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Abstract

:

Anthropogenic activities have had a great impact on the characteristics of runoff and sediment load along the Pearl River in China in recent decades. We investigated the spatiotemporal variations, including the trends, abrupt changes, and periodicities of annual runoff and sediment load in the Pearl River by using the datasets from nine hydrological stations for the period of 1953–2017. We found that annual runoff was stable during the study period, with only two stations in the upper reach showing decreasing trends. Annual sediment load has generally experienced a significant decreasing trend, while one of the stations in the middle reach showed an opposite trend due to severe rocky desertification and soil erosion in the local karst terrain. Abrupt changes in sediment load were mainly between the 1990s and 2000s, when many hydraulic projects were conducted, implying the significant impact of anthropogenic activities on river sediment load. Results also indicate 2–4 year and 4–8 year periodicities in both annual runoff and sediment load, with long periodicities less significant than the short ones. Our study is conducive to water and soil resource management in the Pearl River basin, whilst provides a guide for other basins, particularly those characterized by karst terrains where local desertification and soil erosion might likewise cause increase in river sediment load.
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1. Introduction


River runoff and sediment load play a critical role in the functioning of a river system that reveal the state of regional soil condition and water dynamics and eventually influence delta evolution [1,2]. The transport of water and sediment from headwater to the ocean is an important pathway for material transfer in the circulation of substances [3,4,5]. Particularly recent years, the sediment loads of the primary rivers in China have presented considerable decreasing trends due to constructions of numerous water regulation projects, causing distinct changes in river systems, as well as in the downstream estuarine regions [6]. Characterization of runoff and sediment load is essential for river ecosystems, water resource management, and predictions [7,8,9].



During the past few decades, much attention has been paid to runoff and sediment load changes in different rivers across the globe. Milliman et al. stated that cumulative discharge from mid-latitude rivers decreased by 60% because of damming and other types of human water consumption, while numerous high-altitude rivers have experienced increased discharge, despite generally declining precipitation [10]. Walling used a graph to show that sediment load in many large rivers, including the Nile, Ebro, Colorado, and Rio Grande, has declined from 70% to nearly 100% in recent decades [11]. Syvitski et al. held the viewpoint that human activity is forcing the sediment transport through soil erosion but is slowing it through sediment retention in reservoirs, which has brought severe damage to the environment [12]. For China, the runoff and sediment load in the Yellow River have received considerable attention because of their drastic reductions since the 1950s. Such reduction is mainly due to the implementation of numerous soil and water regulation infrastructures, the construction of large reservoirs, and climate change [13,14,15,16,17,18]. It has been demonstrated that the sediment load has decreased by approximately 90% over the past 60 years in the Loess Plateau and, correspondingly, the Yellow River Delta suffers from erosion [13,16]. A similar situation has also occurred in the Yangtze River [19,20,21,22,23]. The difference between the two rivers is that dam construction is the primary reason for the sediment load decline in the Yangtze River, while water and soil conservation and reforestation projects contribute mostly to the reduction in the Yellow River [6,20].



The Pearl River is the second largest river in terms of water discharge in China, which plays a vital role in supplying water and sediment resources to the Pearl River Delta. The geographic and geomorphic conditions along the river are complex and diverse, which include the Yunnan–Guizhou Plateau and karst landforms in the upper reach, hills and basins in the middle reach, and highly urbanized areas in the downstream [24]. Anthropogenic impacts, climate change, and local karst landforms provide favorable conditions for vegetation deterioration, soil erosion, and rocky desertification, threatening the Pearl River Basin (PRB) [25,26]. According to the Bulletin of the First National Census for Water, the erosion area in the PRB is approximately 58,900 km2, accounting for 13% of the PRB [27]. In recent years, the construction of hydraulic structures, land-use changes, and excessive sand mining have significantly aggravated sediment disturbance in the PRB [6,28]. In addition, frequent extremes of weather and climate, such as droughts and rainstorms, have caused a large change in the river system [29]. More recently, droughts have increased in southwest China, including the headwater of the Pearl River [30]. On the other hand, strengthened rainfall intensity in the PRB suggests higher rainfall erosivity [31,32]. All these factors together could pose significant changes in runoff and sediment in the Pearl River. Previous studies mostly focus on trends or abrupt changes in runoff and sediment load in the river [25,26,33,34,35,36]; however, few of them have diagnosed the periodicity that is needed to provide comprehensive information toward runoff and sediment load change. A systematic and detailed study of the spatiotemporal changes of runoff and sediment load in the PRB is required to better serve the implementation of hydraulic projects along the river.



The primary objectives of this study are to (1) diagnose the changing trends, abrupt changes, and periodicities of runoff and sediment load in the Pearl River, and (2) assess the spatiotemporal variation characteristics in the Pearl River. We hope that our work can offer a scientific reference for water and soil resource management in the basin, and further support relevant studies regarding river runoff and sediment load changes in other basins.




2. Material and Methods


2.1. Study Area


The PRB is situated between 102°14′–115°53′ E, 21°31′–26°49′ N, featured with subtropical and tropical monsoon climates. It is the second largest basin in China, with a length over 2320 km and a total drainage area of about 450,000 km2. Originating from the Yunnan–Guizhou Plateau, the Pearl River flows eastward with a river slope of 0.045% and finally runs into the South China Sea. The mean annual water discharge of the Pearl River is about 336 km3. The mean annual precipitation and temperature range from 1200 to 2200 mm and 14 to 22 °C, respectively. The PRB contains complex river systems due to relatively high humidity and ample rainfall brought by the subtropical monsoon climate, including the West River, North River, East River, and other tributaries. The upper reach of the West River flows through the well-known karst region in southwest China.



Nine hydrological stations—the Xiaolongtan (XLT), Qianjiang (QJ), Liuzhou (LZ), Dahuangjiangkou (DHJK), Wuzhou (WZ), Nanning (NN), Gaoyao (GY), Shijiao (SJ), and the Boluo (BL)—record runoff and sediment load since 1953. The locations of these stations are indicated in Figure 1. Specifically, the GY, SJ, and BL stations are located in the downstream portion of the West River, North River, and East River, respectively, and these three stations can be grouped as being located in the lower reach of the Pearl River. QJ, DHJK, and WZ stations are located in the middle reach of the main stream, while LZ and NN stations are located in two different branches in the middle reach of the Pearl River. The XLT station is the only station in the upper reach. Annual runoff and sediment load data during 1953–2017 were collected from these nine hydrological stations in the PRB, which are operated by the Ministry of Water Resources of the People’s Republic of China. The data of annual total discharge and sediment load were employed in this study. Most of the data were continuous, except that SJ station had lost five years of annual sediment load data during 1970–1974. In order to satisfy the continuity of methods applied in this study, the sediment load data length of SJ station was 1975–2017 when applied to the tests. Detailed information of the data set is presented in Table 1.



There are many reservoirs along the river, and the locations of eight major reservoirs in the PRB are shown in Figure 1. All of these reservoirs play vital roles in regulation, hydropower generation, irrigation, and shipping. Among these reservoirs, the Feilaixia Reservoir is the largest comprehensive reservoir in Guangdong province. Datengxia Reservoir is now under construction, and is anticipated to operate by the end of 2019. More information of these reservoirs is given in Table 2.




2.2. Methodology


2.2.1. Trend and Abrupt Changes Analysis


The non-parametric Mann–Kendall (MK) test was firstly developed by Mann and Kendall [37,38]. It is widely used for trend and abrupt change analysis [18,30,39,40,41,42]. In this study, trends and abrupt changes of the time series of runoff and sediment load were tested. The advantage of the MK method is that the data series does not need to comply with a certain distribution of samples to avoid interference from abnormal values. The MK method is described as follows.



For a time series, a statistic S is defined as


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



(1)




where n is the length of the series and   sgn  (   x j  −  x i   )    is computed by


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



(2)




where    x i    and    x j    are the sequential data values of the series. The statistic S is approximately normally distributed when n ≥ 8, with the mean E(S) and the variance Var(S) defined as


  E  ( S )  = 0  



(3)






  Var  ( S )  =    [  n  (  n − 1  )   (  2 n + 5  )  −   ∑   i = 1  n   t i  i  (  i − 1  )   (  2 i + 5  )   ]    18   ,  



(4)




where    t i    is the extent of any given time. The standardized statistic z is formulated as


  z =  {      (  S − 1  )  /   V a r  ( S )      ( S > 0 )     0    (  S = 0  )       (  S + 1  )  /  V a r  ( S )     ( S < 0 )      .  



(5)







In the trend analysis of this study, the calculated z value was compared with the standard normal distribution with the 95% confidence level. The null hypothesis of no trend would be rejected when the absolute z value exceeds 1.96 at the 95% confidence level. Also, a significance level of P = 0.05 was applied to decide whether the increasing or decreasing trend was accepted. When the absolute z value exceeds 1.96 (p < 0.05), a positive z value indicates an increasing trend of the series, while a negative value indicates the opposite.



The MK method is also used to detect abrupt changes in a time series in this study. The Mann–Kendall’s rank statistic    S k    of the abrupt change test is given by


   S k  =   ∑   i = 1  k   r i     (  k = 2 ,   3 ,   4 ,   … n  )  ,  



(6)




where n is the length of the series and    r i    is given by


   r i  =  {     1   i f    x i  >  x j      0   i f    x i  >  x j       ,  



(7)




where    x i    and    x j    are values of the series at times i and j. The statistic UFk is computed by the following equation:


  U  F k  =    [   S k  − E  (   S k   )   ]      V a r  (   S k   )         (  k = 1 ,   2 ,   3 ,   … , n  )  ,  



(8)




where E(   S k   ) and Var(   S k   ) are mean value and variance of    S k   , respectively. The mean value and variance of    S k    are calculated by the two expressions


  E  (   S k   )  =   n  (  n + 1  )   4  ,  



(9)






  V a r  (   S k   )  =     n  (  n − 1  )   (  2 n + 5  )    72   .  



(10)







Similarly, the values of UBk are computed with the inverted sequence, starting from the end of the time series. If UFk (sequentially computed curves) and UBk (computed curve with an inverted sequence) curves intersect and then diverge and acquire a specific threshold value of 1.96 (corresponding to the 0.05 significance level), there is a statistically significant trend. The intersection point is the approximate year when the trend begins. Detailed information of the MK methods can be found in [43,44].




2.2.2. Periodicity Analysis


In this study, the continuous wavelet transform (CWT) is a spectral analysis method used to decompose time series wavelets that are localized in both frequency and time. Wavelet analysis has been widely used for detecting periodicity and other frequency spectrum characteristics of various hydro-climatic variables [30,45,46,47,48]. It was used to identify periodic oscillations in runoff and sediment load series at the nine stations in our study. The Morlet wavelet allows better balance between time and frequency localization, and is widely used to identify periodic oscillations [9,18,49]. However, the wavelet is not always localized in a given time series and, to eliminate the edge effect, the cone of influence is presented. To perform the CWT, the Morlet wavelet was applied that is defined as


  ψ  ( t )  =  π  −  1 4     e  i  ω 0  t    e    −  t 2   2    ,  



(11)




where t is the independent variable and    ω 0    is the nondimensional frequency. Assuming the time series considered is    x n   , the CWT of a discrete sequence    x n    is defined as


   W n   ( s )  =   ∑    n ′  = 0   N − 1    x  n ′    Ψ *   [     (   n ′  − n  )   δ t   s   ]  ,  



(12)




where is the wavelet coefficient, (*) is the complex conjugate, s is the wavelet scale, n is localized time index, n′ is translated time index, N is the number of points in the time series, and  Ψ  is the normalized wavelet. The wavelet power spectrum is defined as     |  W n   ( s )  |  2   . The time-averaged wavelet power spectrum over the entire local wavelet spectra is defined as a global wavelet spectrum which is shown as


    W ¯  2   ( s )  =  1 N    ∑   n = 0   N − 1      |   W n   ( s )   |   2  ,  



(13)







The scale-averaged wavelet power spectrum is the weighted sum of the wavelet power spectrum over scales    k 1    to    k 2    for the identified dominant variability band, which is shown as


       W n   ¯   2   ( s )  =   δ k δ t    C δ      ∑   k =  k 1     k 2         |   W n   (   s k   )   |   2     S k    ,  



(14)




where    C δ    is a constant. Detailed information about continuous wavelet transform can be found in the study of Torrence and Compo [50].






3. Results


3.1. Trends in Annual Runoff and Sediment Load


The trends in runoff and sediment load in PRB are listed in Table 3. Note that except for the XLT and QJ stations, where annual runoff displayed downward trend, the other stations showed no significant trends, implying a decline in runoff in the upper reach, but no obvious change in the middle and lower reaches of the Pearl River. For sediment load, in most cases, the trends were significantly downward, indicating that sediment load in the PRB is generally decreasing. However, there was nearly no trend at the SJ station. We found that, surprisingly, the trend at the LZ was upward. Moreover, as shown in Table 3, the absolute values of z at the QJ, DHJK, WZ, GY, and BL stations were generally larger than those of the XLT and NN stations.




3.2. Abrupt Changes of Annual Runoff and Sediment Load


The results of abrupt change detection in annual runoff and sediment load in the PRB are shown in Figure 2 and Figure 3, respectively, and the approximate abrupt change years is concluded in Table 4. As shown in Figure 2, the abrupt changes of annual runoff at the XLT and QJ stations approximately occurred in 2003 and 2001, respectively, where UF and UB curves intersected, and then the UF curve went downward and reached the dashed lines with the ordinate values of ± 1.96 (the 95% confidence level). As for the remaining stations, the UF and UB curves intersected more than one time, but the abrupt changing points were not significant since none of the UF curves of annual runoff reached the critical values of ± 1.96.



By comparison, annual sediment load shows many more abrupt changes than runoff; except for the SJ station, the other stations all had abrupt change points in annual sediment load. More specifically, as shown in Figure 3, the XLT, QJ, DHJK, WZ, NN, GY, and BL stations all showed significant downward trends in sediment load, with abrupt changes occurring during 1992–2004. Before the abrupt change points, the sediment loads at these stations fluctuated moderately, but began to decrease significantly afterwards. Different from the other stations, the annual sediment load at the LZ station showed a significant upward trend and the abrupt change point was around 2005. In addition, we found that the abrupt change points of the annual runoff and sediment load were basically synchronized at the XLT and QJ stations.




3.3. Periodicity of Annual Runoff and Sediment Load


Figure 4 and Figure 5 illustrate the continuous wavelet power spectrum of annual runoff and sediment load at the nine stations. Taking the BL station as an example, we showed 2.6, 4.4, 8.8, and 20.9 year periods of annual runoff, with the 2.6 and 4.4 year periods being the main oscillation periods. Significant wavelet power was detected in the 2–4 year band around 1954–1976, 1980–1987, and after 1990, as well as in the 4–8 year band during 1991–2012. Moreover, no periodicity was detected in the late 1970s and 1980s. The annual sediment load at the BL station showed a primary period of 2.2 years; 7.4, 12.4, and 20.9 year periods. Inter-annual oscillations in the 2–4 year band existed around 1954–1976, 1980–1986, 2002–2008, and after 2012, in agreement with the high-frequency oscillation in the annual runoff. There was no significant periodicity in the low-frequency oscillation for sediment load. The periodicities for the remaining stations are summarized in Table 5.



Figure 4 shows that the annual runoff at stations, except for XLT and QJ, had stable periods of 2–8 years. No significant periods were found for XLT and QJ stations after 1996 and 1999, respectively. Similarly, Figure 5 shows that the annual sediment loads at the XLT, QJ, DHJK, WZ, GY, and BL stations did not have any significant period after the disturbance. Annual sediment load at the NN station had relatively stable periodicities, but no period existed after 2009. With no significant trend in sediment load, the SJ station displayed discontinuous periodicities over the period of record. It was apparent that valid information for the sediment load at LZ station was limited because of the abnormal increase. As a consequence, only a 1–3 year band was detected during the period 2001–2009.





4. Discussion


4.1. Rationality of the Study and Comparison with Other Literatures


When analyzing the properties of time series, one should note that the findings are conditional on the methods and data used. The MK method and wavelet analysis, employed in our study, are well-proven robust methods for hydrologic time series analysis [18,30,39,40,41,42,45,46,47,48]. As described in the methodology section, the time series does not need to comply with a certain distribution of samples with MK, and thus can avoid interference from abnormal values, while the wavelet analysis allows better balance between time and frequency localization. The original data employed in this study was extracted from the authorities, i.e., the Ministry of Water Resources of the People’s Republic of China. An alternative way of checking data validity is to preliminarily analyze if the changing points of runoff and sediment load are synchronized with the operation years of reservoirs in the basin (see Section 4.2 for details). From our results, we have no reason to believe that the data set suffered from data quality problems. Moreover, the findings of the current study can also be well explained based on the existing literature (also see below for details). Therefore, we confirmed that the data and method applied in this study are convincible.



It is found that both the annual runoff and sediment load in the Yellow River have shown significant decreasing trends [9,17,18]. Human activities play the most important role in the Yellow River, which has caused the significant declines that could not be offset [18]. However, the decreasing trends in the annual runoff of the Yangtze and Pearl Rivers are not considerable, even though the annual sediment load has been generally declining [22,23,25]. Our results, as shown in Table 2, are in accord with previous findings that annual runoff does not change significantly, whereas sediment load has generally decreased. This could be possibly due to abundant water resources in the PRB, known as a humid basin, and decreased runoff is a minor cause of sediment decline [25,51]. Niu and Chen also stated that runoff is correlated mostly with precipitation variability [36]. While dams and reservoirs cause limited decline in runoff in the Pearl River, precipitation along the river has an offset effect. As a result, XLT and QJ stations located in the upper reach showed a reduction in annual runoff. Additionally, most stations at the middle and lower reaches did not detect any significant trends in annual runoff. Except for LZ station, which showed increased sediment, most of the stations displayed significant decreasing trends in annual sediment load. The unusual increase in sediment load in the Liujiang River, caused by severe soil erosion of the karst landform, was distinct from the Yellow River and the Yangtze River in recent years. On the whole, the annual sediment load in the PRB has decreased significantly, while the annual runoff has remained stable.



The abrupt changes in the annual runoff and sediment load in the upper Yellow River were in the 1980s and were due to the construction of the Longyangxia Reservoir and urbanization [18]. In this study, however, the abrupt changes in the runoff and sediment load in the Pearl River occurred in the 1990s and 2000s, when multiple large dams and reservoirs were constructed. On the other hand, a study of the Yangtze River showed that annual runoff and sediment load had notable periods of 2–3 years, 7–9 years, and 16–18 years [52]. Similar to those of the Yangtze River, annual runoff and sediment load exhibited periods of 3–4 years, 8–11 years, 16 years, and 22–27 years in the Yellow River [18]. In this study, the dominant periods of annual runoff and sediment load in the Pearl River were 2–4 years and 4–8 years.




4.2. Multiple Influential Factors and Implications


Because of the abundant water resources brought by the subtropical monsoon climate, most of the stations did not show significant trends in annual runoff. Nonetheless, there is a decline in annual runoff at the XLT and QJ stations due to the slightly decreasing precipitation and construction of multiple reservoirs [34,35]. XLT station is located in the upstream, where water resources are relatively deficient compared with those in the downstream. Multiple reservoirs in the upper reaches may result in the reduction of runoff at the QJ station situated in the lower reach of the Hongshuihe River. As mentioned in the introduction, multiple factors influence the hydrological features of the Pearl River, and natural factors and anthropogenic influences are two main causes. As one of the potential key natural factors, rainfall—especially heavy rainfall usually brought by typhoons—could cause soil erosion and, in turn, increase river sediment load. We additionally conducted correlation analysis between rainfall erosivity and sediment load in the PRB. The changing properties of sediment load at the GY, BL, and SJ stations (the control stations of the West, East, and North River, respectively) were compared to the rainfall erosivity of the West, East, and North River basins, respectively. The correlation was not significant, i.e., the rainfall erosivity was slightly upward, while the sediment loads were downward. In this regard, it was possible that heavy storms might have a limited effect on the long-term changes in sediment load in the PRB. Among the human activities, dam and reservoir construction and water and soil conservation policies were mainly responsible for the reduction in sediment load in the PRB [15,21,25]. To qualitatively reveal whether the changes in sediment load in the basin are indeed associated with dam and reservoir construction, we compared the operational years of reservoirs with the abrupt change points of sediment load series (Table 4), and found that they were basically synchronized. For example, the Baise Reservoir started to operate in 2002 in the upper Yujiang River, which directly influenced the sediment in the Yujiang River, and the abrupt change year of the sediment load at the NN station in 2004. Tianshengqiao Reservoir, including the Tianshengqiao I and II hyperpower stations, began to operate in late 2000 in the upper Hongshuihe River. Annual sediment load at the QJ station accordingly had an abrupt change in 2003. Therefore, the constructions of reservoirs have probably influenced sediment load in the basin. On the other hand, reservoir constructions could also influence the river periodic characteristics. For example, no periodicity of annual runoff at BL station was detected in the late 1970s and 1980s, which may be attributed to the operations of Xinfengjiang Reservoir and Fengshuba Reservoir in 1969 and 1973, respectively, which altered the runoff properties.



The joint operation of Tianshengqiao Reservoir and Longtan Reservoir in the upper reach trapped a massive amount of sediment. Similarly, the stations in the midstream, i.e., DHJK and WZ stations, also showed a great reduction in sediment load. Moreover, our results indicated that the absolute z values at the QJ, DHJK, WZ, GY, and BL stations were generally larger than those of the XLT and NN stations (Table 3), suggesting that the middle and lower portions of the main stream of the Pearl River experienced more significantly decreased sediment load than the upper portion and the tributaries. This could be due to the large dam and reservoir constructions in the main stream. Also, from Table 3, it can be inferred that the anthropogenic impact on sediment load changes was more significant than on runoff in the PRB. When comparing the sediment load trends of the three main tributaries, differences can be found. With the construction of hydraulic projects in the upper reach of the West and East River, the GY and BL stations showed significant declines in annual sediment load after the 1990s. However, no significant trend was detected for the North River (SJ station), though multiple reservoirs also operated in the upstream. A previous study indicated that precipitation in the North River Basin is decreasing, while the runoff is increasing because of the changed water allocation between the West River and North River [35]. This inconsistency may be due to the prevalent sand mining activity in the past, which began in the Pearl River estuary in the 1980s and reached its peak in the 1990s [53]. Sand mining can lead to severe downcut of the river channel. Ni et al. found that the North River has experienced more serious downcut than the West River, causing the split ratio of runoff and sediment load to change [28]. With a greater extent of downcut in the North River, water from the West River flooded into the North River, along with a massive amount of suspended sediment, which may have offset the reduction in sediment load at the SJ station.



One unanticipated finding of this work was that the LZ station showed an unusual rise in sediment load. Considering the location of LZ station, the increased sediment load at this station might be due to local desertification arising from karst landforms along the Liujiang River [54]. The karst region in the Liujiang River Basin is faced with serious problems of rocky desertification and soil erosion. LZ station is the control station of the Liujiang River, located in the north of Guangxi province where famous karst landforms are distributed. Over the past two decades, reforestation in this region has, to some extent, made some improvement. However, the rocky desertification and soil erosion are difficult to control because of the severe destruction of forest and more frequent extreme weather events, such as droughts and floods. Additionally, the well-developed flow system and high permeability conditions in the upper layer of soil in the karst terrain do not maintain sufficient water for vegetation making restoration and reforestation much more difficult than other regions [54]. Previous studies investigating karst regions have confirmed that rainfall intensity is the main driving factor of soil erosion [55,56]. Unfortunately, precipitation intensity and rainfall erosivity in the PRB have enhanced over the past two decades, accounting for the worsening soil erosion [31,32,57]. Given the continuous increase in the sediment load at LZ station, rocky desertification and soil erosion in the Liujiang River Basin are worrisome. Furthermore, Yan and Cai pointed out that because of the high population density and disadvantages of socio-economic circumstances, farmers are forced to overuse rural land [58]. If unprotected, the river ecosystem might be disturbed severely. Thus, environment protection policies with better strategies for the reconstruction of the degraded karst ecosystem and providing adequate job opportunities and methods of green agriculture to release the pressure for the karst terrain are urgently needed.



It should also be noted that river sediment load is possibly influenced by in-channel sediment source sensitive to river bed scour and bank erosion. As implied in the previous study, distinct changes in in-channel sediment source usually occurs in the downstream of a basin because of bank erosion caused by channel widening [59]. By comparison, in-channel sediment source in the upper and mid streams does not change so distinctly. It is interesting and important to see whether and how in-channel sediment source has changed in the Pearl River estuary, where intense human activities are expected; unfortunately, none of the nine hydrological stations are located within the delta, which limits the analysis of in-channel sediment source change. Such analysis is out of the scope of our study and should be taken on in further works.




4.3. Possible Future Changes and Outlooks


The results of the current study indicate that intensive anthropogenic influences have complicated impacts on the river environment. Environmental protection policies, such as water and soil conservation and reforestation, have been carried out extensively over the past few decades. Several studies have shown that the implementation of afforestation and reforestation projects in Southwest China have a significant impact on the growth of vegetation cover and carbon stocks [60]. China has contributed at least 25% of the global green leaf area increase since the early 2000s [61]. Through land-use management, river sediment load is expected to decrease with less sediment supply. The construction of dams and reservoirs are inevitable with the demands of flood control and hydroelectric development in the PRB. After Longtan Reservoir’s operation in 2006, the sediment load in the Pearl River decreased from about 88.0 to 29.2 Mt/y [62]. Large-scale construction of water regulation projects, such as the Datengxia Gorge Water Conservancy Project that is scheduled to open in late 2019, will be another concern for the river sediment and erosion of the Pearl River Delta. Thus, with the implementation of environmental conservation projects and hydrological engineering projects, the sediment load of the Pearl River is likely to decline in the future. In addition, climate change and extreme weather events, including extreme droughts and rainstorms, have played vital roles in the fluvial systems [63]. Recently, extreme droughts, precipitation intensity, and rainfall erosivity have increased considerably in the PRB [30,31,32,64]. These climate changes pose an enormous threat to soil erosion in the basin. Protection against soil erosion in specific regions is necessary, otherwise soil erosion and rocky desertification may continue to aggravate and sediment load will keep increasing, especially in the karst area in southwest China.





5. Conclusions


In this study, variations in runoff and sediment load at nine gauging stations along the Pearl River during the period 1953–2017 were analyzed with the Mann–Kendall test and wavelet analysis. Changing trends, abrupt change points, and periodicities were detected as well, and possible reasons for the findings were discussed. The findings can be summarized as follows:



(1) The annual runoff is stable with only two stations at the upper reach (XLT and QJ stations) showing decreasing trends. Most of the stations did not show obvious abrupt change points in annual runoff, with XLT and QJ stations having abrupt changes in the early 2000s. The annual sediment load displayed a significant decreasing trend, whereas the LZ station in the tributary of the middle Pearl River showed a significant upward trend. Abrupt changes in annual sediment load were between 1992 and 2005, except for the SJ station, which showed no significant trend in annual sediment load. The period of each station shared a dominant 2–4 year or 4–8 year band for both annual runoff and sediment load.



(2) The runoffs at two stations in the upper reach (XLT and QJ stations) decreased after the early 2000s because of slightly decreasing precipitation and the construction of multiple reservoirs, while other stations did not have any trends in annual runoff. Given the intensive anthropogenic influences, most stations detected considerable decreasing trends in annual sediment load since the 1990s or 2000s. However, the SJ station at the North River showed no significant trend due to the water allocation between the West River and North River. The LZ station had a significant increasing trend after 2005 because of the severe rocky desertification in the Liujiang River Basin.



Our study was devoted to providing a scientific and practical reference for water and soil resource management in the PRB, and supporting relevant studies regarding river runoff and sediment load changes in other basins. In particular, the finding of the increased sediment load along the Liujiang River could warn against desertification and soil erosion in other basins featured with similar karst terrains.
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Figure 1. Delineation of the Pearl River Basin (PRB), nine hydrological stations, and the primary hydraulic projects. Symbols ①~⑧ with triangles indicate the Tianshengqiao (I & II), Longtan, Baise, Xijin, Datengxia (under construction), Feilaixia, Xinfengjiang, and Fengshuba reservoirs, respectively. 
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Figure 2. MK test results for the abrupt change analysis in annual runoff for nine stations in the PRB during 1953–2017. The red and blue lines denote the UF and UB curves, respectively. The horizontal dashed lines indicate the 95% confidence level. 
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Figure 3. MK test results for the abrupt change analysis in annual sediment load for nine stations in the PRB during 1953–2017. The red and blue lines denote the UF and UB curves, respectively. The horizontal dashed lines indicate the 95% confidence level. 
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Figure 4. Wavelet analysis of annual runoff for nine stations. The envelope lines in the left panel are the contour lines of energy density that is dimensionless, with deeper colors indicating stronger powers. The right panel of each figure shows the global wavelet spectrum, in which the red dashed line denotes the 95% confidence level, beyond which the period is significant. 
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Figure 5. Wavelet analysis of annual sediment load for nine stations. The envelope lines in the left panel are the contour lines of energy density that is dimensionless, with deeper colors indicating stronger powers. The right panel of each figure shows the global wavelet spectrum, in which the red dashed line denotes the 95% confidence level, beyond which the period is significant. 
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Table 1. Basic information on the hydrological records of nine stations in the PRB. Note: Xiaolongtan (XLT), Qianjiang (QJ), Liuzhou (LZ), Dahuangjiangkou (DHJK), Wuzhou (WZ), Nanning (NN), Gaoyao (GY), Shijiao (SJ), and Boluo (BL).
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	River
	Control Station
	Drainage Area (104 km2)
	Runoff Data Availability
	Mean Annual Runoff (109 m3/year)
	Sediment Data Availability
	Mean Annual Sediment Load (106 tons/year)





	Nanpanjiang River
	XLT
	1.54
	1953–2015
	3.595
	1964–2015
	4.48



	Hongshui River
	QJ
	12.89
	1954–2015
	64.66
	1954–2015
	35.3



	Liujiang River
	LZ
	4.54
	1954–2015
	39.33
	1955–2015
	4.96



	Xunjiang River
	DHJK
	7.27
	1954–2015
	169.6
	1954–2015
	50.1



	West River
	WZ
	28.85
	1954–2015
	201.6
	1954–2015
	55.7



	Yujiang River
	NN
	32.70
	1954–2015
	36.83
	1954–2015
	8.15



	West River
	GY
	35.15
	1957–2015
	217.3
	1957–2015
	59.6



	North River
	SL
	3.84
	1954–2015
	41.71
	1954–2015
	5.38



	East River
	BL
	2.53
	1954–2015
	23.10
	1954–2015
	2.26
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Table 2. Major reservoirs in the PRB.
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	River
	Reservoir
	Number
	Normal Pool Level (m)
	Storage Capacity (108 m3)
	Date of Impoundment





	Nanpanjiang
	Tianshengqiao
	1
	780
	103
	2000



	Hongshuihe
	Longtan
	2
	400
	273
	2009



	Yujiang
	Baise
	3
	228
	56
	2002



	Yujiang
	Xijin
	4
	63
	14
	1979



	West
	Datengxia
	5
	61
	34
	Unfinished



	North
	Feilaixia
	6
	52
	19
	1993



	East
	Xinfengjiang
	7
	116
	140
	1969



	East
	Fengshuba
	8
	166
	19
	1973
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Table 3. Trends in annual runoff and sediment load for nine stations in the PRB indicated by the Mann–Kendall (MK) test.
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Station

	
Location

	
Annual Runoff

	
Annual Sediment Load




	
z Statistics

	
p-Value

	
T

	
z Statistics

	
p-Value

	
T






	
XLT

	
Upper reach

	
−2.47

	
<0.05

	
↓

	
−3.09

	
<0.05

	
↓




	
QJ

	
Middle reach

	
−1.96

	
<0.05

	
↓

	
−5.34

	
<0.05

	
↓




	
LZ

	
Middle reach

	
0.46

	
0.647

	
-

	
4.53

	
<0.05

	
↑




	
DHJK

	
Middle reach

	
0.06

	
0.949

	
-

	
−4.33

	
<0.05

	
↓




	
WZ

	
Middle reach

	
−0.12

	
0.903

	
-

	
−5.44

	
<0.05

	
↓




	
NN

	
Middle reach

	
−0.99

	
0.325

	
-

	
−3.20

	
<0.05

	
↓




	
GY

	
Lower reach

	
−0.12

	
0.906

	
-

	
−4.47

	
<0.05

	
↓




	
SJ

	
Lower reach

	
0.52

	
0.606

	
-

	
−1.00

	
0.3182

	
-




	
BL

	
Lower reach

	
0.23

	
0.821

	
-

	
−5.10

	
<0.05

	
↓








T denotes trend, and ↓/↑/- indicate significant downward/upward/no trend.
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