Phosphate
	Phosphate
	0.1
	g P/m3



	Silicate
	Silicate
	0.1
	g Si/m3










 





Table 2. Model statistical indicators.
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	Statistical Indicators
	Water Level

(m)
	Flow Velocity (m/s)
	Tem

(°C)
	DO (mg/L)
	TN

(mg/L)
	NH3 (mg/L)
	TP

(mg/L)
	CHL (mg/L)





	RMSE
	1.12
	0.001
	1.24
	1.55
	0.13
	0.52
	0.005
	7.18



	NSE
	0.98
	0.01
	0.96
	0.65
	0.08
	0.16
	0.32
	0.71










 





Table 3. Hydrodynamic settings scenario design.
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Scenario

	
Water Level in Front of the Dam

	
Aquatic Ecological Environment Background

	
Nutrient






	
1

	
75

	
The inflow is the average of the last five years, including 35 m3/s in Huokou and 5 m3/s in Rixi. Water quality uses average data of 2022.

	
The nitrogen and phosphorus loads entering the reservoir include inflow and internal sources of pollution. All parameters are set using the model parameters validated in 2020.




	
2

	
80




	
3

	
85











 





Table 4. Endogenous source cleaning conditions.
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Scenario

	
Water Level in Front of the Dam

	
Aquatic Ecological Environment Background






	
1

	
20%

	
Idealized setting for sediment reduction to quantify the benefits of dredging. Actual projects should consider safe dredging with negative effects on sediment disturbance and consider zoning, staging, and negative impact. All settings are based on the 2020 modeling parameters.




	
2

	
50%




	
3

	
100%











 





Table 5. Ecological farming.






Table 5. Ecological farming.





	Scenario
	Survival Quantity (Ten Thousand)
	Fish Fry

(g/piece)
	Feed Intake (Daily Weight Percentage, 1/d)
	Feed Intake (Daily Weight Percentage, 1/d)
	Hydraulic Conditions





	Crucian carp
	20
	15
	0.05
	Actual inflow and outflow and water quality from July to September 2020
	Idealized setting for sediment reduction to quantify the benefits of dredging. Actual projects should consider safe dredging with negative effects on sediment disturbance and consider zoning, staging, and negative impact. All settings are based on the 2020 modeling parameters.
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