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Abstract

:

Riverine sediment transport plays an important role in the global geochemical cycle. With a growing interest in global riverine environmental changes, a better understanding of water-sediment relationship dynamics and their driving forces is crucial for basin management, which is particularly associated with cascade dam construction. In this contribution, a simple and effective sediment load reduction factor analysis is used to attribute the changes in river sediment load to different drivers. The Mann–Kendall (MK) trend test and the double-mass curve (DMC) method were combined to reveal the trends and causes of change in the water-sediment relationship from 1965 to 2015 in the middle reaches of the Hanjiang River. We found that sediment load trend decreased significantly, which was caused by a decrease in water yield (5.05%), and the relative contributions of precipitation decrease (1.66%). Furthermore, only one mutation could be identified in 1974 at Huangzhuang station. Evapotranspiration and vegetation coverage had slight decreasing effects on sediment load. The impact of human activities on the water-sediment relationship has intensified over the past 15 years. We therefore propose the establishment of an integrated basin-wide ecosystem and optimized reservoir operation rule for sustainable water use and sediment regulation.
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1. Introduction


Rivers are basic transporting elements of fluvial sediments to the coastline; every significant alteration within a watershed will eventually affect the coastal sediment budget, leading to morphological alterations in the coastal field [1,2]. Changes in the water-sediment relationship can have important impacts on aquatic ecology, river channel evolution, nutrient fluxes, and river mouth morphodynamics, which link the geomorphological processes of the upper and lower reaches of a basin [3,4]. Changes of the critical shear stress influenced by both river channel scouring and bank erosion can further affect the water discharge and sediment transport, which will disturb river bottom topography, river bank morphology, river and lake linkages, delta area, and nutrient import [5,6]. Many previous studies have investigated the potential effects of sediment delivery by rivers on shoreline variation in relation to climate change and human interference [7,8,9]. Within a specific river basin [10], dynamic changes in the water-sediment relationship can be assessed to reflect the basin’s functions and services [11]. Exploring the causes of changes in the water-sediment relationship is crucial for studying biogeochemical cycles, soil degradation, water quality, agricultural sustainability, and stability in coastal areas [12,13]. Many studies have been carried out to analyse trends in variability or shifts in river sediments over time [14]. Examples include the Colorado River [15] in the United States; the Nile River [16] in Africa; the Ebro, Po, and Rhone Rivers [17,18] in Europe; the Mekong River [19] in Asia; and the Yangtze River [20,21,22] and Yellow River [23,24] in China. In general, the majority of previous studies focused on the dynamic trend of streamflow and sediment load; however, a more detailed study on the water-sediment relationship and its driving forces has rarely been attempted, especially with the quantitative assessment of the contribution of driving factors.



The Hanjiang River is the longest tributary of the Yangtze River, which plays a crucial role in balancing the water-sediment relationship of the Yangtze by collecting run-off from precipitation and transporting it to the ocean, along with sediment [25,26]. There are many concerns about the environmental consequences of the South-to-North Water Diversion Project (SNWDP) in China [27]. With the middle route of SNWDP, 9.5 × 109 m3 water will be extracted every year from the Danjiangkou Reservoir starting in 2010, when the first phase of the project was finished, and 13 × 109 m3 water will be extracted every year from 2030 onwards when the second phase is finished, amounting to 27% and 37% of the respective current annual release from the reservoir downstream. Several projects have been proposed to mitigate the negative effects of the SNWDP on the Han River, including the Yangtze-Hanjiang Water Diversion Project, the Xinglong Water Conservancy Project, and the Wangfuzhou and Cuijiaying Reservoir [28]. However, the water diversion projects will inevitably alter hydrological processes in the watershed ecosystems and mitigation projects will bring new problems. The reservoir construction and water diversion projects can alter the downstream water-sediment budget by affecting the quantity and duration of runoff. The variability of streamflow is closely related to efficient sediment transportation. More importantly, the dam intercepts upstream sediments and reduces sediment content in the downstream flow. The relationship between erosion and sedimentation also changes. Hydrological processes within the middle-lower reaches of the Hanjiang River have been significantly altered due to water diversions and cascade reservoirs, although flood-control standards have been improved, which ensure regional water security. Comparatively, the natural environment in the upper reaches of the Hanjiang River is less affected by human activities. In the lower reaches of the Hanjiang River, the Xinglong Water Conservancy Project has alleviated water resource issues. In contrast, however, environmental issues in the middle reaches of the Hanjiang River have recently attracted a lot of attention. Therefore, this study chose the middle reaches of the Hanjiang River as the study area.



Previous studies in the middle-lower reaches of Hanjiang River have focused on the aquatic environment [29], environmental risk assessments [30,31], simulation of reservoir operations [32], and the crop water footprint [33]. Although many studies have been carried out in the middle-lower reaches of the Hanjiang River, there is a lack of research on the trends and causes of changes in the water-sediment relationship, especially the quantitative assessment of the contributions of influencing factors, such as precipitation, water yield capacity, and sediment concentration. To better understand the water and sediment relationships in this part of the Hanjiang River, an evaluation of changes in the water-sediment relationship, a water-sediment factors identity approach, and an analysis of the driving forces are urgently needed. In this study, a simple and effective sediment load reduction factor analysis approach was used to diagnose the contributions of precipitation, water yield capacity (the ratio of river discharge to precipitation), and sediment concentrations to the relative rate of change in sediment load in the middle reaches of the Hanjiang River. In addition, a time series analysis and double-mass curve (DMC) method were combined to reveal the trends and causes of changes in the water-sediment relationship. We addressed the following research questions in this paper: (1) what is the trend of sediment load change in the middle reaches of the Hanjiang River; (2) how does the water-sediment relationship change, and what are the factors affecting the sediment change; (3) what sediment yield reduction is caused by streamflow reduction, precipitation, and sediment concentration; (4) what are the main causes of variability in the water-sediment relationship; and (5) how can anthropogenic activities and their contribution to a reduction of sediment load be quantified?




2. Study Area and Data


The Hanjiang River is the longest tributary of the Yangtze River; with a length of 1570 km, and its basin area covers 170,400 km2; it is located in a typical subtropical monsoon climate area where annual precipitation varies from 700 to 1100 mm [34]. The maximum average monthly flow during the wet period is 3365 m3/s in Shayang, while the minimum average monthly flow in the dry period is 369 m3/s in Huangjiagang [35]. The elevation gradually decreases from the upper to the lower reaches of the Hanjiang River basin. Danjiangkou Reservoir is situated in the Xichuan (Henan Province) and Danjiangkou Counties (Hubei Province), separating the Hanjiang River into the higher and the mid-lower reaches. Danjiangkou to Zhongxiang make up the middle reaches of Hanjiang River, which are located in the Hubei Province of central China. The location of the middle Hanjiang River is shown in Figure 1. The Danjiangkou Reservoir was completed in 1974, which became a principle water provider for China’s Central Line Project of South-to-North Water Diversion. The project diverts 14.14 billion cubic meters of water a year, on average. In addition, there are a number of dams already under construction that are known as the cascade dams project, for which the Wangfuzhou and Cuijiaying Reservoirs as well as the Xinglong Water Conservancy Project have already been completed. Information on the dams is provided in Table 1. The project improves flood-control standards for the middle-lower reaches of the Hanjiang River and ensures regional water security, especially for resolving Beijing’s domestic water problems [36,37]. However, reservoir construction and water diversions have tremendous impacts on watershed ecosystems, and the hydrological processes of the middle-lower reaches of the Hanjiang River have been dramatically altered and fragmented.



Annual and cumulative streamflow values were extracted from daily records at the hydrological station. Annual sediment concentrations and loads from 1965–2001 were obtained from the Yangtze River Water Resources Commission, and daily records from 2001–2015 were obtained from the Hanjiang Hydrological Yearbook. Annual and cumulative rainfall values in this paper were extracted from daily records at the meteorological station. The gross domestic product (GDP) data in Jinmen City from 1965 to 2015 were derived from the National Bureau of Statistics. A MODIS (moderate-resolution imaging spectroradiometer)-NDVI (normalized difference vegetation index) dataset was provided by the National Aeronautics and Space Administration (NASA) in Washington, DC, USA, and contains MOD13Q1 products over the North China Plain from 2000 to 2013, with a temporal resolution of 16 days and a spatial resolution of 250 m × 250 m. The MODIS Reprojection Tool (MRT) software was used to convert the dataset projection and combine the data; ArcGIS and the Environment for Visualizing Images(ENVI) software were used to process the NDVI data. Fractional vegetation coverage (FVC) was calculated using the MOD13Q1 products, and the maximum value composites method was used to obtain monthly and annual NDVI values based on the 16-day NDVI data series. Daily potential evapotranspiration was calculated using the Food and Agriculture Organization (FAO) Penman-Monteith method, based on the mean, maximum, and minimum air temperatures, relative humidity, vapor pressure, wind speed of 2 m, and bright sunshine hours obtained from meteorological data. Pearson correlation coefficients and linear regression in this paper were calculated using the Statistical Product and Service Solutions(SPSS). The raw data sources are shown in Table 2.




3. Methodology


3.1. Trend Analysis and Breakpoint Detection


The nonparametric Mann–Kendall’s test developed by H.B. Mann (1945) and M.G. Kendall (1990) is widely used to assess the significance of monotonic trends in hydro-meteorological time series [38,39]. This test has two advantages: (1) it can handle non-normal and censored data; and (2) it has a high asymptotic efficiency [40]. Due to its high efficiency, wide application range, and low data requirements, the Mann–Kendall (MK) trend test was employed in this study. Given the time series of X(x1, x2, …, xn), with its length n, the statistic S is defined as:


  S =   ∑  j = 1   n − 1      ∑  k = j + 1  n   sgn  (   x j  −  x i   )       



(1)




where sgn() is determined as follows:


  Sgn  (   x j  −  x i   )  =  {      + 1      (   x j  −  x i   )  > 0       0      (   x j  −  x i   )  = 0       − 1      (   x j  −  x i   )  < 0        



(2)




where xi and xj are sequential data values. Assuming that the data are identically distributed, the mean of the data μx = 0, the MK test statistic Z is given by Equation (3):


  Z =  {        S − 1     var  ( S )          S > 0      0    S = 0         S + 1     var  ( S )          S < 0        



(3)




where var(S) is the variance of S, at the given significance level α, if |Z| ≥ Z1−α/2, the original hypothesis is rejected [41,42]. That is, the null hypothesis is rejected at a significance level of 0.05 and 0.01 if |Z| ≥ 1.96 (or 2.33), respectively. In this study, a significance level of α = 0.05 was applied. If the calculated Z statistic is positive, the trend is increasing; otherwise, the statistic trend is decreasing. To avoid confusion, we used Zyear to represent the Z value calculated for each successive two year period, and the Z value of the entire study period was represented by Zall in the results and discussion section. Meanwhile, we adopted a simple linear regression analysis to confirm the trend results given by the Mann–Kendall test after comparison between linear fitting and nonlinear fitting.



When using the MK test to detect anomalies in the time series, the test statistic (UFi) is given as follows:


  U  F i  =    s i  − E  (   s i   )      var  (   s i   )           (  i =   1 ,   2 ,   … , n  )   



(4)






   s i  =   ∑  i = 1  n    r i         (  i =   2 ,   3 , … , n  )   



(5)






   r i  =  {      + 1     if     x  i  >   x  j        0     otherwise            (  j =   1 ,   2 ,   … , i −   1  )   



(6)




where xi is an independent and identically distributed random variable with a sample size of n. E(Si) and var(Si) are the mean and variance of the cumulative number S, respectively, which are explained by Equation (7):


   {      E  (   s i   )  =   i  (  i − 1  )   4        var  (   s i   )  =   i  (  i − 1  )   (  2 i + 5  )    72              (  i =   2 ,   3 ,   … , n  )   



(7)




where UBi is the statistic calculated for the reverse series by the above procedure, while UBi = −UFi, i = n, n − 1, …, 1, and UB = 0. There is a significant increasing trend if UFi > 0, while a significant decreasing trend is present if UFi < 0. The significance trend is tested when the curve exceeds the critical line |Z| = 1.96. When the statistic curves have intersections at confidence level α, the intersection point may be the start of a mutation.




3.2. Sediment Load Reduction Factors Analysis


The advantage of this sediment load reduction factors analysis approach is that it is simple and efficient. It can evaluate the role of each driver in the observed sediment load trends and clarify their relative contributions. In this paper, we used the simple sediment reduction factors analysis approach to evaluate the contribution of precipitation (P), water yield capacity (r, the ratio of river discharge to precipitation), and sediment concentration (s, the ratio of annual sediment mass flux to discharge) to the relative rate of sediment load change in the middle reaches of the Hanjiang River. River sediment load has been expressed as a product of three driving factors. The water-sediment factors identity approach combines average precipitation (P) and river flow (R) variables in a causal relationship with sediment load (S), so that S can be regarded as the integration of the three variables, which is described by the following equation [43,44]:


  S = P  (   R P   )   (   S R   )  = P r s  



(8)




where S is sediment load; P is precipitation; R is stream flow; r is water yield capacity, which represents the water yield capacity of a catchment or region for a given precipitation level; and s is the sediment concentration (the ratio of annual sediment mass flux to flow). Then we defined the proportional rate of change of a quantity X(t) as c(X) = X−1dX/dt. Through Equation (9), the counterpart of the sediment load reduction factors analysis for proportional growth rates can be rewritten as Equation (10):


      d S   d t    S  =     d ( P r s )   d t     P r s   =     d P   d t    P  +     d r   d t    r  +     d s   d t    s   



(9)






  c  ( S )  = c  ( P )  + c  ( r )  + c  ( s )   



(10)







In this study, the above identity was applied to diagnose the role of each driver in the observed sediment load trend by using an extended precipitation time series (P), water yield capacity (r), and sediment concentration (s). The theoretical proportional change rate, which summed factors including P, r, and s, closely approximates the rate of S that was actually observed. The relative contribution of each identity factor is the ratio of its proportional change rate to the proportional change rate of S during the same period.




3.3. Double-Mass Curve Method


The double-mass curve (DMC) method is practical, visual, and simple, and has been widely used to test the consistency of hydrometeorological data and estimate the impacts of climate change and anthropogenic activities on ecological hydrology [45,46]. The theory of the double mass curve is based on the fact that a plot of the two cumulative quantities during the same period will have a straight line as long as the proportionality between the two remains unchanged; the slope of the line represents the proportionality. Both variables should have the same physical cause, or they would exhibit a clear causal relationship in the application of the DMC method [47]. Generally, if river flow has not been affected by human activities, the curve characteristics will be similar, because the runoff yield mechanisms are the same. This method can be used to smooth a time series and suppress random features to reveal primary trends over time [48]. Any change in the gradient of this line is likely attributed to changing human activities. In this study, double-mass curves for sediment and stream flow, as well as sediment load and precipitation, were plotted for three different periods (1965–1974, 1974–2000, and 2000–2015) in order to estimate the changes in the slope of the regression.





4. Results and Discussion


4.1. Trends in Water, Sediment Load, and Vegetation Coverage


Figure 2a shows the trend of change and variability for annual sediment load at Huangzhuang station during 1965–2015. We found that there was a significant decrease in annual sediment load over the last five decades (−10.55 × 106 kg/year, Z value of 6.09). The slope of the linear fit was −10.55 with an R2 value of 0.45. Only one intersection could be identified as a mutation in sediment load at the significance level of 0.05 at Huangzhuang station (Figure 2b). This decline was mainly caused by the construction of the Danjiangkou Reservoir in 1974, which has a storage capacity of 294.8 km3 and a high capacity for trapping sediment.



Table 3 shows the trends in precipitation and water discharge estimated by the MK test method for Huangzhuang station from 1965 to 2015. We found that water discharge decreased slightly over the study period (−0.23 × 104 m3/year, with a Z value of 1.45 and a mean value of 50.8 × 104 m3/year). In contrast, precipitation showed an insignificant trend at the 0.05 confidence level, with a Z value of −0.39. Potential evapotranspiration increased slightly at the 0.05 confidence level, with a Z value of 1.39. Finally, vegetation coverage decreased significantly between 2000 and 2015, with a slope of −0.67 and a mean value of 0.89. Figure 3 shows the vegetation coverage for the study area, classified into five categories. High vegetation coverage (75–100%) typically included mountainous areas with almost no human interference. Urban and large water bodies had relatively sparse or no vegetation. The low and medium vegetation coverage areas were mainly distributed in the agriculture and animal husbandry mixed zone.




4.2. Variability of the Water-Sediment Relationship


Table 4 shows the decadal variability of the water-sediment factors. The annual maximum and minimum sediment loads at Huangzhuang station during the study period were 1320 × 108 kg in 1965 and 7 × 108 kg in 2014, respectively. Meanwhile, the highest and lowest decadal sediment loads occurred during 1965–1975 and 2005–2015, with respective mean values of 476.65 × 108 kg (1965–1975) and 57.4 × 108 kg (2005–2015). The maximum and minimum annual streamflow during this time were 109.582 × 104 m3 (1983) and 22.4863 × 104 m3 (1999), respectively. The highest and lowest decadal streamflow appeared in 1975–1985 and 1995–2005, respectively, with decadal mean values of 63.61 × 104 m3 (1975–1985) and 42.12 × 104 m3 (1995–2005) (Figure 4b). Additionally, the maximum and minimum annual precipitation values were 1409.6 mm in 1966 and 562.2 mm in 1966, respectively. The highest and lowest decadal precipitation totals occurred in 1975–1985 and 2005–2015, with respective decadal mean values of 942.06 (1975–1985) and 869.58 mm (2005–2015) (Figure 4a). In conclusion, there were greater reductions in annual sediment load than for water discharge and precipitation during the period of 1965–1995. This inconsistency in the rate of change of the two parameters resulted in variability of the water-sediment relationship, which was reflected in the sediment concentrations.




4.3. Driving Forces


The main factors related to sediment yield were rainfall, runoff, reservoir construction, sand extraction, and vegetation coverage in the watershed. Vegetation restoration reduced slope erosion and runoff yield, and the reduction in runoff decreased incision in gullies, so the frequency of hyperconcentrated flows declined. In addition to vegetation restoration, economic development and increased human activity have also reduced sediment yield. China is now in a period of rapid economic growth, which has had great impacts on the river basin environment. Due to real estate development and municipal construction, river sand mining activities have become popular. In addition, reservoirs have a strong ability to retain sediment, while building dams can cut off the strong coupling between hyperconcentrated flows and gravitational erosion by raising the base level and reducing the slopes of gullies, causing hyperconcentrated flows to lose energy and leading to sediment deposition. The main factors related to sediment yield are shown in Figure 5. To better measure the degree of correlation between factors and sediment load, we tested the correlation between sediment and possible factors of influence at a significance level of p = 0.01. The Pearson correlation coefficients between sediment load and precipitation, and sediment load and vegetation coverage, were 0.23 (p = 0.1) and 0.39 (p = 0.1), respectively. Furthermore, analysis of the sediment load and water discharge series revealed a statistically significant correlation, with a coefficient of 0.47 (p = 0.001), as indicated by the factor identity results. However, the correlation coefficient between sediment load and potential evapotranspiration was not significant. The correlation coefficient between sediment load and gross domestic product in the middle reaches of the Hanjiang River was 0.31 (p = 0.01). The results showed that streamflow and economic development had the strongest correlation with reduced sediment load. Rainfall and vegetation coverage had a slight correlation with reduced sediment load, and the correlation between evapotranspiration and sediment load was not significant.



The relative contributions of major natural factors were calculated using the sediment load reduction factors analysis approach. Precipitation was the main natural source of water and the most important erosive force for the production of sediment load. Surface runoff was mainly formed and affected by rainfall, and the rainfall intensity directly impacted the degree of soil erosion. Here, water yield capacity mainly refers to runoff coefficients, as the water yield capacity affects its ability to carry sediment. Figure 6a shows the relative contributions of precipitation, rainfall water yield capacity, and changes in sediment concentration in river flow to sediment load reduction in the middle reaches of the Hanjiang River after the change point, using the sediment load reduction factors analysis function. We also identified two periods with an increasing s during the period from 1965 to 2015, in the temporal dynamic processes shown in Figure 6b. The variable s represents the sediment concentration, which refers the ratio of annual sediment mass flux to flow. Increasing s indicates either increased annual sediment load or decreased annual flow. However, we found that the annual sediment load time series followed a downward trend in the “Trends in water, sediment load, and vegetation coverage” section. Therefore, we suggest that the reduction in flow led to an increase of s. This implies that both the capacity of precipitation yield water and sediment in the basin have decreased; however, they have decreased at different rates. Therefore, the relationship between water and sediment has changed. Moreover, it was found that all three variables had a positive effect on sediment load reduction. The relative contributions of precipitation change and water yield capacity were quantitatively evaluated. On average, water yield capacity (5.05%) contributed more than precipitation change (1.66%) to the reduction in water discharge.




4.4. Contributions of Anthropogenic Activities and Climate Variability


The double-mass curves of precipitation-sediment and water discharge-sediment for 1965–2015 in the Hanjiang River are shown in Figure 7. To better analyse the effects of anthropogenic activities over time on water and sediment load, we used linear sub-fitting methods according to when cascade dams were constructed. The Danjiangkou reservoir was built in 1974, and two other cascade dams (Wangfuzhou and Cuijiaying) were built in 1999 and 2000, so three temporal sections (1965–1974, 1975–2000, and 2000–2015) were analysed separately using different regression equations. Clear transition points were identified between the three regression lines for both precipitation-sediment and water discharge-sediment in the study basin. As seen in Figure 7, the DMCs prior to reservoir construction had slopes of 0.41 and 0.72 for the period 1965–1974 for precipitation-sediment load and discharge-sediment load, respectively. The DMCs exhibited a significant downward trend for the ratio of precipitation to sediment over the two periods (1974–2000; 2000–2015) at Huangzhuang station, with respective slopes of 0.17561 and 0.06739. Similarly, the DMCs of water discharge-sediment had a downward trend over the two periods (1974–2000; 2000–2015) with respective slopes of 0.30 and 0.13. Comparing the regression lines for the three periods, we found that the linear fit for the last period (2000–2015) had a more prominent downward trend. It should be noted that the relative reductions in cumulative water discharge-sediment load were greater than the relative reductions in cumulative precipitation-sediment load. The main reason for this result was that the effect of human activity on water discharge was more direct than that of rainfall. The capacities of the Danjiangkou, Wangfuzhou, and Cuijiaying Reservoirs are 290.5, 31, and 24.5 billion m3, respectively. The enormous water storage capacity of these reservoirs has a large impact on downstream water discharge. Reservoirs can also intercept sediment from upstream, which exacerbates the reduction of sediment load.



In summary, the results indicated that human activities increasingly influenced the transformation of the hydrological regime in the middle and lower reaches of the Hangiang River. The construction of the Danjiangkou reservoir and cascade dams was a hysteresis and uninterrupted process, and the impact of human activities on the water-sediment relationship intensified over the past 15 years. Different vegetation coverage levels in different parts of the river, industrial water use, and water use for agricultural irrigation may have been other factors that directly affected the sediment load. In light of the actual situation in the middle Hanjiang River basin, human activities here mainly refer to the impact of water conservancy projects. In addition, the rapid development of urbanization led to the development of real estate and infrastructure construction, which further stimulated unreasonable sand mining activities. Thus, it is time for the government to formulate an effective strategy for the optimization of the joint operation of the reservoirs and the control of unreasonable sand mining activities. A levy on ecological environmental compensation is an effective measure to promote the development of river restoration work.





5. Conclusions


This study analyzed temporal changes in sediment load, the water-sediment relationship, and their driving forces from 1965 to 2015 in the middle reaches of the Hanjiang River. An MK trend test was employed to detect trend shifts in sediment load, water discharge, precipitation, fractional vegetation coverage, and potential evapotranspiration (ET). Then we used a simple sediment load reduction factors analysis approach to diagnose the contributions of precipitation (P), water yield capacity (r), and sediment concentration (s) to the relative rate of change in the sediment load. Finally, DMC was used to analyze the driving forces of variability in the sediment load and water-sediment relationship. Some central conclusions can be summarized as follows:



(1) The sediment load time series exhibited a downward trend from 1965 to 2015, and only one intersection point was identified as a significant abrupt change-point in sediment load at Huangzhuang station, which was in 1973. Vegetation coverage and water discharge decreased slightly, and annual sediment load displayed greater reductions than the water discharge and precipitation over the period from 1965–1995. This inconsistency in the rates of change of the two parameters resulted in variability of the water-sediment relationship, which was reflected in the sediment concentration.



(2) The results of the driving force analysis showed that streamflow change had the greatest influence on sediment load reduction. Rainfall and vegetation coverage had a slight effect on the sediment content decreases, and the effect of evaporation was not significant. Additionally, the impact of economic development on sediment reduction could not be ignored.



(3) The sediment reduction factors analysis found that all three variables had a positive effect on sediment load reduction in the tributaries. The relative contributions of precipitation change and water yield capacity were quantitatively evaluated. On average, water yield capacity contributed more than precipitation change to the reduction of water discharge.



(4) Clear transition points were identified between the three regression lines for both precipitation-sediment and water discharge-sediment in the study basin. Reservoir construction had an important impact on changes in sediment load. The impacts of human activities on the water-sediment relationship have intensified over the past 15 years. The relative reductions in cumulative water discharge-sediment load were greater than the relative reductions in cumulative precipitation-sediment.



Sediment load reduction has been a result of the combined effects of human activity and climate change. Changes in the water-sediment relationship have been the synergistic results of multiple factors that require more in-depth research. The impacts of variations in land use change, soil and the river-hillslope connectivity, geology, and soil coverage require more in-depth research. Furthermore, harmonizing the relationship between water and sediment is the most difficult reservoir management aspect in the Hanjiang River. We propose the establishment of an integrated basin-wide ecosystem and reservoir optimization scheduling scheme for sustainable water use and sediment regulation. This research provides information for the determination of multi reservoir optimal manipulation and is instructive for the detection of changes of sediment load in other watersheds that are also subject to human interference.
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Figure 1. Location of the middle reaches of the Hanjiang River. 
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Figure 2. Trends in annual sediment load at the Huangzhuang station from 1965–2015. (a) the trend of change and variability for annual sediment load; (b) the MK trend test for the annual sediment load. 
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Figure 3. Vegetation coverage maps for the middle reaches of the Hanjiang River from 2000–2015. Classification of vegetation cover: 0–0.3 represents almost no vegetation, such as water bodies, urban areas, or bare soil; 0.3–0.45 represents regions with medium to low vegetation cover; 0.45–0.6 represents areas with medium vegetation coverage; 0.6–0.75 represents areas with medium to high vegetation cover; and 0.75–1 represents areas with high vegetation cover, such as forests, grasslands, and plantations [49,50]. 
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Figure 4. Decadal variability in the water-sediment relationship. (a) variability of the sediment load and precipitation; (b) variability of the sediment load and streamflow. 
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Figure 5. Hanjiang River sediment input and related factors. 
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Figure 6. Driving forces of sediment load reduction and dynamic processes in the middle reaches of the Hanjiang River. (a) The relative contributions of precipitation (P), water yield capacity (r), and sediment concentration in stream flow (s) to the sediment load reductions after the change point using the sediment load factors identity; (b) the dynamic processes contributing to sediment load reduction. 
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Figure 7. Double-mass curves of precipitation-sediment load and water discharge-sediment load in the middle reaches of the Hanjiang River. (a) DMCs of precipitation-sediment; (b) DMCs of water discharge-sediment-sediment. 
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Table 1. Reservoirs in the middle reaches of the Hanjiang River.
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	Name
	Completion Time
	Normal Storage Water Level (m)
	Total Capacity (1 × 1010 m3)





	Danjiangkou
	1974
	170.00
	29.05



	Wangfuzhou
	1999
	86.23
	3.10



	Cuijiaying
	2000
	62.73
	2.45
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Table 2. Raw data sources.
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	Terms
	Source





	Sediment data
	Yangtze River Water Resources Commission, Hanjiang Hydrological Yearbook



	Streamflow data
	Hubei Province Hydrology and Water Resources Bureau



	Meteorological data
	China Meteorological Data Sharing Network



	GDP
	Statistical bulletin of national economic and social development in Hubei province



	NDVI data
	National Aeronautics and Space Administration
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Table 3. Trends for annual precipitation, water discharge, potential evapotranspiration, vegetation coverage, and sediment load using the Mann–Kendall (MK) test and linear regression at Huangzhuang station.
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Factors

	
MK Test

	
Linear Regression




	

	
Zall

	
Sig. Level

	
Slope

	
Sig. Level






	
Sediment load (106 kg/year)

	
6.09

	
0.01

	
−10.55

	
0.001




	
Precipitation (mm/year)

	
−0.39

	
0.05

	
18.90

	
0.10




	
Water discharge (104 m3/year)

	
1.45

	
0.01

	
−0.23

	
0.05




	
Potential evapotranspiration (mm/year)

	
1.39

	
0.01

	
9.86

	
0.05




	
Vegetation coverage (%)

	
-

	
-

	
−0.67

	
0.05
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Table 4. The decadal characteristics of water-sediment factor variables.
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Periods

	
Factors

	
Mean Value

	
Maximum

	
Minimum






	
1965–1975

	
Precipitation (mm)

	
899

	
1117

	
562




	
Streamflow (104 m3)

	
51

	
66

	
25




	
Sediment loads (108 kg)

	
477

	
1320

	
172




	
1975–1985

	
Precipitation (mm)

	
942

	
1410

	
576




	
Streamflow (104 m3)

	
64

	
110

	
31




	
Sediment loads (108 kg)

	
288

	
640

	
84




	
1985–1995

	
Precipitation (mm)

	
895

	
1120

	
693




	
Streamflow (104 m3)

	
49

	
74

	
35




	
Sediment loads (108 kg)

	
127

	
230

	
60




	
1995–2005

	
Precipitation (mm)

	
888

	
1197

	
618




	
Streamflow (104 m3)

	
42

	
63

	
22




	
Sediment loads (108 kg)

	
77

	
155

	
7




	
2005–2015

	
Precipitation (mm)

	
870

	
1149

	
564




	
Streamflow (104 m3)

	
49

	
78

	
25




	
Sediment loads (108 kg)

	
57

	
171

	
7
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