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An environmental water supplement through reservoir regulation is an important way to restore the deltaic coastal wetland. In order to quantify the impact of the reservoir on the deltaic coastal wetland ecosystem, this article proposes a quantitative analysis method for the ecological impact and contribution rate of the reservoir, which compares the ecological status in two scenarios with the presence or absence of the reservoir during the assessment period, and reveals the reservoir’s impact on and contribution rate to the ecological status and environmental water supplement conditions. The results show that during 2000–2019, through the regulation of the Xiaolangdi Reservoir, the average annual drying up days at the Lijin section reduced by 81.15 days, the average annual assurance rate of ecological base flow at the Lijin section increased by 20.60%, and the volume of water flowing into the sea from April to June increased by 2.37 billion m³. During 2008–2015, the Xiaolangdi Reservoir increased the environmental water supplement of the Yellow River Delta by 19.95 million m³. Compared with the flow and water withdrawal during 1980–1999, the natural flow of the Yellow River decreased by 10.59% and the measured flow in the lower reaches decreased by 22.15%, and the water withdrawal in the lower reaches increased by 0.32 billion m³ during 2000–2019, which is detrimental to provide environmental water to the Yellow River Delta wetland and coastal areas. The Xiaolangdi Reservoir reversed the adverse effects of flow and water withdrawal and ensured the continuous ecological improvement in the Yellow River Delta and coastal areas, providing the respective contribution rate of 187.85%, 137.24%, and 125.83% to the prevention of drying up at the Lijin section, the increase in the assurance rate of ecological base flow at the Lijin section, and the increase in the volume of water flowing into the sea in the critical period.
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INTRODUCTION
The coastal wetland is one of the most productive ecosystems (Osland et al., 2018; Zhao et al., 2018). Coastal wetlands can provide biological habitats, purify water quality, facilitate carbon sequestration, resist coastal floods, and protect food security (Narayan et al., 2017; Wang et al., 2020; Zhu et al., 2020), and the value of ecological services is up to US$1,94,000/(ha•yr) (Liu et al., 2021). Coastal wetlands are at the junction of land and sea and are significantly affected by climate change, particularly, the sea level rise (Gabler et al., 2017; Mehvar et al., 2019; Yu et al., 2019). In addition, factors such as land use change, decrease of sediment transport, and decrease of freshwater recharge also lead to the shrinkage of coastal wetland areas and decline in ecological service function (Pascual-Aguilar et al., 2015; Ma et al., 2017; Lin and Yu, 2018). It is estimated that the world’s coastal wetland area decreased by more than 50% in the 20th century (Li et al., 2018). China’s coastal wetland area has declined by up to 58% from 1950 to 2014, with a shrinking area of 8.01 million ha (Sun et al., 2015). The restoration of coastal wetlands is gaining more and more attention, and many achievements have been made in relevant studies on management strategies, risk identification, hydrological and ecological action mechanisms, and the intrinsic role and optimization of wetland biological community (Stagg et al., 2016; Rodríguez et al., 2017; Borchert et al., 2018; Manuel et al., 2018; Renzi et al., 2019).
The deltaic coastal wetland is an important part of coastal wetland. It is the transition zone between rivers and the sea. An estuarine delta is generally the region where agriculture, trade, and fisheries are well developed and strongly disturbed by human activities. In addition, the estuarine delta is also affected by the water and sediment regulation process of the upstream reservoir and water intake along the river. Thus, striking changes have taken place in many deltaic ecological environments (Day et al., 2016). The decrease in freshwater recharge from the river to the delta is one of the main causes of the shrinkage and degradation of the deltaic coastal wetlands. Reservoir construction and operation is an important way of river development. There are more than 15,000 dams that were completed or under construction in the world with a dam height of more than 30 m (Duarte et al., 2016), and about two-thirds of the rivers longer than 1,000 km are not free-flowing (Grill et al., 2019). In recent years, more and more attention has been paid to the ecological protection function of the reservoir. Measures to improve the ecological environment such as discharging environmental flow and creating artificial floods have been studied and applied in many reservoirs (Poff and Schmidt, 2016; Adams et al., 2017; Leroy and Olden, 2018; Qiu et al., 2020). The protected area of the reservoir ecological regulation also gradually extends from the river to the estuary and coastal waters (Yang et al., 2019). The reservoir realizes the environmental water supplement by changing the flow process through storage and discharge regulation. But the flow change is also affected by other factors, such as climate change, water withdrawal, and utilization. Therefore, quantitative analysis of the impact and contribution rate of the reservoir itself on the flow change is a difficult point in the current studies.
The Yellow River Delta is the most complete wetland ecosystem in the warm temperate zone in China, and it is the core habitat that provides a transfer station, overwintering, and breeding place for migrating birds in the inland of Northeast Asia and the Western Pacific Rim (Cui et al., 2009; Changming et al., 2018). There is a severe contradiction between water demand and supply in the Yellow River Basin where the water resource per capita is only 473 m³, the utilization rate of water resources has reached 80%, and the problem of insufficient environmental water has been existing for a long time (Hua and Cui, 2017; Yin et al., 2017). In the 1980s–1990s, there have been drying up days in the lower Yellow River for 15 years. In 1997, the drying up days at the Lijin section of the lower Yellow River reached 227 days, and there was no water flowing into the sea for 330 days (Liu and Zhang, 2002). Insufficient environmental water, reduced sediment transport, farmland reclamation, urbanization, and other factors have led to serious degradation of the Yellow River Delta wetland. The area of reed marsh has dropped from 16.65 thousand ha in 1986 to 11.61 thousand ha in 2006, and coastline erosion, reduction of biological species, and other problems have arisen (Kong et al., 2015; Wang et al., 2016; Zhang et al., 2017; Wang et al., 2019). In order to protect the wetland ecosystem, the Yellow River Conservancy Commission has carried out environmental water supplement for the Yellow River Delta since 2008. As of 2019, the accumulated environmental water supplement reached 461.45 million m³, and the wetland vegetation has been restored to a certain extent. The environmental water supplement in the Yellow River Delta is mainly achieved by the large flow process created by the Xiaolangdi Reservoir. The current relevant studies mainly focus on the effect of ecological restoration in the Yellow River Delta, and the role of reservoir regulation is mainly determined by qualitative analysis.
This article aims to quantify the impact of the reservoir on the deltaic coastal wetland and coastal ecosystem. This article proposes a quantitative analysis method for the ecological impact and contribution rate of the reservoir and quantifies the contribution of the Xiaolangdi Reservoir to the prevention of drying up of the Yellow River channel, the provision of river ecological base flow, and the provision of environmental water to the Yellow River Delta wetland and coastal areas.
MATERIALS AND METHODS
Study area
The study area is from the Xiaolangdi Reservoir to the estuary of the Yellow River (Figure 1). The Yellow River Delta, located at the estuary of the Yellow River, faces the Bohai Sea in the north and has an area of about 2,400 km2. The Xiaolangdi Reservoir is 899 km away from the estuary and has a total storage capacity of 12.65 billion m³. It was put into operation in 2000, and it controls the flow in the lower Yellow River. Since the Yellow River is a sediment-laden river, in order to reduce sedimentation, water and sediment regulation (WSR) has been conducted in the Xiaolangdi Reservoir from June to July. During WSR, large flows were artificially made to scour the reservoir and the lower Yellow River channel (Xu et al., 2016; Lu et al., 2020). The large flow during WSR also provides suitable flow conditions for the environmental water supplement to the Yellow River Delta.
[image: Figure 1]FIGURE 1 | Study area.
Evaluation indicators
The ecological impact of the Xiaolangdi Reservoir on the Yellow River Delta and coastal areas are evaluated by four ecological indicators, namely, the drying up days at the Lijin section, the assurance rate of ecological base flow at the Lijin section, the volume of water flowing into the sea from April to June, and the environmental water supplement in the Yellow River Delta. The Lijin section is close to the estuary of the Yellow River, and its drying up days represent the duration of an extreme low flow period, which is extremely harmful to the ecology of the Yellow River Delta and coastal ecosystem. Ecological base flow is the bottom limit of flow to maintain the ecological function of the river. This article adopts ecological base flow at the Lijin section (50 m³/s) issued by the Ministry of Water Resources of China in 2020. According to the policies of the Ministry of Water Resources of China, the assurance rate of ecological base flow should be no less than 90%. April to June is a critical period for fish reproduction in the coastal areas of the Yellow River estuary, so it is important to ensure the volume of water flowing into the sea during this period to create low-salinity areas suitable for reproduction. The Lijin section controls the environmental water supplement in the Yellow River Delta. The flow at the Lijin section over the years when the conditions for the environmental water supplement in the Yellow River Delta have been met is shown in Table 1. Therefore, the Lijin section is taken as the evaluation section, and all four ecological indicators are calculated based on the daily flow of the Lijin section.
TABLE 1 | Threshold flow (Lijin section) of the environmental water supplement in the Yellow River Delta (m³/s).
[image: Table 1]Scenario setting
This article changes the reservoir conditions in different scenarios and quantifies the ecological impact of the reservoir by comparing ecological indicator values in different scenarios. The evaluation period is set at 2000–2019. Two scenarios are set (Table 2). Scenario 1 represents the flow status at the Lijin section with the regulation of the Xiaolangdi Reservoir, whereas Scenario 2 represents the flow status at the Lijin section without the regulation of the Xiaolangdi Reservoir. The inflow into the Xiaolangdi Reservoir and the water withdrawal under the Xiaolangdi Reservoir are the same in the two scenarios.
TABLE 2 | Scenario setting.
[image: Table 2]In Scenario 2, the regulation of the Xiaolangdi Reservoir needs to be eliminated, i.e., flow restoration needs to be performed. The inflow of the Xiaolangdi Reservoir represents the flow status before the regulation of this reservoir, thus replacing the outflow of the Xiaolangdi Reservoir with the inflow to eliminate the regulation impact. Based on the water balance principle, daily flow at the Lijin section without the regulation of the Xiaolangdi Reservoir can be obtained using the following formula:
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where rS,t is the average daily flow of the Lijin section on day t without the regulation of the Xiaolangdi Reservoir, m³/s; rI,t-t1 is the measured inflow of the Xiaolangdi Reservoir on day (t-t1), m³/s; rB,t-t2 is the tributary inflow into the river in the region between the Xiaolangdi Reservoir and Lijin section on day (t-t2), m³/s; rW,t-t3 is the water withdrawal in the region between the Xiaolangdi Reservoir and Lijin section on day (t-t3), m³/s; rL is the daily average loss of flow due to evaporation and leakage in the region between the Xiaolangdi Reservoir and Lijin section, m³/s; and t1, t2, and t3 are the time for water flowing from the Xiaolangdi Reservoir, the location of the tributary flowing into the trunk stream, and the water-withdrawing location to the Lijin section, respectively, d.
Quantitative analysis method for the ecological impact of the reservoir
The ecological status of the Yellow River Delta wetland and coastal areas in the two scenarios is expressed as FA and FS, respectively, as follows:
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where fA,i and fS,i are the ith ecological indicator in Scenario 1 and Scenario 2, respectively, and i =1,2,…,n; and n is the number of ecological indicators, n=4.
The ecological impact of the Xiaolangdi Reservoir on the Yellow River Delta wetland and coastal areas (E) is expressed as:
[image: image]
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where ei is the impact of the Xiaolangdi Reservoir on the ith ecological indicator.
Quantitative analysis method for the contribution rate of the reservoir
The ecological status of the Yellow River Delta wetland and coastal areas is affected by reservoir regulation, climate change, land use change, and other factors. Changes in the ecological status between 1980–1999 and 2000–2019, under the influence of multiple factors, can be figured out by comparing the ecological indicator values in Scenario 1 and the ecological indicator values quantified by measured data from 1980 to 1999. The measured ecological status of the Yellow River Delta wetland and coastal areas from 1980 to 1999 (FC) is expressed as:
[image: image]
where fC,i is the ith ecological indicator quantified by measured daily flow at the Lijin section during 1980–1999.
Compared with 1980–1999, the change (V) of ecological status in 2000–2019 is expressed as:
[image: image]
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where vi is the change of the value of the ith ecological indicator between 1980–1999 and 2000–2019.
The contribution rate P of the Xiaolangdi Reservoir to the ecological status change V is expressed as:
[image: image]
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where pi is the contribution rate of the Xiaolangdi Reservoir to the change (vi) of the value of the ith ecological indicator. The change of the ith ecological indicator value between 1980–1999 and 2000–2019 under the impact of other factors except the Xiaolangdi reservoir can be quantified by (fS,i—fC,i). Thus, (fS,i—fC,i)/(fA,i—fC,i) shows the contribution rate of other factors except the Xiaolangdi Reservoir to the change of the ith ecological indicator value between 1980–1999 and 2000–2019.
Data
The data of water withdrawal and utilization are derived from the Yellow River Water Resources Bulletin (http://www.yrcc.gov.cn/other/hhgb/). The flow data measured at the Sanmenxia hydrological station are used as the inflow data of the Xiaolangdi Reservoir. The flow data measured at the Xiaolangdi hydrological station are used as the outflow data of the Xiaolangdi Reservoir. The daily flow data measured at the Sanmenxia, Xiaolangdi, and Lijin hydrological stations are provided by the Hydrological Bureau of the Yellow River Conservancy Commission.
Due to the lack of flow monitoring data of the Yellow River Delta before 2008, this article only evaluates the contribution rates of the Xiaolangdi Reservoir regulation to the drying up days at the Lijin section, the assurance rate of ecological base flow at the Lijin section, and the volume of water flowing into the sea from April to June.
RESULTS
Flow restoration results
The regulation of the Xiaolangdi Reservoir did not impose an obvious impact on the long-series flow. The measured average annual flow at the Lijin section during 2000–2019 was 16.89 billion m³, and the average annual flow after restoration was 16.91 billion m³. The downstream water withdrawing conditions were poor in some time periods in Scenario 2; therefore, the average annual flow after restoration was slightly higher than the measured average annual flow. As the Xiaolangdi Reservoir is an incomplete annual regulating reservoir, it mainly changes the distribution of the flow process throughout the year (Figure 2): the measured average monthly flow from April to July at the Lijin section during 2000–2019 was higher than the restored value, while the measured average monthly flow from August to November was lower than the restored value, and the change of average monthly flow from December to next March (before and after restoration) was not obvious.
[image: Figure 2]FIGURE 2 | Measured and restored average monthly flow at the Lijin section in 2000–2019.
Impact on the drying up days and assurance rate of ecological base flow at the Lijin section
In Scenario 1, the average annual drying up days at the Lijin section were 0 days during 2000–2019; in Scenario 2, the flow simulation results showed that the average annual drying up days at the Lijin section were 81.15 days during 2000–2019, and the annual longest drying up days were 176 days (Figure 3; Table 3).
[image: Figure 3]FIGURE 3 | Drying up days at the Lijin section in two scenarios.
TABLE 3 | Ecological index values and their changes in two scenarios.
[image: Table 3]The substandard days and assurance rate of ecological base flow at the Lijin section in two scenarios are shown in Figures 4, 5, and Table 3. In Scenario 1, on average, there were 21.30 days per year in which the flow was lower than the ecological base flow, and the average annual assurance rate of ecological base flow was 94.16%. There had been barely any substandard days of ecological base flow since 2004. In Scenario 2, the average annual substandard days of ecological base flow were 96.55 days. The average annual assurance rate of ecological base flow was 73.55% in Scenario 2, which was far below the target set by the Ministry of Water Resources of China (90%). The Xiaolangdi Reservoir decreased the average annual substandard days of ecological base flow by 75.25 days and increased the average annual assurance rate of ecological base flow by 20.60%.
[image: Figure 4]FIGURE 4 | Substandard days of ecological base flow at the Lijin section in two scenarios.
[image: Figure 5]FIGURE 5 | Assurance rate of ecological base flow at the Lijin section in two scenarios.
Impact on the volume of water flowing into the sea from April to June
The volume of water flowing into the sea from April to June in scenarios 1 and 2 and the proportion of the annual volume of water flowing into the sea are shown in Figures 6, 7, and Table 3. In Scenario 1, the annual average volume of water flowing into the sea from April to June was 3.85 billion m³, accounting for 22.78% of the annual volume of water flowing into the sea, and the years with the volume of water flowing into the sea from April to June exceeding 3 billion m³ accounted for 65%. In Scenario 2, the annual average volume of water flowing into the sea from April to June reduced to 1.48 billion m³, accounting for 8.74% of the annual volume of water flowing into the sea, and the years with the volume of water flowing into the sea from April to June exceeding 3 billion m³ only accounted for 10%. The Xiaolangdi Reservoir increased the annual average volume of water flowing into the sea from April to June by 2.37 billion m³.
[image: Figure 6]FIGURE 6 | Water volume flowing into the sea from April to June in two scenarios.
[image: Figure 7]FIGURE 7 | Proportion of water volume flowing into the sea from April to June in that of the whole year in two scenarios.
Impact on the environmental water supplement in the Yellow River Delta
The environmental water supplements in the Yellow River Delta in scenarios 1 and 2 are shown in Figure 8. In Scenario 1, the accumulated environmental water supplement in the Yellow River Delta from 2008 to 2015 was 303.31 million m³, and the annual average environmental water supplement was 37.91 million m³. In Scenario 2, the accumulated environmental water supplement in the Yellow River Delta during 2008–2015 was 143.71 million m³, which was only 47.38% of that in Scenario 1, and the annual average environmental water supplement was 17.96 million m³. The Xiaolangdi Reservoir has increased the environmental water supplement volume in the Yellow River Delta by 19.95 million m³ annually.
[image: Figure 8]FIGURE 8 | Environmental water supplement in the Yellow River Delta in two scenarios.
For the environmental water supplement volume in the Yellow River Delta of each year, in Scenario 2, the flow at the Lijin section in 2008 was lower than the threshold value; therefore, the conditions for the environmental water supplement were not met. In 2009, only 1 day’s flow was qualified for the environmental water supplement. The environmental water supplement volume in 2010, 2011, 2013, and 2015 was 34.71%–46.26% of that in Scenario 1. In 2012, the environmental water supplement volume reached 69.42% of that in Scenario 1. It was special in 2014 that in Scenario 2, the environmental water supplement volume in the Yellow River Delta was 25.24 million m³, which was 3.96 million m³ higher than that in Scenario 1. This was because during the WSR period (June 29–July 8), there was a flood under which the measured maximum flow at the Sanmenxia section was 4,020 m³/s. Without the regulation of the Xiaolangdi Reservoir, the maximum flow at the Lijin section would reach 5,080 m³/s, while the minimum bank full discharge of the lower reaches of the Yellow River in 2014 was only 4,250 m³/s, which posed the overbank risk. In Scenario 1, the maximum outflow of the Xiaolangdi Reservoir was 2,630 m³/s, and the maximum flow at the Lijin section was 3,250 m³/s, balancing the downstream flood control and environmental water supplement in the Yellow River Delta.
DISCUSSION
Contribution rate of the Xiaolangdi Reservoir
The values of ecological indicators in different scenarios and different periods are shown in Table 3. Compared with those in 1980–1999, the annual average drying up days at the Lijin section decreased by 43.20 days, the assurance rate of ecological base flow at the Lijin section increased by 15.00%, and the volume of water flowing into the sea from April to June increased by 1.88 billion m³ in 2000–2019. The ecological conditions in the lower Yellow River and the coastal areas had changed to a favorable direction. The contribution rate of the Xiaolangdi Reservoir to the reduction of drying up days at the Lijin section was 187.85%, the contribution rate to the assurance rate of ecological base flow at the Lijin section was 137.24%, and the contribution rate to the increase of water volume flowing into the sea from April to June was 125.83%.
Contribution analysis of water inflow and water withdrawal
The contribution rates of the Xiaolangdi Reservoir to the reduction of drying up days at the Lijin section, the increase of the assurance rate of ecological base flow at the Lijin section, and the increase of water volume flowing into the sea from April to June all exceeded 100%, indicating that the total contribution rate of other factors was negative, that is, the combined impact of other factors was detrimental to the environmental water supply to the Yellow River Delta and coastal areas.
The analyses of water inflow and water withdrawal are shown in Table 4. The natural average annual flow of the Yellow River during 2000–2019 was 5.63 billion m³ less than that during 1980–1999, with a degradation of 10.59%. The measured average annual flow at the Sanmenxia section during 2000–2019 was 6.66 billion m³ less than that during 1980–1999, with a decrease of 22.15%, indicating that the volume of water flowing into the lower Yellow River was greatly reduced. The decrease in water inflow from April to June was more prominent. The measured flow at the Sanmenxia section in the period of April to June during 2000–2019 was 29.70% lower than that during 1980–1999. At the same time, the average annual water withdrawal from the lower Yellow River (downstream of the Sanmenxia section) during 2000–2019 was 0.32 billion m³ higher than that during 1980–1999. The natural flow of the Yellow River, the measured water inflow into the lower Yellow River, and the volume of water withdrawal from the Lower Yellow River all developed in a direction that was detrimental to the Yellow River Delta and coastal areas. However, the measured ecological indicator values showed that the Xiaolangdi Reservoir eliminated the adverse impact of water inflow and water withdrawal and ensured the continuous improvement of ecology in the river, delta, and coastal areas.
TABLE 4 | Change in water inflow and water withdrawal of the Yellow River (billion m³).
[image: Table 4]Analysis of the impact on Yellow River Delta wetland and coastal organisms
The change process of the natural wetland area in the Yellow River Delta during 1986–2018 is shown in Figure 9. The natural wetland area had continued to decline since the 21st century. To be specific, the natural wetland area had decreased by 29.20% during 2000–2007, with an annual average reduction of 5421.25 ha. There was only a small volume of environmental water supplement during 2008–2009, which did not slow down the shrinking rate of the natural wetland area. During 2010–2013, the shrinking rate of the natural wetland area had dropped to 3225.67 ha/yr; during 2014–2018, the natural wetland area tended to be stable, and the shrinking rate had dropped to 932.00 ha/yr.
[image: Figure 9]FIGURE 9 | Variation of natural wetland area in the Yellow River Delta.
Reed marsh is a representative wetland of the Yellow River Delta, and its area change process is shown in Figure 10. From 1996 to the implementation of the environmental water supplement in the Yellow River Delta, the area of reed marsh in the Yellow River Delta decreased by 28.68%. The reed marsh area showed an increasing trend after 2008, with an average annual increase of 371.40 ha during 2008–2018. In 2018, the reed marsh area had recovered to 91.26% of its area in 1986.
[image: Figure 10]FIGURE 10 | Variation of reed marsh area in the Yellow River Delta.
With the implementation of wetland restoration and other wetland protection measures, bird diversity in the Yellow River Delta National Natural Reserve has increased. In 2019, the number of bird species in the natural reserve increased by 85 species compared to that in 1992. The Yellow River Delta wetland is the largest breeding place for Oriental stork in China. The Oriental stork started nesting and breeding in the natural reserve in 2003, and the number has been increasing year by year. In 2020, there were 115 nests and a total of 315 young birds.
During 2015–2019, the Yellow River Institute of Water Protection Research conducted trawl surveys on the nektons at 66 monitoring points in the coastal areas in the Yellow River estuary, and the results showed that the biological diversity and quantity had been increasing continuously. To be specific, in 2015, the average number of species at one monitoring station was 7.89, and the average weight density of catches was 1.10 kg/h, while in 2019, the average number of species at one monitoring station was 14.90, and the average weight density of catches was 3.70 kg/h.
CONCLUSION
This article proposes a quantitative analysis method for the ecological impact and contribution rate of the reservoir and studies the impact of the Xiaolangdi Reservoir on the Yellow River Delta wetland and coastal areas, and the following conclusions are drawn: 1) the Xiaolangdi Reservoir played an important role in improving the habitat of the organisms in the Yellow River Delta and coastal areas and increasing the number and diversity of organisms. The regulation of this reservoir guaranteed the continuous flow at the Lijin section for 20 years, increased the assurance rate of ecological base flow at the Lijin section by 20.60%, and increased the average annual volume of water flowing into the sea from April to June by 2.37 billion m³ during 2000–2019 and increased the environmental water supplement in the Yellow River Delta by 19.95 million m³ during 2008–2015. 2) The Xiaolangdi Reservoir has reversed the adverse effects of the decrease in the natural flow and the increase in water withdrawal in the past 20 years, ensuring that the flow process changed in the direction that was conducive to the ecological improvement of the Yellow River Delta wetland and the coastal areas. In ensuring the continuous flow at the Lijin section, the increase in ecological base flow at the Lijin section and the increase in water volume flowing into the sea from April to June and the contribution rates of the Xiaolangdi Reservoir all exceeded 100%.
River flow is affected by multiple factors such as climate change, water withdrawal, and reservoir operation. The method proposed in this article can quantify the ecological impact and contribution rate of the reservoir itself, which is of great value for the scientific analysis on and the improvement of ecological effect of reservoir regulation.
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