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Reservoir ecological operation has become an important means of ecological protection and restoration. The operation of reservoirs on sediment-laden rivers with water supply, sediment transport, flood control, wetland protection, and power generation as the primary objectives is a challenge in water resources management. Currently, most studies on reservoir ecological operation models involve a single ecological objective, and the inadequacy of the corresponding ecological constraint conditions makes it difficult to optimize reservoir ecological operation. To address these challenges, this study considers comprehensive water shortage, ecological water shortage, effective sediment transport in the river, and reservoir power generation as objective functions to establish an ecological operation model of sediment-laden river reservoirs for wetland protection. In this model, the ecological flow at key sections and water quantity discharged into the ocean are added as the constraint conditions to generate optimal operation schemes that reflect ecological benefits. The case study of the Xiaolangdi Reservoir (XLDR) on the Yellow River, China shows that with this model, the multi-objective requirements of water supply, ecology, sediment transport, flood control, and power generation in the XLDR could be met synergistically by optimizing the average daily discharge of the reservoir. Although the generated ecological operation schemes consider the demand for wetland protection, the reservoir flood control, sediment transport and power generation were not affected, and the latter two even showed improvement. In addition, this model has stronger applicability for large reservoirs. In dry years, small and medium reservoirs require water transfer, water-saving, and other measures required to alleviate water shortage.
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1 INTRODUCTION
Reservoir construction is an important method of exploiting river water resources (Sawakuchi et al., 2021). The operation and storage functions of a reservoir offer great economic benefits to society (Maskey et al., 2022); however, they have an impact on river hydrology, hydrodynamics, and water ecology (Ngor et al., 2018; Maavara et al., 2020), especially in causing unnatural flow patterns (Grill et al., 2019). For maintaining the ecological health of rivers and adapting river flow processes subjected to the influence of reservoirs, the concept of ecological operation has been proposed (Zhou and Guo, 2013; Valeria and Alberto, 2015). The core of ecological operation is to meet both the social and economic water requirements and maintain the ecological health of the river. Ecological protection and restoration have gradually become some of the important objectives of reservoir operation (Suwal et al., 2020), and this concept has enabled the field of water-resource management to develop immensely (Wang et al., 2015; Ai et al., 2022). To date, the primary scientific problem faced in the ecological operation of reservoirs is the optimization of the operation to reconstruct the ecological flow and hydrodynamic processes of the river (Acreman et al., 2014; Poff, 2018); that is, to create hydrological regime and hydrodynamic conditions favorable to ecological protection and water environment improvement downstream of the reservoir and to provide water flow process for river-beach forest and grass irrigation, wetland ecology, and fish habitat using pulsed discharge from the reservoir (Huang et al., 2018; Deng et al., 2020; Katrien et al., 2020).
Currently, the ecological protection role of reservoir has received considerable attention (Baumgartner et al., 2020; Deng et al., 2020). Through the ecological operation of reservoirs, an artificial flow process is created to improve the ecological environment quality downstream, which has been studied with respect to the operations of many reservoirs (Gillespie et al., 2015). Sale et al. (1982) investigated the relationship between biological flow demand and river water intake using mathematical methods, and the concept of ecological operation was explored. Ecological operation concepts have been implemented in the Glen Canyon Dam and Colorado River Reservoir in the United States, and the combined objectives of river sediment transport, habitat restoration, and fish protection were attained (Chen et al., 2019; Dobson et al., 2019). Babel et al. (2005) developed a reservoir operation optimization model to maximize the total economic benefits, and this model met the water requirements of different departments including living, production, and ecology to the greatest extent and guaranteed the ecological water demand downstream. Shiau and Wu (2007) studied the ecological flow rates of the river over different years and used an optimization algorithm to determine the balance between economy and ecology. Several scholars have considered the calculated minimum ecological flow rate of a river as the constraint condition in reservoir (group) operation optimization models to realize their ecological benefits. In some studies, the power generation in hydropower stations under different ecological flow conditions were investigated to optimize the trade-off between ecology and power generation objectives (Castellitti et al., 2008; Hu et al., 2008; Steinschneider et al., 2014; Nyatsanza et al., 2015).
In 2017, a reservoir operation model that coupled the structural differences in the river runoff regime was proposed, and a runoff mode was designed to ensure the ecological integrity of the Mekong River and socio-economic demand in this model (Sabo et al., 2017). Since 1999, operations on the Yellow River in China have been unified. Ecological operation based on water and sediment in the lower reaches of the Yellow River was carried out, and this practice improved the biodiversity of the Yellow River Delta (Li, 2006). Yan et al. (2021) constructed a reservoir operation model with two defined ecological objectives of water quantity level and hydrological alteration with the economic objective of hydropower production. Li et al. (2022) constructed an operation model of the Three Gorges and Gezhouba reservoir groups, and the ecological demand of representative fishes in the Yangtze River was involved in this model. Based on a refined reservoir discharge strategy, appropriate conditions for fish spawning were created. The realization of a win-win situation for economic development and ecological protection by incorporating these into reservoir operations is at the cutting edge of research (Margaret and Albert, 2019), but in general, the ecological operations of reservoirs have been less studied (Poff and Schmidt, 2016; You et al., 2021).
A number of studies have confirmed the feasibility of ecological operation, but most of the current ecological operations have the characteristic of “high-flow-rate discharge in the flood period” (Lan et al., 2022). With the increase in ecological protection awareness, the fulfillment of ecological demand at a high level has become an important goal (Niu et al., 2021), and ecological operation has expanded from the guarantee of ecological base flow of a single section to considering the ecological water demand of the area downstream (Tsai et al., 2015; Zeng et al., 2022). Because different rivers have different hydrological, water-sediment, and hydro-ecological characteristics that are affected by the operation and storage capacity of the reservoir itself, an obvious antagonistic effect exists between the benefit and ecological objectives. Optimized, refined, dynamic, and operable ecological operations have become a challenge. Meanwhile, studies on ecological operation in China focus on the Yangtze River (Huang et al., 2019; Jiang et al., 2019), and few studies take the Yellow River as the object. It is noteworthy that the Yellow River is a typical sediment-laden river, and its problems such as water shortage, uncoordinated water-sediment relationship, and fragile ecological background increase the difficulty of ecological operations. Therefore, according to the characteristics of sediment-laden rivers, a reservoir ecological operation model for the wetland protection was established in this paper, and a case study related to the Xiaolangdi Reservoir (XLDR) of the Yellow River (This reservoir is a key project to control the water supply downstream, to regulate the water-sediment relationship, and to provide ecological water replenishment for the wetland of the Yellow River Delta.) was carried out.
2 RESERVOIR ECOLOGICAL OPERATION MODELLING
The key objective of reservoir operation is to maximize comprehensive regional benefits by shaping the flow process in the reservoir area downstream. Sediment transport is an important goal for sediment-laden rivers. The reservoir operation model in this paper not only involves water supply, flood control, power generation and other objectives, but also considers the ecological protection and sediment-transport objectives. It is an operation optimization model that integrates multiple objectives. The average daily process was taken as the simulation scale of the model, and the diversion gate dam project involved in this model was generalized according to the diversion site.
2.1 Model objective functions

(1) Minimum comprehensive water shortage. Water supply efficiency is improved during the operation period to reduce water shortage and provide stable water resource guarantee for the domestic and production water demand of the water service area.
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where θ(t) is the importance coefficient of water shortage on day t; Qd(t) and Qs(t) is the water demand and water supply on day t, m³, respectively; [image: image] represents the period. Qs(t) is the decision variable.
(2) Minimum ecological water shortage. To ensure the water demand for maintaining the basic functions of the river channel downstream, simulate a reservoir discharge mode close to the natural hydrological situation, enhance the connectivity and operation of water system, meet the ecological water requirement of river channel, and maintain and improve the health of the river.
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where W(t) and Weco(t) stand for the ecological water discharged from the reservoir and regional ecological water demand on day t, respectively, m³. W(t) is the decision variable.
(3) Maximum effective sediment transport of the river. To improve the water and sediment transport capacity of the river channel and maintain the stability of the river channel, sediment can be transported into the ocean as much as possible, and the quantity of sediments deposited in the reservoir and river channel can be reduced.
[image: image]
where Qout(t) is the flow rate of water discharged from the reservoir on day t, m³/s; Qout(t) ≥ [Qs(t) + W(t)]. St is the critical sediment content, and St = vQout(t)m, kg/m³; v and m are the parameters; St, as one of the key parameters to calculate the sediment transport for sediment-laden river, is expressed as the sediment content with the highest sediment transport efficiency and lowest sediment deposition risk in the reservoir operation process; and meanwhile, the sediment content in reservoir outflow cannot be higher than St to prevent sediment deposition and economize sediment-carrying water. Qout(t) is the decision variable.
(4) Maximum reservoir power generation. Maximum electricity is generated during the reservoir operation period to obtain the benefits of the reservoir.
[image: image]
where Z(t) stands for the water level in front of the dam on day t, m; Z(0) stands for the installation elevation of the reservoir motor floor, m; K is the output coefficient of generator unit; aep is the on-grid electricity price of reservoir power generation, U.S. dollar/kW·h. Z(t) is the decision variable.
2.2 Model constraint conditions

(1) Reservoir water balance constraint
[image: image]
(2) Reservoir capacity constraint
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(3) Reservoir discharge constraint
[image: image]
(4) Ecological flow constraints at key sections
[image: image]
(5) Constraint of water quantity discharged into the ocean
Considering that certain rivers were directly connected to the ocean, a certain quantity of water is required to maintain the offshore ecosystem, and the quantity was calculated as follows:
[image: image]
(6) Reservoir power output constraint
[image: image]
(7) Non-negative constraints: all the variables are non-negative values
Where V(t+1) and V(t) represent the storage capacity of the water reservoir on day t+1 and day t, respectively, m³; Qin(t), qin(t), Qout(t) and Qd(t) represent the inflow rate on day t, inter-section catchment flow rate, reservoir discharge flow rate, and reservoir diversion flow rate (including reservoir water loss), m³/s. Vmin and Vmax are the lower and upper limits of reservoir capacity, m³. Qmin and Qmax stand for the lower and upper limits of flow rate discharged from the reservoir, respectively, m³/s. Qc(t) is the flow rate at the section on day t, and EF(t) is the ecological flow rate required in the section on day t, m³/s. IS the flow rate discharged into the ocean, m³, and IS(min) is the minimum value of IS. Nmin and Nmax represent the lower and upper limits of output of the reservoir generator units on day t, kW.
2.3 Model solution
The reservoir ecological operation model proposed in the paper has four objective functions, the calculation process of multi-objective reservoir operation model has the characteristics of high dimension and multi-stage dynamics, which will be restricted and affected by different stakeholders (Zhao and Cai, 2020). The Non-dominated Sorting Genetic Algorithm-Ⅱ (NSGA-Ⅱ) is one method to solve optimization problems. However, the optimization efficiency and convergence speed of the NSGA-Ⅱ algorithm would be reduced by the model with three or more objective functions (Liu et al., 2021). The existing study has found that an integrated algorithm that includes the normal boundary crossing method, primal-dual interior-point method, and NSGA-Ⅱ can be used for lake or reservoir optimization, which is an effective way to reduce calculation time and enhance global convergence (Liu et al., 2021). Four objective functions of the proposed model can, in this study, be converted into two coupled objective functions using the normal boundary crossing method and the primal-dual interior-point method. Subsequently, the NSGA-Ⅱ is employed to solve the model with two objective functions and using the fuzzy satisfaction evaluation to filter the optimal solution in the end (Calculation process can be seen in Figure 1).
[image: Figure 1]FIGURE 1 | Optimization calculation process of the integrated algorithm.
3 CASE STUDY
3.1 Study area
The XLDR is a large comprehensive water control project located at the outlet of the last gorge in the middle reaches of the Yellow River. The area of the basin upstream from the dam site is 694,200 km2, accounting for 92.2% of the total basin (excluding the noncontributing area). The annual average runoff was measured to be 37.75 billion m³, and the average annual sediment transport is 1.265 billion tons. Approximately 92.3% of the total area of the Yellow River basin, 87% of the natural runoff of the Yellow River, and 100% of sediment transport are controlled by the reservoir. The primary objective of the XLDR was flood (including ice) prevention and siltation reduction, with subsidiary objectives of water supply, irrigation, power generation, storing clear water and releasing muddy water, elimination of hazards and promotion of benefits, and comprehensive resource utilization (Shang et al., 2022). The normal impounded level, normal dead storage level, flood control level, and abnormal dead storage level of the reservoir are 275, 230, 254, and 220 m, respectively. Currently, the XLDR provides water for the wetland in the Yellow River Delta through large-scale discharge during the flood season.
3.2 Model input data
The inflow of the XLDR from 2000 to 2020 was arranged according to the frequency of runoff values, and the inflow runoff in the wet year (2020), normal year (2007) and dry year (2016) was selected in the model. The local inflow in the model included the Yiluo River and Qinhe River, and the local inflow was arranged according to the frequency of characteristics in the wet, normal, and dry seasons; The quantities of water required for regional living, production, and urban ecology were calculated according to the quantities of water consumed (excluding water withdrawal from the river). The monthly average water loss due to evaporation and leakage in the river was estimated to be 25 m³/s in the wet and normal years and 20 m³/s in the dry year. The generalized calculation units in this model are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Calculation units generalization of ecological operation model.
The wetland of the Yellow River Delta in the lower reaches of the XLDR is an important stopover, wintering, and breeding site for migratory birds around the Western Pacific and East Asia-Australia. This delta is the largest breeding place for the oriental white stork, which is the flagship species of wetland ecosystem, the second largest breeding place for the endangered species of black-headed gull, and the largest migration and stopover place for the eastern population of curly pelican, which is a first-class protected animal in China. Wetland, rare and protected birds and their habitats, and estuarine and offshore aquatic organisms and their habitats are the main ecological protection objects in this region. According to the studies undertaken by the Yellow River Engineering Consulting Co., Ltd., the ecological water demand for maintaining the stability of the ecosystem of the Yellow River Delta under different inflow conditions is listed in Table 1; Water is required from March to September; the period of April to June is critical for fish spawning in the Yellow River estuary, and the minimum amount of water discharged into the ocean from April to June in a year reaches 30 × 108 m³. Moreover, based on the existing study from the Yellow River Engineering Consulting Co., Ltd., the critical sediment concentration of the XLDR with the best sediment transport performance is as follows: St = 0.00294Qout0.804, where Qout is the amount of water discharged from the XLDR. According to the Ministry of Water Resources of China, the minimum ecological flow rate at the Lijin section is 50 m³/s. In addition, based on the relevant research results (Xia et al., 2021), the installation elevation Z(0) of the generator floor of XLDR is 129 m, and the output coefficient K of the generator units is 8.5. The on-grid electricity price a of the XLDR is 0.04562 U.S. dollar/kW·h.
TABLE 1 | Ecological water demand calculated by ecological operation model.
[image: Table 1]3.3 Results
Due to space constraints, this paper directly presents the optimal ecological operation scheme under different reservoir inflow conditions. During a wet year (2020), the monthly average flow rate discharged from the reservoir reached a maximum of 2927.58 m³/s in July and a minimum of 214.13 m³/s in January. The monthly average flow rates discharged from March to September exceeded 1,000 m³/s, and those in July to August exceeded 2000 m³/s (see Table 2). The abundant water resource was regulated and stored by the reservoir, so the requirements of flood control and sediment transport in the flood period were met, and the flood could effectively support the ecological replenishment of the wetland in the Yellow River Delta. The utilization rate of flood was improved, and the higher requirements of regional ecological protection and restoration were met.
TABLE 2 | Ecological operation optimization scheme of the XLDR in 2020.
[image: Table 2]In a normal year (2007), the monthly average flow rate discharged from the reservoir reached a maximum of 1,543.08 m³/s in June and a minimum of 211.91 m³/s in January. The monthly average flow rates discharged in March to July 1,212.01, 1,178.99, 1,199.99, 1,543.08, and 1,344.11 m³/s, exceeded 1,000 m³/s (see Table 3). Through the optimization of operation, the requirements of day-to-day living, industry, agriculture, ecological water supply, ecological flow of Lijin section, and coastal ecological water supply in the reservoir area downstream could be met. Considering the smaller water inflow in the normal year compared to the wet year, the monthly average flow rates discharged in August to September were less than 1,000 m³/s. The storage rate of the reservoir was improved to guarantee water supply in non-flood seasons.
TABLE 3 | Ecological operation optimization scheme of the XLDR in 2007.
[image: Table 3]In another dry year (2016), the monthly average flow rate discharged from the reservoir reached a maximum of 1,151.86 m³/s in March and a minimum of 131.61 m³/s in January. The monthly average flow rates discharged in March and June 1,151.86 and 1,021.71 m³/s, exceeded 1,000 m³/s (see Table 4). This is the river-channel high-flow-rate pulse shaped by the water demand process. Due to the small inflow quantity in the dry year, the reservoir discharge was conservative. Therefore, the monthly average flow rates discharged from the reservoir in January to February, August to October, and November to December were less than 500 m³/s, and the water discharged aimed to meet the requirements of living and industrial water in the reservoir area downstream; the flow rates exceeded 500 m³/s in March to May to meet the requirement of agricultural irrigation in the reservoir area downstream.
TABLE 4 | Ecological operation optimization scheme of the XLDR in 2016.
[image: Table 4]The flow rates of the Lijin section reached or exceeded 50 m³/s under different inflow conditions, and the quantity of water discharged into the ocean from April to June of the year reached or exceeded 30 × 108 m³. But the flow rates in the Lijin section in December and January in the dry year were 54.78 and 50.3 m³/s, respectively, approaching the minimum-flow-rate requirement of the section. Therefore, operation in dry years is still an important concern. The optimized discharge processes of the reservoir in wet, normal, and dry years are shown in Figure 3. The maximum and minimum daily average flow rates discharged from the XLDR in the flood season of the wet year were 3843.25 and 315.51 m³/s. In the non-flood period, the maximum and minimum values were 3106.18 and 336.6 m³/s. The flood season in the middle and lower reaches of the Yellow River was distributed in July to August, and the peak of daily average flow rate took place on July 28. During the periods from June 29 to July 6 and from July 24 to August 1, the daily average flow rates discharged exceeded 3,000 m³/s. The maximum and minimum daily average flow rates discharged from the XLDR in the flood season of the normal year were 3,124.6 and 331.5 m³/s, respectively. In the non-flood period, the maximum and minimum values were 3,001.1 and 2,29.8 m³/s; the peak of daily average flow rate occurred on July 3. During the period from June 30 to July 5, the daily average flow rates discharged exceeded 3,000 m³/s. In the flood period of the dry year, the maximum and minimum daily average flow rates discharged were 2,862.84 and 126.59 m³/. In the non-flood period, the maximum and minimum values were 1,499.58 and 136.32 m³/s. The maximum was observed on July 7. During the period from July 5 to 9, the daily average flow rates discharged exceeded 2,000 m³/s to shape a limited high-flow-rate pulse process in the case of small quantity of inflow, to maintain the stability of the regional ecosystem. Irrigation, breeding of aquatic organisms in the river, and ecological water replenishment in the wetland are urgent in the lower reaches of the Yellow River in the period from March to May. By optimizing the reservoir operation process, the daily annual pulsed flow rate exceeding 1,000 m³/s could be successively shaped from March to May, regardless of the wet, normal, and dry years. This effect obviously mitigated the contradiction between irrigation and ecological water demand.
[image: Figure 3]FIGURE 3 | Reservoir outflow process in 2020, 2007 and 2016, respectively (a. March 1st ∼ May 31st; b. June 1st ∼ July 31st; c. Entire year).
4 DISCUSSION
The optimized results from the model were compared with the actual operation processes of the reservoir. In 2020, 170 million tons of annual sediment transport and power generation of 9.067 billion kW·h with economic benefit of 0.399 billion U.S. dollar could be realized by the XLDR as per the model. In contrast, the actual annual sediment transport, power generation, and economic benefit in 2020 were 141 million tons, 9.011 billion kW·h, and 0.396 billion U.S. dollar, respectively. The power generation and economic benefits increased by 56 million kW·h and 300 thousand U.S. dollar. In 2007, 143 million tons of annual sediment transport and power generation of 6.707 billion kW·h with economic benefit of 0.295 billion U.S. dollar could be obtained as per the model. In contrast, the actual annual sediment transport, power generation, and economic benefit in 2007 were 141 million tons, 6.633 billion kW·h, and 0.291 billion U.S. dollar. The power generation and benefit were increased by 74 million kW·h and 400 thousand U.S. dollar. In 2016, the annual sediment transport, power generation, and benefit reached 26 million tons, 4.316 billion kW·h, and 0.190 billion U.S. dollar in the model. However, the actual values in 2016 were 0 ton, 4.133 billion kW·h, and 0.182 billion U.S. dollar. Power generation and benefit were increased by 183 million kW·h and 800 thousand U.S. dollar. Although the ecological operation scheme considered the objectives of ecological protection and restoration, reservoir flood control, sediment transport and power generation were not affected, and the sediment transport and power generation benefit were even improved, proving that the proposed model is reasonable and reliable.
According to the study, flood control is a key issue for the reservoir in the flood season. The water level should be decreased before the flood season, and the problem that a large quantity of water was discharged in a short time in the actual operation scheme could be addressed via the optimization of the model. Therefore, the discharge process of the reservoir in the flood season could be more stable. The damage to the river channel due to the high peak flow rate could be prevented, and the utilization rate of flood resources in the flood season could be improved. Especially, the ecological recovery and environmental improvement in the reservoir area downstream could be promoted with the abundant water resources in the wet year after the optimization of operation and storage of the reservoir. The inflow in the normal year was stable, and the normal operation met the requirements of reservoir operation. To improve the efficiency of power generation and sediment transport, the optimization scheme can be adopted. In the dry year, the shortage of inflow water had a negative impact on the supply and demand of water resources and ecological protection in the lower reaches of the Yellow River. In particular, the Yellow River began to run dry in the lower reaches in the 1970s, and this situation became serious after the 1990s. Especially in 1997, the Yellow River ran dry in the lower reaches for a total of 226 days, resulting in the shortage of domestic water, degradation of wetland in the Yellow River estuary delta, loss of biodiversity, and deterioration of ecological situation. The XLDR has become the last barrier to ensure the continuous flow in the lower reaches of the Yellow River. As per our results, the flood peak flow in the flood season of the dry year that had not been well utilized in the actual operation process was optimized, and the demand for irrigation, living and ecological water supply in the lower reaches of the Yellow River in the dry year were realized. Meanwhile, the quantity of sediment deposited in the reservoir was reduced, and the service life of the reservoir was increased in the optimized scheme. Nevertheless, the water shortage in the Yellow River is still an important issue that can be addressed through consistent water saving and inter-basin water transfer in the future.
The reservoir operation of sediment-laden river is complex, and the reservoir discharge not only aims to water supply and power generation, but also focuses on the flushing, carrying and transport of sand through the flow process. Meanwhile, as an effective ecological protection and restoration measure, reservoir operation of sediment-laden river becomes more complex with those ecological objectives involved (Huang et al., 2020). In this paper, a reserve economic operation model was built, and the case study of the XLDR revealed that the optimization and constructive collaboration of multiple objectives such as water supply, flood control, sediment transport, ecology, and power generation with interactions can be realized by the good operation and storage capacity of a large reservoir. The results showed that the model was applicable to large reservoirs. For the medium or small reservoirs, the limited storage capacity will be a major constraint during operation. In detail, the deposition of sediment will affect the storage capacity and the operation effect of the reservoir will be limited during the multi-objective optimization process, resulting in the situation that only a proportion of objectives are optimized while the benefits of remaining objective are reduced. This situation was beyond the scope of this paper. In the future, the applicability of the proposed model to medium and small reservoirs in sediment-laden rivers will be estimated, and the possibility of model evolution will be evaluated to provide improved techniques for the multi-objective optimization and operation of reservoirs in sediment-laden rivers.
5 CONCLUSION
Aiming at the core topic of multi-objective optimization and operation of reservoir of sediment-laden river with the consideration of ecological demand, the following conclusions are drawn.
(1) The most evident feature of sediment-laden river is the sediment content in the water, and its reservoir operation is very complex. With the consideration of ecological protection objectives, the multi-scale, multi-objective, and multi-level degrees of reservoir operation have become larger. For the multi-objective requirements of reservoir water supply, ecology, flood control, sediment transport and power generation, the minimum comprehensive water shortage, minimum ecological water shortage, maximum effective sediment transport of river, and maximum reservoir power generation were taken as the objective functions to establish an ecological operation model of reservoir of sediment-laden river for the wetland protection.
(2) The results related to the XLDR showed that a pulsed flow process with daily average flow rate continuously exceeding 1,000 m³/s was shaped in this model to meet the requirements of the river channel in the lower reaches of the Yellow River by correcting the sudden and violent discharge process of the reservoir, enhancing the operation and storage of flood peak water in the flood season, and weakening the contradiction between irrigation and wetland ecological water replenishment, ensuring the water supply for living, agriculture, industry and ecology under different inflow conditions of the reservoir, improving the efficiency of power generation and sediment transport of the reservoir, and controlling the flood in flood seasons.
(3) The operations of reservoirs in years with a small amount of inflow water should be studied in detail. For large reservoirs, the domestic water consumption and production should be of priority, and the water required should be appropriately allocated to ensure the stability of the river ecosystem and to maintain the biodiversity of wetland. For the medium and small reservoirs, the operations may jeopardize the agricultural and ecological water demand to a certain extent, and the water shortage problem can be addressed through water transfer and water saving.
(4) Reservoir ecological operation model is reasonable and reliable and can provide a reference for the study of reservoir operation with multiple objectives such as water supply, sediment transport, ecological conservation, flood prevention and power generation in China and other countries.
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