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Abstract

:

The Gongshui River basin exhibits one of the most serious soil erosion areas in southern China, and has always been the key control area of national soil and water conservation programs. This study used daily precipitation, streamflow, and sediment concentration data collected from 1957 to 2015 from the main hydrological stations of the Gongshui River to investigate streamflow and sediment discharge variations and their responses to precipitation and human activities. The Mann-Kendall and Pettitt’s test were used for trend and change-point detection. The double mass curve (DMC) method was employed to quantify the effects of precipitation change and human activities on hydrological regime shifts. The results showed insignificant trends of both annual precipitation and streamflow for all stations, while the sediment discharge of most stations exhibited significant decreasing trends. Change-point analyses revealed that all hydrologic stations except Mazhou had transition years. The estimation via DMC indicated that after the change point years, there was a rapid reduction in sediment discharge at Hanlinqiao, Fengkeng, Julongtan, Xiashan, and Chawu stations, but not at Mazhou, Ruijin, and Yangxinjian stations. Human activity provided a significantly greater contribution to sediment discharge than precipitation. The evidence clearly indicates that the degree and extension of conservation or destruction measures and the construction of large- and medium-sized reservoirs were the major factors significantly decreasing or increasing annual sediment discharge of the Gongshui River. This work could serve as the basis for decision making regarding river basin water resources management to estimate the effects of anthropogenic impacts on water and sediment discharge variations during the last few decades, thereby guiding adaptation and protection of the water resources of the Gongshui River flowing into the Poyang Lake.
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1. Introduction


In the past half century, affected by global warming and frequent human activities, the natural balance of many basins in the world is changing gradually or abruptly, which has attracted worldwide attention [1]. Among them, the research on the trend of streamflow and sediment in the river basin, as well as the influence level and mechanism of climate change and human activities on these changes, has been a hot research topic in the fields of river geomorphology and water conservancy engineering [2]. In China, such research is mainly concentrated in major rivers and their tributaries, especially in the Yellow River and Yangtze River. Li et al. [3] investigated temporal trends and historical phases of sediment flux delivered to the sea by nine major rivers in China, and also quantified the contribution of key anthropogenic and natural driving forces, indicating that a reduction of sediment concentration dominates the sediment load decrease in China. Additionally, they demonstrated that reservoirs, especially large reservoirs, mainly reduce sediments in Chinese rivers, while soil conservation measures had enhanced the decrease in sediment flux after 1999. Zhao et al. [4] assessed the response of sediment load to climate change and human activities with six different methods in the Huangfuchuan watershed, a first-order tributary of the Yellow River in the northern Loess Plateau, China, and found that the sediment load exhibited a 70.5% reduction, and human activities played a dominant role, accounting for 93.6 ± 4.1% of the sediment load reduction. Wu et al. [5] applied ten commonly used quantitative methods drawn from three main categories—empirical statistics, elasticity-based methods, and hydrological modeling, to assess the impacts of climate change and human activities on runoff in the Yanhe River basin, and indicated that climate change had a larger effect on decreases in runoff, accounting for 54.1%. As the longest river in Asia, the temporal change of sediment load and streamflow in the Yangtze River and possible causes and implications, have also received widespread attention [6], and a great deal of work has been done on the climate change and the influence of large-scale water conservancy projects (such as the South-to-North Water Transfer Project and the Three Gorges Project) on the trend of rainfall, runoff, sediment, and flood [7,8,9,10,11,12,13,14]. Significant and non-significant trends were detected for annual sediment discharge and runoff at all stations in the Yangtze River basin, respectively. Water reservoirs exerted more influence on changes of sediment discharge than on streamflow, which was the main reason for the decreasing trend of sediment discharge found in most stations [7,10].



Poyang Lake is the largest freshwater lake in China, located in the north of Jiangxi province and along the south bank of the middle and lower reaches of the Yangtze River [15]. This area is a low mountainous and hilly region with serious water erosion of the typical red soil region (mainly including the red soil, brown-red soil, yellow-red soil, and red clay) in southern China, resulting in excess sediment loads in the Poyang Lake. Although there are lots of source areas for these sediment loads, the influx rivers contribute the majority. Among the five largest inflow rivers, Ganjiang River was considered as the largest contributor. As the upstream watershed of the Ganjiang River watershed, the Gongshui River watershed suffered serious soil erosion due to the vulnerable ecological environment and excess exploitation, especially in the 1960s to the early 1980s, and vast water and soil was lost [16]. A series of studies have been carried out in the area of the Poyang Lake Basin and its largest river (Ganjiang) in the last few decades, such as flood analysis, runoff over the land surface, the analysis of trends of streamflow and sediment delivery and their driving forces, spatio-temporal patterns of sediment and runoff changes and the underlying causes, influence of hydropower stations upstream of the river, and sediment adjustment [10,11,17,18,19]. Recent research results indicate that the changing patterns of annual streamflow (non-significant increasing trend) and sediment loads (significant negative change) are different in the Poyang Lake Basin and Ganjiang River [11,17,20]. Changes in the region include fluctuations in the duration and intensity of precipitation, comprehensive control of water-soil erosion, reservoir construction, land-use changes, etc. These changes have influenced the changes in annual runoff and sediment discharge into Poyang Lake, and the human activities have played a more important role in the last decades [10,16,20,21]. In particular, the forest coverage changes caused by artificial deforestation and reconstruction on vegetation have had significant impacts on sediment discharge, with no evident influence on runoff at the annual scale. Zhang et al. [8] estimated that the contributions of human activities and climate change to streamflow changes in the Poyang Lake basin were 73.2% and 26.8%, respectively, whereas human-induced and climate-induced influences on streamflow were different in different river basins. Moreover, the construction of hydraulic facilities, especially their effect on sand interception by large- and medium-sized water reservoirs, is the major cause of the significantly decreasing sediment loads. The effect of reservoir construction on the changes in the weight of the sediment load entering the Poyang Lake is almost five times that of water and soil erosion [11,15,17,18].



There has been almost no research on the changes in the streamflow and sediment discharge on the smaller tributaries, especially for the Gongshui River, which provide useful information on the processes of soil erosion and sediment delivery [22]. Soil erosion is one of the most serious environmental problems in the survival and development of human society, which destroys land resources; pollutes water quality; silts up rivers, lakes, and reservoirs; and aggravates flood disasters, thus affecting the development of the ecological environment and socio-economy. Rainfall and increasing human activities are the main driving factors of the soil erosion. Specifically, integrated factors like abundant rainfall accompanied by high intensity rain storms in the flood season, low mountainous and hilly regions, great undulate terrain, man-made destruction like damaging forests to reclaim land, and cutting down the forest and grass as firewood for cooking and steelmaking fuel etc., make the basin of Gongshui River a typical vulnerable ecology region with serious soil erosion in southern China. National key regulation engineering efforts devoted to the control of soil erosion have been launched twice in the Gongshui River basin. The first phase of the regulation project was started in 1983 in Xingguo county of Pingjiang branch, and the second phase of the control process was expanded from Xingguo to Yudu, Ningdu, Ruijin, Huichang, and Shicheng counties, located at the middle and upper reaches of the Gongshui River in 1993, with work lasting for 10 years. In the period of key management of water-soil erosion, many measures such as afforestation and the construction of water storage projects, especially reservoirs and sand collection dams; planting soil and water conservation forests; economic forestry; and planting grasses and fruit-bearing trees, were carried out in this region [19,23]. Even after many decades, only a few studies on the effect of soil erosion control have been reported, especially for the studies of streamflow and sediment changes, which play important roles in shaping river morphology; providing water resources; and protecting, maintaining, and improving regional environments and ecosystems.



Therefore, this study is aimed at the analysis of the impacts of climate change and man-made activities on changes in the streamflow and sediment discharge with respect to the changes of flow direction and water velocity over the past 60 years. The objectives of this work were to: (a) conduct a trend and change-point analyses of streamflow and sediment discharge in the eight hydrological stations along the Gongshui River; (b) determine the main forces that drive these changes; and (c) estimate the impacts of precipitation and human activities on changes in streamflow or sediment discharge by comparing the period before and after the change-point. The results of this research could help watershed management decision makers in the area of Gongshui estimate the effects of climate change and anthropogenic factors (especially water-soil conservation measures, the construction of water supply and control projects, and land-use changes, etc.) on changes of water and sediment discharge in the region in the last few decades. Furthermore, the results of this study will be valuable in directing future work regarding the use and protection of water resources in the Gongshui River.




2. Study Area and Data Sets


This study was conducted in the Gongshui River Basin (114°48′–116°08′ E, 24°38′–26°43′ N) (Figure 1), which is located upstream of the Ganjiang, one of the eight major tributaries of the Yangtze River and the largest inflowing river of Poyang Lake. The total length of the main stream of Gongshui River is 313 km. The river flows through 14 counties and cities, occupying an area of 27,074 km2 (30% of the Ganjiang River Basin) [23]. The climate of Gongshui River Basin belongs to that of the subtropical monsoon humid climate area, with an average annual precipitation of 1627 mm, evaporation of 1550 mm, and temperature of 18 °C [16]. The abundant rainfall is always concentrated in the flood season (from April to September), accompanied by high intensity rainstorms. Moreover, the Gongshui River Basin has staggered mountains and hills, greatly undulating terrain, and a large population density with prominent population-land conflicts. These combined factors make this area ecologically vulnerable with potentially serious soil erosion.



The Gongshui River datasets of long-term daily flow and sediment content were provided by the Hydrology Bureau of Jiangxi Province; the precipitation data were from the National Meteorological Information Centre of the Chinese Meteorological Administration. There are 16 hydrological stations in the study area, and only eight stations in which both streamflow and sediment discharge data have been measured and documented. Among them, Mazhou and Ruijin hydrological stations are separately connected with Xiangshui and Mianshui Rivers; Hanlinqiao, Fengkeng, and Yangxinjian hydrological stations are close to the branches of Pingjiang, Meijiang, and Lianjiang Rivers; Julongtan and Chawu hydrological stations are both connected to Taojiang branch of Gongshui River; and Xiashan is a representative hydrological station of Gongshui. Most of the data sets cover more than 50 years, except for Ruijin and Chawu stations, with only 15 years of data available. The length of the Ruijin sediment dataset was 1964–1981. The corresponding statistical information for the upstream, midstream, and downstream hydrological stations is given in Table 1.




3. Analysis Methods


In this study, the inverse distance weighted interpolation method (IDW) was used to generate the spatially continuous distribution of raster data based on the interpolation of known measured precipitation data of counties within the research area. The values of average areal rainfall of the Gongshui River were then obtained, which reflect the situation of rainfall in this region objectively. Besides the point data interpolation method by GIS, the non-parametric Mann-Kendall trend test [24,25,26,27], Pettitt change-point analysis [28], and DMC method [20] were used to analyze the trends and change-points of precipitation, streamflow, and sediment discharge (Table 2 and Table 3, Figure 2 and Figure 3), and their driving forces (Figure 4, Table 4 and Table 5) for their variations in the Gongshui River.



3.1. Trend Test


The rank-based, non-parametric Mann-Kendall statistical test has been widely used for trend detection due to its robustness for abnormally distributed data, especially in the time-series of hydro-climatic data [13,20]. For the time-series of a group of hydrological variables, Xi (i = 1, 2, 3, ……, n), the Mann-Kendall test statistic is defined as:


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



(1)







Here,   sgn (  x j  −  x i  ) =  {    1     x j  −  x i  > 0      0     x j  −  x i  = 0      − 1     x j  −  x i  < 0       ; n is the sequence length, and when n ≥ 10, the statistic S obeys the normal distribution, and the equation of its mean E(S) and variance D(S) are E(S) = 0,   D ( S ) =   n ( n − 1 ) ( 2 n + 5 )   18    , respectively.



The Z statistics obtained from the Mann-Kendall test can be used to judge whether or not the observed hydrological time-series variables (like streamflow) have been statistically significant. The normal distribution of test statistic Z is calculated by the following formula:


  Z =  {      S − 1  σ      0       S + 1  σ                           S > 0       S = 0       S < 0      



(2)







Here,   σ =   D ( S )    .    Z  ( 1 −  α /  2 )       is the critical value of the standard normal distribution with a probability exceeding    α / 2   . The positive and negative values of Z statistics denote increasing and decreasing trends, respectively. In this study, when the absolute value of Z is greater than or equal to 1.28 and 1.64, it shows that the Mann-Kendall trend test is significant at the confidence levels 90% and 95%, respectively (Table 2).




3.2. Change-Point Analysis


The non-parametric Pettitt method, with a statistical significance level of 5%, was used to determine the transition year in which an abrupt change in the hydrological records of the Gongshui River may have occurred. Here, the test uses the Mann-Whiney statistic,    U  t , T    , to test whether two sample sets x1, x2, ……, xt and xt+1, ……, xT are from the same population [28]. For successive sequences, the statistic,    U  t , T    , is given as:


   U  t , T   =  U  t − 1 , T   +   ∑  j = 1  T   sgn (  x t  −  x j  )     For t = 2 , … … , T  



(3)




and


  sgn (  x t  −  x j  ) =  {    1     x t  −  x j  > 0      0     x t  −  x j  = 0      − 1     x t  −  x j  < 0       



(4)







The test statistic is used to count the number of times that a member of the first sample exceeds a member of the second sample. The null hypothesis of the Pettitt method is the absence of a change-point. In this paper, the most significant change-point is identified by the test statistic KT and corresponding probability (p), with their calculation formulas given as:


   K T  = max  |   U  t , T    |   



(5)






  p = 1 − exp  (    − 6  K T    2     T 3  +  T 2     )   



(6)








3.3. Double Mass Curve


The double mass curve is currently the simplest, most direct, and most widely used method in the analysis of the consistency and long-term trend of hydro-meteorological elements [22,23]. Over the past decades, the effects of climate change and human activity on streamflow and sediment have been analyzed using the double mass curve method with good result [13,14,29,30]. In this study, the double mass curves along the linear regression lines were used to quantify the variations of streamflow and sediment discharge before and after the transition years.



If the slope of the regression lines after the change-point was greater than before the change-point, it means that the proportionalities between the cumulative streamflow or sediment discharge and precipitation were increased after the transition years, and vice versa. Furthermore, in order to estimate the relative changes of total streamflow or sediment discharge for the period after the transition years, equations fitted to the double curves before the transition years are extrapolated to the cumulative precipitation amounts. More details are given in Section 4.3 and Section 4.4.





4. Results and Analysis


4.1. Trends of Annual Precipitation, Streamflow and Sediment Discharge


The results of the Mann-Kendall trend test of annual and seasonal precipitation, streamflow, and sediment discharge are summarized in Table 2. More than 1/3 (43 of 120) of the trend tests show significant changes. Fourteen of 120 Z statistic values indicated significant upward trends, and 29 of 120 values indicated significant downward trends (Table 2). Among the 43 significant trends, 31 were significant at the 95% confidence level and the other 12 were significant at the 90% confidence level.



The variations of annual trend precipitation, streamflow, and sediment discharge are given in Figure 2. No significant trend (p > 0.05) was found in the variations of annual precipitation and streamflow. Precipitation had been fluctuating around the mean value 1500 mm (Figure 2a). Trend lines showed streamflow increasing over time at Mazhou, Ruijin, and Xiashan, while streamflow decreased with time at Chawu. The changes in magnitude of these variables at Ruijjin and Chawu were relatively large, but the differences were not significant at p = 0.01 (Figure 2b). The variations in annual sediment discharge had a steep rise or drop (Figure 2c). Of the three sets of annual data analyzed (precipitation, streamflow, and sediment discharge), significant trends were only observed for sediment discharge. This finding agrees with the results of previous studies of trend changes of runoff and sediment in the Ganjian [16,19,20]. Moreover, the Mann-Kendall trend test for annual sediment discharge at seven of the eight hydrological stations (all except Mazhou) indicated a significant change (p = 0.95) (Table 2). The results obtained at only two (Ruijin and Yangxinjiang) of seven stations indicated significant upward trends. The data collected in the other five stations all showed significant downward trends. The data for sediment discharge at the Ruijin station came from the 1964–1981 time period. This period was before the first national key regulation engineering program institute to control soil erosion.



In the analysis of precipitation, streamflow, and sediment discharge by season, 36 of the 96 records show a clear trend. Specifically, in the seasonal period of January–March, there were five records with a significant trend (all for sediment discharge). During the April–June period, there were 14 records with a significant trend (streamflow 2, precipitation 5 and sediment discharge 7). For the July–September period, there were 13 records with a clear trend (precipitation 1, streamflow 6 and sediment discharge 6). Furthermore, for the October–December period, there were four records with a significant trend (precipitation 1, sediment discharge 1, streamflow 2) (Table 2). For the flood period (from April to September), 17 of 27 records (9 for sediment discharge, 5 for precipitation and 3 for streamflow) showed downward trends, and the other 10 records (5 for streamflow, 4 for sediment discharge and 1 for precipitation) showed upward trends. For the non-flood period (from October to March of the following year), the proportion of downward to upward trends was 2 to 1, 6 of 9 records (all for sediment discharge) showed downward trends, and the other 3 records (precipitation 1, streamflow 2) showed upward trends.




4.2. The Change-Point Analysis


The Pettitt’s test was further used to detect the transition years when the significant changes began. The change-point analysis results of annual sediment discharge showed that transition years could be detected (p = 0.05) at all stations except Mazhou, while no change-point year could be detected for precipitation and streamflow (p = 0.1) at any station (Table 3).



Furthermore, KN statistics of Pettitt’s test of sediment discharge at seven stations were significant, and different transition years were found (Table 3, Figure 3). At three stations (Ruijin, Fengkeng, and Chawu), the transition year was determined at a significance level of 0.01, while at four stations (Hanlinqiao, Yangxinjiang, Julongtan, and Xiashan), the transition year was determined at a significance level of 0.05. Specifically, the sediment discharge of Ruijin and Yangxinjiang stations significantly increased after their transition years of 1972 and 1994, respectively. Conversely, sediment discharge at Hanlinqiao, Fengkeng, Julongtan, Xiashan, and Chawu stations decreased significantly after their transition years of 1985, 1998, 2002, 1998, and 2007, respectively (Figure 2c and Figure 3).




4.3. Double Mass Curve of Precipitation-Streamflow and Precipitation-Sediment


The streamflow and sediment discharge before and after the transition years were quantified with double mass curves (Figure 4) and the resultant linear regression lines (Table 4) from the eight hydrological stations. For the streamflow data from all of the stations, no clear breakpoint was found in the regression lines, verifying the results of Pettitt’s test that detected no change-point year for precipitation and streamflow. However, for the sediment discharge observations, every regression line (except that of Mazhou station) had a clear breakpoint, consistent with the transition years identified by Pettitt’s method. For Ruijin and Yangxinjiang stations, the slopes of the regression lines for sediment discharge were greater after the breakpoint than before (Figure 4). Because no significant precipitation change was found at any of the eight stations, the greater regression slope indicated that the ratio between sediment discharge and precipitation increased after the transition years, while the opposite was observed at Hanlinqiao, Fengkeng, Julongtan, Xiashan, and Chawu stations (Figure 4).



To estimate the proportional changes of total sediment discharge for the period after the transition years, equations fitted to the double curves before the transition years were extrapolated to the cumulative precipitation amounts (Table 4). The extrapolated cumulative sediment discharge (Sc) was based on the assumption that environmental conditions and human impacts during the first period remained unchanged during the second period (after the transition year). Compared with Sc, observed cumulative sediment (So) was reduced by 26.0%, 13.5%, 13.4%, 15.7%, and 28.2% at Hanlinqiao, Fengkeng, Julongtan, Xiashan, and Chawu stations, and increased by 26.2% and 66.3% at Ruijin and Yangxinjiang stations, respectively.



In general, precipitation variation and human activity are the two main factors affecting watershed streamflow and sediment delivery [31,32,33]. In this study, precipitation did not show any significant change in the annual trend since the beginning year for each station, according to the Mann-Kendall and Pettitt test. Consequently, human activities such as constructing water storage projects, afforestation or deforestation, and various land use changes, are the most plausible factors responsible for sediment discharge changes in the Gongshui River Basin since the 1980s, especially after 1983.




4.4. Impacts of Precipitation and Human Interference


The annual sediment discharge for the period after the transition years could be calculated by the regression equations established from the double mass curve of precipitation-sediment before the transition years [13]. The difference between the calculated values in different periods is caused by precipitation variation, while the difference between calculated and measured values in the same period is the impact of human intervention. The detailed results in this study are given in Table 5.



Many studies have documented that compared with the precipitation variation, the role of human activity plays a much more important role in the streamflow and sediment discharge reduction at the Poyang Lake River basin, especially at the decadal scale [8,11,15,16,17,18,19,20,21], which agrees with the study of Wang et al. [34]. Regarding the increase in sediment discharge at Ruijin station, the impact of human activities showed an increasing trend from 83.7% in the 1970s to 95.4% in the 1980s, which is significantly stronger than the contribution of precipitation (from 4.6% to 16.3%). A similar result was found at Yangxinjiang station. Furthermore, human activity was also the dominant factor in the sediment discharge decline after the transition years at five other hydrological stations. During some periods, the contribution rate of human activities was more than 100% (e.g., 126.3% in the 1990s at Hanlinqiao station), which was caused by the increased precipitation and decreased sediment discharge (Table 5).




4.5. Impacts of Human Intervention in Sediment Discharge Variation


Domestic and overseas studies have shown that the key drivers of increased sediment loads include land clearance for agriculture, logging activity, and mining. While anthropogenic causes involving programs for soil conservation, land use change, and dam construction control the long-term decrease in sediment discharge [22,31,32,33,34,35,36]. Some previous relevant studies have also reported on human activities that increased vegetation coverage or reduced soil erosion (from 1983–1997). Additionally, the construction of large- and medium-sized reservoirs in recent decades may have played an important role in sediment discharge reduction in the Gongshui River Basin [15,19]. The results of the current study suggest the following.



Firstly, two national key regulation engineering programs dealing with water and soil erosion are plausibly the most important influencing factors. The Gongshui River, located upstream of the Ganjiang of Jiangxi province, flows through a typical hilly mountain area with heavy water and soil erosion. In the last 80–90 years of the previous century, two national programs dealing with water and soil erosion were carried out, resulting in the comprehensive management and development of mountain, water, field, forest, and grass resources and roads in this area. The first period was 1983–1992 in Xingguo, and the second period was 1993–1997 in both Xingguo and five other cities (Yudu, Ningdu, Ruijin, Huichang, and Shicheng) [15]. The effects of soil erosion control in these two periods can be plainly seen in the rate of reduction in soil erosion shown in Table 6. The total area of soil erosion and the level of erosion intensity in both the 1983–1992 period and the 1992–1997 period clearly demonstrate the positive effects of soil erosion control in first period (Intense and Severe erosion were reduced 96.8% and 99%, respectively) in Xingguo county. These reductions in erosion are much greater than what was observed during the second period (Intense and Severe erosion were reduced only 23.6% and 24.8%). The transition year for the hydrological station Hanlinqiao occurred in 1985, during the first period, located in Xingguo city of Pingjiang branch (Table 6). For both Julongtan and Chawu stations (located in Taojiang branch in Ganxian County), water and soil conservation measures occurred later, such that the transition years for those two stations occurred in 2002 and 2007, respectively (Table 1, Figure 3). The land-use changes in the six counties of the Gongshui River Basin from 1992 to 1997 are shown in Table 7. Among the six land use types, the area of farmland, water, and construction land remained essentially unchanged from 1992 to 1997. The main changes occurred in forestland, grassland, and unused land. The forest and grass coverage of all seven cities was increasing, with a corresponding decrease in unused land. With the exception of Xingguo and Shicheng, the forest coverage rate of the cities increased by more than 10% within five years; for example, at Yudu, forest coverage increased from 53.4% in 1992 to 66.1% in 1997.



Secondly, the impact of the construction of large and medium reservoirs on sediment discharge is another important factor [15]. The construction time was divided into three periods: before 1980, 1981–2000, after 2000. In the past 60 years, 33 large and medium reservoirs had been built (13, 8, and 12 in the three periods, respectively). During the period “before 1980”, the total water-collecting area was 2258.5 km2, mainly distributed in Taojiang, Pingjiang, Meijiang, and Mian River basins. During the 1981–2000 period, the total water-collecting area was 3077 km2, mainly distributed in Lian River, Taojiang, Meijiang, and Xiang River basins. After 2000, the total water-collecting area was very large, more than 50,666 km2, mainly distributed in Xiang River, Meijiang, and Taojiang (Table 8). For the Ruijing station, the sediment discharge data was collected in the 1964–1981 period, which was before the second national governance period when few reservoirs were being constructed. In that period, human-caused disturbances such as deforestation, steel production, mining, and engineering construction and unreasonable land use patterns caused serious vegetation destruction and soil erosion. Consequently, after the change-point year of 1972, the sediment discharge increased (Figure 2c and Figure 4). For Yudu, the effect of soil erosion control during the second national governance was much smaller than that of the two national water-and-soil conservation measures at Xingguo (Table 6). Furthermore, the total water-collecting area of reservoirs constructed was much smaller than at Fenkeng and Xiashan before 2000, such that the transition years for these two hydrological stations both occurred in 1998 (after the end of governance) (Figure 3, Table 8).



Two hydrological stations (Mazhou and Yangxinjiang) showed different results. Although five large-sized reservoirs had been built for Mazhou around 2010, the water-soil erosion control and reservoir construction were not adequate before 2000, and the sediment discharge reduction is not significant at the present time. While for Yangxinjiang station, the sediment discharge increased even though two reservoirs were constructed in the 1981–2000 period that encompassed a relatively large drainage are of 2257 km2. This increase may be caused by land-use change due to unknown human activities, such as man-made destruction. All of these cases show that the types and times of human interference that are implemented closely correspond to the transition years of sediment discharge identified by the Pettitt change-point analysis.





5. Conclusions


Precipitation, streamflow, and sediment discharge in the Gongshui River during 1957–2015 were analyzed by the Mann-Kendall trend test, Pettitt change-point analysis, and double mass curve. There were significant trends (p < 0.05) for annual sediment discharge at all hydrological stations except Mazhou station, and no significant trends (p > 0.05) for either precipitation or streamflow. When analyzed by three-month quarters, significant upward and downward trends could be found in the three measured quantities. Significant transition years were found in annual sediment discharge at most stations, while no change-point existed in the precipitation and streamflow data at any of the stations. Double mass curves indicated that human activity was the most plausible factor responsible for sediment discharge changes in the Gongshui River basin since the 1980s. Compared with the period before the transition years, measured cumulative sediment discharge decreased from 13.4% to 28.2% at Hanlinqiao, Fengkeng, Julongtan, Xiashan, and Chawu stations, and increased by 26.2% and 66.3% at Ruijin and Yangxinjiang, respectively. The average human activities contribution rates were more than 85% for sediment discharge increases or decreases, which were significantly larger than the precipitation contribution rates (lower than 15%).



Extensive conservation measures like vegetation rehabilitation, and dam and reservoir construction altered the natural regimes of sediment discharge and led to an abrupt decline in 1985 at Hanlinqiao, in 1998 at Fenkeng and Xiashan, in 2002 at Julongtan, and in 2007 at Chawu. The overall results showed that human activities, including water-and-soil conservation or destruction measures (such as deforestation) and the construction of large- and medium-sized reservoirs played major roles in the significant changes in sediment discharge of the Gongshui River during the last few decades. More importantly, the reduced sediment discharge will directly impact sediment deposition of the river channel, so as to exert a positive influence on the conservation of ecological environment and flood mitigation in the Gongshui River basin, and further impact the geomorphological evolution of the river channel of the Gangjiang, Poyang Lake, and the middle and lower Yangtze River basin.
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Figure 1. Location of study region and main hydrological stations in the Gongshui River. 
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Figure 2. (a) Observed annual precipitation during 1950–2015 at eight hydrological stations on the Gongshui River of Ganjiang River basin. The horizontal solid and dashed lines are the mean values and trend lines, respectively. (b) Observed annual streamflow during 1950–2015 for the Gongshui River basin. (c) Observed annual sediment discharge of the Gongshui River of Ganjiang River basin. Note: MZ, RJ, FK, HLQ, YXJ, JLT, XS, and CW are abbreviations for Mazhou, Ruijin, Fenkeng, Hanlinqiao, Yangxinjiang, Julongtan, Xiashan, and Chawu, respectively. The horizontal solid and dashed lines are the mean values and trend lines, respectively, and the vertical dashed lines indicate the transition years. 
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Figure 3. Pettitt’s test KN statistic used for detecting a change point in annual sediment discharge of eight hydrological stations during 1950–2015 for the Gongshui River basin. The black arrow indicates the change-point year, and the horizontal lines represent the significance levels of 1% (dotted) and 5% (dash-dot), respectively. Note: MZ, RJ, FK, HLQ, YXJ, JLT, XS, and CW are abbreviations for Mazhou, Ruijin, Fenkeng, Hanlinqiao, Yangxinjiang, Julongtan, Xiashan, and Chawu, respectively. 
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Figure 4. Double mass curves of precipitation-streamflow and precipitation-sediment of eight hydrological stations with sediment data on the Gongshui River basin. Note: MZ, RJ, FK, HLQ, YXJ, JLT, XS, and CW are abbreviations for Mazhou, Ruijin, Fenkeng, Hanlinqiao, Yangxinjiang, Julongtan, Xiashan, and Chawu, respectively. ■ means the values of cumulative Precipitation-Sediment after the corresponding change point. 
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Table 1. Drainage area, average precipitation, annual streamflow, and sediment discharge of the hydrological stations on Gongshui River.
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Hydrological Station

	
Belonging Main Tributaries

	
Drainage Area (km2)

	
Latitude and Longitude

	
Precipitation (mm)

	
Streamflow (108 m3)

	
Sediment Discharge (104 t)




	
Latitude

	
Longitude






	
Mazhou

	
Xiang River

	
1758

	
115°47′

	
25°31′

	
16,467 (1958–2014)

	
14.81 (1965–2015)

	
13.54 (1965–2015)




	
Ruijin

	
Mian River

	
911

	
116°03′

	
25°53′

	
1680 (1959–2015)

	
7.90 (1960–1981)

	
21.70 (1964–1981)




	
Hanlinqiao

	
Pingjiang

	
2689

	
115°12′

	
26°03′

	
1541(1953–2014)

	
23.10 (1957–2014)

	
86.85 (1957–2014)




	
Fenkeng

	
Meijiang

	
6366

	
115°40′

	
26°08′

	
1671 (1957–2014)

	
60.58 (1965–2015)

	
60.06 (1965–2015)




	
Yangxinjiang

	
Lian River

	
569

	
115°23′

	
25°19′

	
1587 (1958–2014)

	
4.35 (1965–2015)

	
3.14 (1965–2015)




	
Julongtan

	
Taojiang

	
7751

	
115°07′

	
25°49′

	
1552 (1953–2015)

	
60.66 (1957–2015)

	
115.41 (1958–2015)




	
Chawu

	
Taojiang

	
5290

	
114°58′

	
25°24′

	
1527 (2001–2015)

	
39.69 (2001–2015)

	
43.34 (2001–2015)




	
Xiashan

	
Gongshui

	
16,033

	
115°10′

	
25°55′

	
1563 (1965–2014)

	
136.31 (1965–2015)

	
179.79 (1965–2015)
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Table 2. The Mann-Kendall test of the annual, seasonal changes of precipitation, streamflow, and sediment discharge.
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Z Statistic with Significance Level




	
Stations

	
Variables

	
Annual

	
January–Mary

	
April–June

	
July–September

	
October–December






	
Mazhou

	
Precipitation

	
0.49

	
0.60

	
−0.89

	
0.78

	
0.03




	
Streamflow

	
0.80

	
−0.37

	
−0.80

	
1.34 *

	
0.89




	
Sediment

	
−0.02

	
−1.29 *

	
−0.95

	
−0.09

	
0.42




	
Ruijin

	
Precipitation

	
−0.59

	
−0.01

	
−1.79 **

	
1.02

	
−0.02




	
Streamflow

	
0.62

	
1.02

	
0.28

	
1.41 *

	
1.64 **




	
Sediment

	
2.10 **

	
1.20

	
1.40 *

	
3.10 **

	
−0.98




	
Hanlinqiao

	
Precipitation

	
−0.04

	
0.73

	
−1.46 *

	
1.26

	
−0.53




	
Streamflow

	
0.55

	
1.14

	
−1.72 **

	
2.40 **

	
1.82 **




	
Sediment

	
−5.00 **

	
−2.50 **

	
−5.00 **

	
−1.90 **

	
−1.34 *




	
Fenkeng

	
Precipitation

	
0.15

	
0.18

	
−1.99 **

	
2.68 **

	
−0.01




	
Streamflow

	
0.18

	
0.39

	
−0.81

	
2.20 **

	
0.77




	
Sediment

	
−1.96 **

	
−1.84 **

	
−2.40 **

	
−0.31

	
−0.47




	
Yangxinjiang

	
Precipitation

	
0.64

	
0.39

	
−1.20

	
1.25

	
−0.32




	
Streamflow

	
−0.17

	
−0.42

	
−0.97

	
0.77

	
−0.45




	
Sediment

	
4.05 **

	
0.34

	
2.45 **

	
2.85 **

	
−0.15




	
Julongtan

	
Precipitation

	
0.21

	
−0.28

	
−1.39 *

	
0.97

	
−1.12




	
Streamflow

	
0.05

	
−0.22

	
−1.30 *

	
0.88

	
0.09




	
Sediment

	
−2.00 **

	
−0.91

	
−2.50 **

	
−1.40 *

	
−1.25




	
Xiashan

	
Precipitation

	
−0.65

	
−0.6

	
−1.76 **

	
0.59

	
−0.82




	
Streamflow

	
0.44

	
0.10

	
−0.90

	
2.20 **

	
1.25




	
Sediment

	
−2.88 **

	
−2.40 **

	
−4.00 **

	
−1.60 *

	
−0.69




	
Chawu

	
Precipitation

	
0.40

	
−1.09

	
0.59

	
−0.40

	
2.18 **




	
Streamflow

	
−0.40

	
−0.40

	
0.10

	
−1.40 *

	
0.69




	
Sediment

	
−2.00 **

	
−1.70 **

	
−2.00 **

	
−1.40 *

	
0.20








Notes: ** significant at p = 0.05; * significant at p = 0.1.
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Table 3. The change-point analyses for annual precipitation, streamflow, and sediment discharge.
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Stations

	
Variables

	
Annual

	
Stations

	
Variables

	
Annual






	
Mazhou

	
Precipitation

	
-

	
Yangxinjiang

	
Precipitation

	
-




	
Streamflow

	
-

	
Streamflow

	
-




	
Sediment

	
-

	
Sediment

	
1994 **




	
Ruijin

	
Precipitation

	
-

	
Julongtan

	
Precipitation

	
-




	
Streamflow

	
-

	
Streamflow

	
-




	
Sediment

	
1972 **

	
Sediment

	
2002 **




	
Hanlinqiao

	
Precipitation

	
-

	
Xiashan

	
Precipitation

	
-




	
Streamflow

	
-

	
Streamflow

	
-




	
Sediment

	
1985 **

	
Sediment

	
1998 **




	
Fenkeng

	
Precipitation

	
-

	
Chawu

	
Precipitation

	
-




	
Streamflow

	
-

	
Streamflow

	
-




	
Sediment

	
1998 **

	
Sediment

	
2007 **








Notes: ** significant at p = 0.05; - not significant.
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Table 4. The cumulative sediment discharge calculated by the linear regression equations before the transition years.
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	Station
	Regression Equation
	Sc (104 t)
	So (104 t)
	Sc − So (104 t)
	100 × (Sc − So)/Sc (%)





	Ruijin
	   ∑   S r    = 0.01  ∑   P r    + 4.4366   (R2 = 0.994, N = 8)
	309.59
	390.68
	−81.09
	−26.19



	Hanlinqiao
	   ∑   S h    = 0.0767  ∑   P h    − 60.535   (R2 = 0.999, N = 28)
	6807.63
	5037.35
	1770.28
	26.00



	Fenkeng
	   ∑   S f    = 0.0424  ∑   P f    − 81.278   (R2 = 0.999, N = 33)
	3451.92
	2985.90
	466.02
	13.50



	Yangxinjiang
	   ∑   S y    = 0.0012  ∑   P y    − 1.0734   (R2 = 0.995, N = 29)
	93.52
	155.54
	−62.02
	−66.32



	Julongtan
	   ∑   S j    = 0.0908  ∑   P j    − 286.67   (R2 = 0.993, N = 44)
	7861.81
	6809.01
	1052.79
	13.39



	Xiashan
	   ∑   S x    = 0.1409  ∑   P x    − 132.38   (R2 = 0.997, N = 33)
	10,652.38
	8978.91
	1673.47
	15.71



	Chawu
	   ∑   S c    = 0.04  ∑   P c    − 0.8699   (R2 = 0.986, N = 6)
	905.51
	650.15
	255.36
	28.20







Notes: Sc, Cumulative sediment discharge; So, observed cumulative sediment discharge; Sc − So, reduction of cumulative sediment discharge after transition years for the Gongshui River (N = years, p = precipitation).
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Table 5. The impact of precipitation and human intervention on sediment discharge after the change-point year at seven stations on the Gongshui River (104 t/year).
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Stations

	
Period

	
Ro

	
Rc

	
    Δ R    

	
Impact of Precipitation

	
Impact of Human Intervention




	
Amount (104 t)

	
Percentage (%)

	
Amount (104 t)

	
Percentage (%)

	
Amount (104 t)

	
Percentage (%)






	
Ruijin

	
Before 1972

	
16.6

	
16.6

	

	

	

	

	

	




	
1972–1979

	
25.8

	
18.1

	
−9.2

	
−55.7

	
−1.5

	
16.3

	
−7.7

	
83.7




	
1980–1981

	
31.6

	
17.3

	
−15.0

	
−90.2

	
−0.7

	
4.6

	
−14.3

	
95.4




	
Hanlinqiao

	
Before 1986

	
116.8

	
116.5

	

	

	

	

	

	




	
1986–1989

	
68.2

	
100.1

	
48.6

	
41.6

	
16.7

	
34.3

	
31.9

	
65.7




	
1990–1999

	
75.6

	
127.6

	
41.2

	
35.2

	
−10.8

	
−26.3

	
52.0

	
126.3




	
2000–2009

	
44.3

	
117.5

	
72.4

	
62.0

	
−0.8

	
−1.1

	
73.2

	
101.1




	
2010–2014

	
42.1

	
115.0

	
74.7

	
64.0

	
1.7

	
2.3

	
73.0

	
97.7




	
Fenkeng

	
Before 1998

	
68.1

	
68.5

	

	

	

	

	

	




	
1999

	
50.8

	
71.7

	
17.3

	
25.4

	
−3.6

	
−20.9

	
20.9

	
120.9




	
2000–2009

	
38.0

	
68.7

	
30.0

	
44.1

	
−0.7

	
−2.3

	
30.7

	
102.3




	
2010–2014

	
42.9

	
69.5

	
25.2

	
37.0

	
−1.4

	
−5.7

	
26.6

	
105.7




	
Yangxinjiang

	
Before 1994

	
1.9

	
1.9

	

	

	

	

	

	




	
1995–1999

	
2.8

	
1.9

	
−1.0

	
−51.6

	
−0.0

	
4.2

	
−0.9

	
95.8




	
2000–2009

	
5.3

	
1.8

	
−3.5

	
−187.1

	
0.0

	
−0.9

	
−3.5

	
100.9




	
2010–2014

	
6.4

	
1.9

	
−4.6

	
−244.6

	
−0.1

	
1.5

	
−4.5

	
98.5




	
Julongtan

	
Before 2002

	
137.5

	
134.9

	

	

	

	

	

	




	
2003–2009

	
67.4

	
131.4

	
70.0

	
51.0

	
6.0

	
8.6

	
64.0

	
91.4




	
2010–2014

	
27.5

	
139.0

	
110

	
80.0

	
−1.5

	
−1.4

	
111.5

	
101.4




	
Xiashan

	
Before 1998

	
210.9

	
217.5

	

	

	

	

	

	




	
1999

	
128.0

	
204.3

	
82.8

	
39.3

	
6.6

	
7.9

	
76.2

	
92.1




	
2000–2009

	
115.9

	
213.1

	
95.0

	
45.0

	
−2.2

	
−2.3

	
97.2

	
102.3




	
2010–2014

	
133.1

	
222.4

	
77.7

	
36.9

	
−11.6

	
−14.9

	
89.3

	
114.9




	
Chawu

	
Before 2007

	
63.8

	
62.9

	

	

	

	

	

	




	
2007–2009

	
22.6

	
56.9

	
41.3

	
64.6

	
7.0

	
16.9

	
34.3

	
83.1




	
2010–2015

	
30.7

	
59.9

	
33.1

	
51.9

	
3.9

	
11.9

	
29.2

	
88.1








Notes: Rc, Calculated sediment discharge; Ro, observed annual sediment discharge;   Δ R  , reduction in observed sediment discharge compared with the period of before transition years for the Gongshui River (N = years, p = precipitation).
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Table 6. The governance of water and soil erosion in the six counties of the Gongshui River Basin.
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Cities

	
Years

	
Total Area of Soil Erosion (km2)

	
Light Erosion

	
Moderate Erosion

	
Intense Erosion

	
Severe Erosion






	
Xingguo

	
1983

	
1899.07

	
1453.65

	
884.69

	
4700.43

	
157




	
1992

	
813.39

	
445.33

	
216.13

	
150.36

	
1.57




	
1997

	
463.33

	
214.67

	
132.63

	
114.85

	
1.18




	
Reduction rate (1992–1983)

	
57.17%

	
69.36%

	
75.57%

	
96.80%

	
99.00%




	
Reduction rate (1997–1992)

	
43.04%

	
51.80%

	
38.63%

	
23.62%

	
24.84%




	
Yudu

	
1992

	
1063.73

	
383.33

	
410.8

	
185.6

	
84




	
1997

	
777.5

	
337.56

	
303.97

	
84.86

	
51.11




	
Reduction rate

	
26.91%

	
11.94%

	
26.01%

	
54.28%

	
39.15%




	
Ruijin

	
1992

	
745.2

	
383.41

	
174.45

	
187.34

	
-




	
1997

	
577.33

	
297.67

	
133.12

	
146.54

	
-




	
Reduction rate

	
22.53%

	
22.36%

	
23.69%

	
21.78%

	
-




	
Huichang

	
1992

	
664.52

	
297.06

	
155

	
212.46

	
-




	
1997

	
565.59

	
262.25

	
110.09

	
193.25

	
-




	
Reduction rate

	
14.89%

	
11.72%

	
28.97%

	
9.04%

	
-




	
Ningdu

	
1992

	
1025

	
647

	
137

	
241

	
-




	
1997

	
831

	
542

	
94

	
195

	
-




	
Reduction rate

	
18.93%

	
16.23%

	
31.39%

	
19.09%

	
-




	
Shicheng

	
1992

	
502.13

	
242.73

	
167.93

	
91.47

	
-




	
1997

	
405.27

	
198.13

	
146.22

	
60.92

	
-




	
Reduction rate

	
19.29%

	
18.37%

	
12.93%

	
33.40%

	
-








Notes: Information comes from data compilation <Water and soil conservation project in the seven major basins of China: document literature on the key management of the Gongshui River Basin in Jiangxi province>.
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Table 7. Land-use classification (% of total area) in the six counties of Gongshui River Basin in 1992 and 1997.






Table 7. Land-use classification (% of total area) in the six counties of Gongshui River Basin in 1992 and 1997.





	
Cities

	
Project Area (km2)

	
Years

	
Farmland

	
Forestland

	
Grassland

	
Water

	
Construction Land

	
Unused Land






	
Xingguo

	
184.74

	
1992

	
11.4

	
61.7

	
1.4

	
8.5

	
12.0

	
5.1




	
1997

	
11.3

	
64.6

	
1.7

	
8.5

	
12.1

	
1.9




	
Yudu

	
112.27

	
1992

	
12.1

	
53.4

	
0.2

	
5.9

	
8.8

	
19.6




	
1997

	
12.3

	
66.1

	
2.4

	
5.5

	
9.0

	
4.7




	
Ruijin

	
57.98

	
1992

	
14.9

	
50.9

	
0.0

	
7.4

	
6.6

	
20.2




	
1997

	
14.9

	
61.4

	
2.5

	
7.4

	
6.6

	
7.1




	
Huichang

	
55.08

	
1992

	
17.5

	
43.1

	
1.2

	
5.5

	
11.8

	
16.4




	
1997

	
18.5

	
60.6

	
2.8

	
5.5

	
11.8

	
0.8




	
Ningdu

	
43.43

	
1992

	
13.2

	
58.3

	
0.0

	
3.8

	
6.8

	
5.6




	
1997

	
13.2

	
73.8

	
2.3

	
3.8

	
6.8

	
0.1




	
Shicheng

	
188.13

	
1992

	
2.9

	
87.0

	
0.1

	
1.4

	
1.3

	
1.5




	
1997

	
2.9

	
93.7

	
0.6

	
1.4

	
1.4

	
0.0




	
Gongshui

	
503.61

	
1992

	
12.7

	
57.1

	
0.7

	
6.7

	
9.5

	
11.4




	
1997

	
12.9

	
66.1

	
2.2

	
6.6

	
9.6

	
2.7








Notes: Information comes from data compilation <Water and soil conservation project in the seven major basins of China: document literature on the key management of the Gongshui River Basin in Jiangxi province>.
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Table 8. The construction of large- and medium-sized reservoirs in the past 60 years.






Table 8. The construction of large- and medium-sized reservoirs in the past 60 years.





	
Hydrological Station

	
County

	
Before 1980

	
1981–2000

	
After 2000 (Especially around 2010)




	
Number of Reservoirs

	
Drainage Area (km2)

	
Number

	
Drainage Area (km2)

	
Number

	
Drainage Area (km2)






	
Mazhou

	
Huichang

	
-

	
-

	
1

	
164

	
5

	
25,236




	
Ruijin

	
Ruijin

	
2

	
280

	
-

	
-

	
-

	
-




	
Hanlinqiao

	
Xingguo

	
3

	
994.9

	
-

	
-

	
-

	
-




	
Fenkeng

	
Yudu

	
1

	
412

	
3

	
154.3

	
2

	
11,359




	
Yangxinjiang

	
Anyuan

	
-

	
-

	
2

	
2257

	

	




	
Xiashan

	
Yudu

	
7

	
571.6

	
2

	
501.7

	
3

	
2

	
14,071

	
X




	
Chawu

	
Ganxian

	
-

	
-




	
Julongtan




	
Grand total

	
13

	
2258.5

	
8

	
3077

	
12

	
50,666 + X








Notes: -/X: Indicates no data and inexact data, respectively. Table’s data information comes from the water conservancy census of Jiangxi Province in 2010.
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