

[image: Long-term variations in water discharge and sediment load of the Pearl River Estuary: Implications for sustainable development of the Greater Bay Area]
Long-term variations in water discharge and sediment load of the Pearl River Estuary: Implications for sustainable development of the Greater Bay Area





ORIGINAL RESEARCH

published: 25 November 2022

doi: 10.3389/fmars.2022.983517

[image: image2]


Long-term variations in water discharge and sediment load of the Pearl River Estuary: Implications for sustainable development of the Greater Bay Area


Zezheng Liu 1,2,3, Sergio Fagherazzi 4, Xinhui Liu 1,2, Dongdong Shao 1,3,5, Chiyuan Miao 6, Yanzi Cai 1,3, Congyu Hou 1,2, Yeling Liu 1, Xia Li 2* and Baoshan Cui 1,2,3*


1 State Key Laboratory of Water Environmental Simulation, School of Environment, Beijing Normal University, Beijing, China, 2 Advanced Interdisciplinary Institute of Environment and Ecology, Beijing Normal University, Zhuhai, China, 3 Yellow River Estuary Wetland Ecosystem Observation and Research Station, Ministry of Education, Dongying, Shandong, China, 4 Department of Earth and Environment, Boston University, Boston, MA, United States, 5 Tang Scholar, Beijing Normal University, Beijing, China, 6 State Key Laboratory of Earth Surface Processes and Resource Ecology, Faculty of Geographical Science, Beijing Normal University, Beijing, China




Edited by: 

Jose A. Jimenez, Universitat Politecnica de Catalunya, Spain

Reviewed by: 

Jorge Guillen, Institute of Marine Sciences (CSIC), Spain

Mohd Yawar Ali Khan, King Abdulaziz University, Saudi Arabia

*Correspondence: 

Baoshan Cui
 cuibs@bnu.edu.cn 

Xia Li
 lixiabnu@bnu.edu.cn

Specialty section: 
 This article was submitted to Coastal Ocean Processes, a section of the journal Frontiers in Marine Science


Received: 01 July 2022

Accepted: 14 November 2022

Published: 25 November 2022

Citation:
Liu Z, Fagherazzi S, Liu X, Shao D, Miao C, Cai Y, Hou C, Liu Y, Li X and Cui B (2022) Long-term variations in water discharge and sediment load of the Pearl River Estuary: Implications for sustainable development of the Greater Bay Area. Front. Mar. Sci. 9:983517. doi: 10.3389/fmars.2022.983517



The water discharge and sediment load have been increasingly altered by climate change and human activities in recent decades. For the Pearl River, however, long-term variations in the sediment regime, especially in the last decade, remain poorly known. Here we updated knowledge of the temporal trends in the sediment regime of the Pearl River at annual, seasonal and monthly time scales from the 1950s to 2020. Results show that the annual sediment load and suspended sediment concentration (SSC) exhibited drastically decreased, regardless of water discharge. Compared with previous studies, we also found that sediment load and SSC reached a conspicuous peak in the 1980s, and showed a significant decline starting in the 2000s and 1990s, respectively. In the last decade, however, water discharge and sediment load showed slightly increasing trends. At the seasonal scale, the wet-season water discharge displays a decreasing trend, while the dry-season water discharge is increasing. At the monthly scale, the flood seasons in the North and East Rivers typically occur one month earlier than that in the West River due to the different precipitation regimes. Precipitation was responsible for the long-term change of discharge, while human activities (e.g. dam construction and land use change) exerted different effects on the variations in sediment load among different periods. Changes in the sediment regime have exerted substantial influences on downstream channel morphology and saltwater intrusion in the Greater Bay Area. Our study proposes a watershed-based solution, and provides scientific guidelines for the sustainable development of the Greater Bay Area.
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Introduction

Hydrological connectivity has become one of the most widely used concept in the Earth and Environmental Sciences (Pringle, 2003; Bracken et al., 2013). Hydrological connectivity is defined as the water-mediated transfer of matter, energy, or organisms within or between elements of the hydrologic cycle (Pringle et al., 2001). In the land-river-sea system, rivers provide the primary link between the land and the ocean, and deliver terrigenous materials, such as freshwater, sediment as well as nutrients, to the ocean (Li et al., 2020; Zhang et al., 2020; Singh and Khan, 2020; Matiatos et al., 2021; Yakushev et al., 2021; Regnier et al., 2022). The water discharge and sediment load delivered to the sea are dominant factors affecting the geomorphologic and ecosystem evolution of the estuaries and coast (Syvitski et al., 2009; Meiggs and Taillefert, 2011; Liu et al., 2020; Liu et al., 2021b). For over half a century, the water discharge and sediment load in large river systems have been increasingly altered by climate change and human activities, such as reservoir or dam construction, land use changes, soil conservation measures, and water extraction (Dai et al., 2016; Best, 2018; Khan, 2018; Li et al., 2020; Dethier et al., 2022). Changes of water discharge and sediment load can cause various effects on coastal ecosystems and the geomorphological evolution of river channels (Dai et al., 2016; Liu et al., 2021b). However, the causes and trends of changes in upstream flow regime and sediment supply differ from river to river and vary through time (Khan et al., 2016; Li et al., 2020; Wu et al., 2020; Dethier et al., 2022). Therefore, it is of scientific and practical importance to explore changes in water discharge and sediment load and their response to human activities and climate change in the context of global change.

In China, numerous studies have investigated trends of water discharge and sediment load for the country’s large rivers and the impacts on estuarine and coastal environments (Dai et al., 2016; Wu et al., 2020; Liu et al., 2021b). For example, the Yellow River has experienced a drastic reduction in sediment load due to anthropogenic changes, which has caused massive erosion in the Yellow River Delta (Wang et al., 2010; Wang et al., 2016). Similarly, the sediment load of the Yangtze River has shown a drastic decreasing trend since the construction of the Three Gorges Dam Reservoir in 2003 (Xu and Milliman, 2009; Yang et al., 2015). The Pearl River (Figure 1), the subject of this paper, ranks as the second and third largest river in terms of water discharge and sediment load in China, respectively (Nilsson et al., 2005; Liu et al., 2018b). The Pearl River plays a key role in freshwater supply to large cities (e.g. Zhuhai, Guangdong, Macau and Hong Kong) and shoreline protection in the Greater Bay Area. Several studies have explored the interannual variations in water discharge and sediment load in the Pearl River based on annual time series data (e.g., Dai et al., 2008; Zhang et al., 2008; Zhang et al., 2012; Liu et al., 2014; Tan et al., 2017). However, monthly and seasonal variations in water discharge and sediment load in the Pearl River remain poorly known; these changes can shed light on the influence of human activity and climate change at the monthly and seasonal time scales (Chen et al., 2001). Liu et al. (2018b) have explored the monthly and seasonal variations in water discharge and sediment load in the Pearl River, but the latest year for the hydrological data is 2009. Therefore, there is a need to add and update knowledge of the sediment regime in the Pearl River to aid environmental management of the Greater Bay Area.




Figure 1 | Pearl River and the Greater Bay Area, and locations of the three hydrological stations used in this study.



Here we detect annual, seasonal and monthly changes in the sediment regime of the Pearl River and its three tributaries from the 1950s to 2020. The main objectives of this study are as follows: (a) to reveal temporal trends in water discharge and sediment load in the Pearl River and its three tributaries at annual, seasonal and monthly time scales; (b) to examine the impacts of climate change (in particular, precipitation) and human activities (e.g. dam construction and land use changes) on the sediment regime; (c) to explore the environmental responses (e.g. downstream channel morphology and saltwater intrusion) to alteration of sediment regime, and provide scientific guidelines for the sustainable development of the Greater Bay Area.



Materials and methods


Study area

The Pearl River is the second largest river (after the Yangtze River) in China, and flows 2400 km eastward to the South China Sea (Figure 1). The Pearl River basin originates from the Yunnan Plateau and consists of a 450,000 km2 catchment area (Liu et al., 2014). Topographically, the elevation of the Pearl River basin ranges from 0 m to 2795 m above the mean sea level, and gradually decreases from the northwestern mountainous part to the southeastern coastal part (Zheng et al., 2017). The Pearl River basin comprises a region of subtropical to tropical monsoon climate straddling the Tropic of Cancer, with an annual mean temperature ranging from 14 to 22°C (Zheng et al., 2017). The annual mean precipitation in the Pearl River basin ranges from 1,200 to 2,200 mm, and gradually decreases from the east to the west of the river basin (Liu et al., 2018b). The wet season extends from April to September, followed by a dry season from October to March (Wu et al., 2012). The Guangdong-Hong Kong-Macao Greater Bay Area, strategically defined by the China State Council in 2015, is one of the most important economic centers situated in the Pearl River Delta (Figure 1). The Pearl River is an important freshwater and sediment source for large cities and coastal ecosystems in the Greater Bay Area.

The Pearl River is a compound river system, and comprises three major tributaries: the West River, the North River and the East River (Figure 1). Among the three main tributaries, the West River is the largest tributary with a catchment area of 35.15 × 104 km2, accounting for 77% and 89% of the Pearl River’s total water discharge and sediment load, respectively (Table 1). The North River is the second largest tributary with a drainage area of 2.86 × 104 km2, accounting for 15% and 8% of the Pearl River’s total water discharge and sediment load, respectively (Table 1). The East River has the lowest water discharge and sediment load (Table 1). The West River, the North River and the East River flow into the Greater Bay Area through Gaoyao, Shijiao and Boluo stations, respectively (Figure 1). Moreover, the water discharge and sediment load from the West River and North River basins are redistributed by the Sixianjiao channel, forming a complicated river network in the deltaic region (Figure 1). The Pearl River flows through the Pearl River Delta and finally enters the South China Sea (Figure 1). The tide type in the Pearl River Estuary, located in the front of the Pearl River Delta, is the irregular mixed semi-diurnal tide, with a mean tidal range of 0.86-1.60 m (Zhang et al., 2010).


Table 1 | General information of gauge stations on the main tributaries of the Pearl River in the Greater Bay Area.





Human activities

In the Pearl River basin, human activities, such as dam construction, land use changes, water diversion, deforestation and reforestation, have strongly affected water discharge and sediment load (Ezcurra et al., 2019; Li et al., 2020; Wu et al., 2020). For flood control, agricultural irrigation, and power generation, more than 9,000 reservoirs or dams have been constructed in the Pearl River basin from the 1950s to the 2000s, with a total storage capacity of 894 × 108 m3 (Liu et al., 2018b). From the 1950s to the 2000s, 14, 5 and 3 major reservoirs were built in the West, North and East River basins, respectively (Table 2). The reservoirs in the Pearl River basin are heavily silted by sediments, and the total sediment deposition rate of the Pearl River is 512 × 106 m3/year (Dai et al., 2008). For example, approximately 71% of the total sediment load from upstream was trapped by the reservoirs in the West River basin from 1991 to 2002 (Wang et al., 2021). Another important human activity in the Pearl River basin is deforestation or reforestation. With rapid population growth in the Pearl River basin since the 1950s, large parts of the Pearl River basin were deforested, in response to an increase in the need for food and timber (Dai et al., 2008). Since the mid-1980s, projects for water and soil conservation, such as reforestation, have been implemented in China to stop the expansion of the area of land under erosion. The area of land under erosion in the Pearl River basin was almost unchanged from 1995 (62,700 km2) to 2004 (62,730 km2) (Liu et al., 2018b).


Table 2 | Summary information of large reservoirs constructed in the Pearl River Basin.





Data sources

The hydrological data in this study were derived from the hydrological yearbooks of the People’s Republic of China, the Bulletin of River Sediment of China compiled by the Ministry of Water Resources of the People’s Republic of China (http://www.mwr.gov.cn/) and previous studies (Wu et al., 2014; Liu et al., 2018b). Annual water discharge, sediment load and annual average suspended sediment concentration (SSC) in the three tributaries of the Pearl River are available from 1954 to 2020. Seasonal and monthly water discharge and sediment load in Gaoyao Station are available from January 1957 to December 2020, and the data from Shijiao and Boluo Stations cover a period from January 1954 to December 2020. In this study, water discharge and sediment load data in the Pearl River are defined as the sum of these three tributaries, and the SSC in the Pearl River is defined as the mean level of these three tributaries. The measurements of water discharge, sediment load and suspended sediment concentration at three stations followed national standards issued by the Ministry of Water Conservancy and Electric Power (1962) and Ministry of Water Conservancy and Electric Power (1975). The suspended sediment load per unit time through cross-section was calculated by using the general cross-section sampling method with the flow tests. The quality of the hydrological data has been checked and was under the strict control of the Pearl Water Resources Commission, China before its release.

To explore the impacts of climate change and human activities, we also collected precipitation data and general information on reservoir construction in the Pearl River basin. A census of large reservoirs and dams constructed in the Pearl River basin was obtained from the Pearl River Water Resources Commission of the Ministry of Water Resources (http://www.pearlwater.gov.cn/) and previous studies (Dai et al., 2008; Liu et al., 2018b). Annual precipitation in Guangzhou from January 1961 to December 2020 was obtained from the Climate Change Research Center, Chinese Academy of Sciences (Wu et al., 2017). Furthermore, we also collected general information of the morphological changes of the river channels and saltwater intrusion to reveal the ecological outcomes of hydrological alternations. The elevation of three cross-sectional profiles (e.g. Gaoyao, Shijiao and Boluo) were derived from the Pearl River Sediment Bulletin, provided by the Pearl River Water Resources Commission of the Ministry of Water Resources (http://www.pearlwater.gov.cn/). These fixed cross-sections in these three channel transects were established by the Water Bureau of Guangdong Province in 1960s. The selected three channel transects are 100 km away from the estuarine mouth, and the effects of the tidal level change are neglected (Wang et al., 2021). The channel transects are measured twice a year by the Guangdong Bureau of hydrology, and the channel transects data are reliable and comparable. Times and duration of saltwater intrusion in the Pearl River Estuary from 2009 to 2020 were derived from the Bulletin of Sea Level in China compiled by the Ministry of Natural Resources of the People’s Republic of China (http://www.mnr.gov.cn/) and previous studies (Li et al., 2019; Wang et al., 2020). Furthermore, we also derived information on freshwater supply during 2005-2020 from the Bulletin of Flood and Drought Disaster in China compiled by the Ministry of Water Resources of the People’s Republic of China (http://www.mwr.gov.cn/), and the Pearl River Water Resources Commission of the Ministry of Water Resources (http://www.pearlwater.gov.cn/).



Data analysis

The non-parametric Mann-Kendall test (M-K) was used to identify trends in annual discharge, sediment load and SSC. The Mann-Kendall test was originally proposed by Mann (1945) and later reformulated by Kendall (1975). The non-parametric Mann-Kendall test has no requirements of homoscedasticity or prior assumptions on the distribution of the data (Önöz and Bayazit, 2003), and has similar explanatory power to other parametric methods (Serrano et al., 1999). The M-K test has been widely used to quantify the significance of trends in hydrometeorological time series (Liu et al., 2018b; Wang et al., 2021). Detailed information of the M-K test is described below.

The standardized Sk statistic is given as follows:





where xi and xj are the values of sequence i and j, respectively; n represent the length of the time series; ri symbolizes the function that takes the values of 1, 0 and -1. Positive and negative values of r indicate increasing and decreasing trends in the time series, respectively. Under a null hypothesis of random independence of the time series; the statistic Sk is approximately normally distributed when n ≥ 8, with the average and variance values of statistics Sk as shown





The standardized test statistic ZMK is computed as follows:



The ZMK follows the standard normal distribution with variance “1” and mean “0”. Given that a significance level of α = 0.05 was applied here, the null hypothesis of no trend is rejected if |ZMK| is larger than the theoretical value of 1.96 (95% significant level). Positive and negative values of ZMK indicate upward and downward trends, respectively.

Furthermore, we also used the least-squares linear regression method to examine the temporal trends in annual and seasonal water discharge, sediment load and suspended sediment concentration. One-way ANOVAs followed by non-parametric Kruskal-Wallis tests were used to test differences in annual water discharge, sediment load and suspended sediment concentration between different periods. To examine the relationship between water discharge, sediment load and precipitation, we used the least-squares linear regression method, with statistical significance at the 0.05 level. All statistical analyzes were carried out using MATLAB Software (version 2016a). The processing of this study is outlined in Figure 2.




Figure 2 | Flow chart of this study. SSC denotes suspended sediment concentration.






Results


Annual patterns of discharge and sediment load

From 1954 to 2020, there are no significant trends detected for water discharge of the Pearl River (Figure 3D) as well as its major tributaries, the West River (Figure 3A), North River (Figure 3B) and East River (Figure 3C) (P > 0.05). Water discharge at these stations in the Guangdong-Hong Kong-Macao Greater Bay Area shows slightly increasing trends. However, sediment load of the Pearl River (Figure 3D) as well as its major tributaries, the West River (Figure 3A) and East River (Figure 3C), show significant decreasing trends from 1954 to 2020 (P< 0.05). Sediment load in the North River also shows a slightly decreasing trend (Figure 3B). For suspended sediment concentration, significant decreasing trends were detected at stations Gaoyao in the West River, Shijiao in the North River, Boluo in the East River and the mean level of the Pearl River (P< 0.05) (Figure 3E). The results of the Mann–Kendall test show similar trends in the annual water discharge and sediment load in the Pearl River as well as its major tributaries since the 1950s (Table 3). The results of the M-K test indicate a nonsignificant change trend in the discharge and different change trends in the sediment load and suspended sediment concentration (Table 3).




Figure 3 | Temporal changes in annual discharge (a-d), sediment load (A-D) and suspended sediment concentration (E) in the Pearl River (D) as well as in its major tributaries, the West River (A), North River (B) and East River (C) since 1954. Solid lines denote significant correlations (P< 0.05), whereas dotted lines denote non-significant correlations.




Table 3 | Results of M-K test for annual discharge, sediment load and SSC.



In different periods, averages and trends in annual water discharge, sediment load and suspended sediment concentration of the Pearl River as well as its major tributaries show different patterns (Figure 4; Table 4). Consistent with the above results, mean annual water discharge showed no significant differences among different periods (Figures 4A-D), however, annual water discharge in the West River showed significant decreasing trends in the 1980s (P< 0.05) (Table 4). In the last ten years (2010-2019), annual water discharge in the Pearl River as well as its major tributaries showed slightly increasing trends (Table 4). Sediment load and SSC significantly differed among different periods (Figure 4). Sediment load and SSC reached a conspicuous peak in the 1980s in the Pearl River, the west River and North River. In the 1980s, sediment load in the North River showed significant decreasing trends (P< 0.05) (Table 4). Sediment loads in the Pearl River and the west River were lower in the 2000s and 2010s than in the other periods (Figures 4E, F), while sediment load in the North River showed no significant differences among different periods (Figure 4G). In the East river, however, sediment load and SSC reached a conspicuous peak in the 1950s, and showed significant differences starting in the 1990s and 1970s, respectively (Figures 4H, I). SSC in the Pearl River showed decreasing trends from the 1950s to the 2010s, except in the 1960s and 1970s (Table 4).




Figure 4 | Mean (± SE) of annual water discharge (A-D), sediment load (E-H) and suspended sediment concentration (I-L) in the Pearl River as well as its major tributaries in different periods. For differences among periods, bars sharing a letter are not significantly different from one another (P< 0.05).




Table 4 | The slope of liner regression between annual discharge, sediment load and suspended sediment concentration and time in the Pearl River as well as its major tributaries in different periods.





Seasonal patterns of discharge and sediment load

In general, discharge and sediment load in the Pearl River as well as its major tributaries show obvious seasonal patterns, due to the dominant impact of the summer monsoon. More than 70% of discharge in the Pearl River basin is concentrated in the wet season (April-September) (Table 5). For the Pearl River, the wet-season discharge shows a non-significant decreasing trend, but the dry-season shows a significant increasing trend, and the ratio of wet-season to dry-season shows a significant decreasing trend (Figure 5D). Additionally, the contribution of the wet season to the annual discharge decreased from 80.6% to 71.3% from the 1950s to the 2010s (Table 5). For the West River, the trends of discharge in the wet and dry seasons and the ratio of wet-season to dry-season show a similar pattern to that of the main Pearl River. In addition, the percentages decreased from 81.6% to 71.6% for the wet-season water discharge from the 1950s to the 2010s (Table 5). For the North River, the wet-season discharge and the ratio of wet-season to dry-season show a non-significant decreasing trend, but the dry-season series show a nonsignificant increasing trend (Figure 5B). Additionally, the contribution of the wet season to the annual water discharge decreased from 80.7% to 72.1% from the 1950s to the 2010s (Table 5). For the East River, the wet-season discharge shows a non-significant decreasing trend, the dry-season discharge shows a slightly increasing trend, but the ratio of wet-season to dry-season shows a significant decreasing trend (Figure 5C). Additionally, the contribution of the wet season to the annual water discharge decreased from 81.0% to 66.9% from the 1950s to the 2010s (Table 5).


Table 5 | Percentages (%) of the wet-season discharge and sediment load accounting for the annual amount during different periods.






Figure 5 | Temporal changes of discharge and sediment load in wet and dry-season, and the ratio of wet to dry seasons in the West (A, E), North (B, F), East (C, G) Rivers, and the Pearl River (D, H) since the 1960s. Solid lines denote significant correlations (P ≤ 0.05), whereas dotted lines denote non-significant correlations.



For sediment load, more than 90% of the annual sediment load in the Pearl River basin occurs in the wet season (Table 5). For the Pearl River, the wet-season sediment load shows a significant decreasing trend, but the dry-season sediment load and the ratio of wet-season to dry-season show nonsignificant decreasing trends (Figure 5H). Additionally, the contribution of the wet season to the annual sediment load decreased from 96.5% to 89.3% from the 1950s to the 2010s (Table 5). For the West River, the trends of sediment load in the wet and dry seasons and the ratio of wet-season to dry-season show a similar pattern to that of the main Pearl River (Figure 5E). In addition, the percentages decreased from 97.8% to 90.7% for the wet-season sediment load from the 1950s to the 2010s (Table 5). For the North River, the wet-season sediment load shows a significant decreasing trend, but the dry-season sediment load and the ratio of wet-season to dry-season show a non-significant decreasing trend (Figure 5F). Additionally, the contribution of the wet season to the annual sediment load decreased from 91.6% to 86.2% from the 1950s to the 2010s (Table 5). For the East River, the wet-season sediment load and the ratio of wet-season to dry-season show a significant decreasing trend, but the dry-season sediment load shows a non-significant decreasing trend (Figure 5G). In addition, the percentages decreased from 91.5% to 81.4% for the wet-season sediment load from the 1950s to the 2010s (Table 5).



Monthly patterns of discharge and sediment load

Overall, the multi-year averages of monthly discharge and sediment load of the Pearl River as well as its major tributaries were highest in summer (June-August) and lowest in winter (December- February) from the 1950s to the 2010s (Figure 6). However, there were some differences in the monthly distribution of discharge and sediment load among the Pearl River and three tributaries. For the Pearl River, the highest multi-year averages of monthly discharge and sediment load from the 1950s to the 2010s occurred in June and July, respectively (Figure 6). For the West River, both the highest multi-year averages of monthly discharge and sediment load from the 1950s to the 2010s occurred in July (Figure 6). For the North and East Rivers, however, both the highest multi-year averages of monthly discharge and sediment load from the 1950s to the 2010s occurred in June (Figure 6). Thus, the month with the highest multi-year averages of monthly discharge and sediment load in the North and East Rivers typically occurs one month earlier than that in the West River (Figure 6). This can be attributed to the different precipitation regimes in each watershed. The annual precipitation gradually decreases from the eastern to the western side of the Pearl River basin, and the monsoons comes later in the west than in the east (Zhang et al., 2012).




Figure 6 | Multi-year averages of monthly distribution of discharge (A) and sediment load (B) in the Pearl River as well as its major tributaries from the 1950s to the 2010s.



The long-term changes in the monthly discharge and sediment load exhibit different patterns in the Pearl River and its three tributaries (Figure 7). For the Pearl River, the average peak discharge decreased by 32.3% from the 1950s to the 1980s but increased by 53.5% from the 1980s to the 1990s, and decreased by 25.4% from the 1990s to the 2010s (Figure 7A). However, the average peak sediment load in the Pearl River increased by 25.0% from the 1950s to the 1990s, and decreased by 75.7% from the 1990s to the 2010s (Figure 7E). The West River has a similar pattern to that in the Pearl River (Figures 7B, F). The average peak discharge first decreased, then increased and finally decreased again, while the peak sediment load exhibits first increases, and then decreases from the 1950s to the 2010s (Figures 7B, F). For the North River and East River, the average peak of water discharge decreased by 23.6% and 45.8% from the 1950s to the 2010s, respectively (Figures 7C, D). The average sediment peak in the North River increased by 54.3% from the 1950s to the 1980s and decreased by 29.6% from the 1980s to the 2010s (Figure 7G). The average sediment peak in the East River decreased by 82.4% from the 1950s to the 2010s (Figure 7H).




Figure 7 | Temporal changes in the monthly distribution of discharge and sediment load in the Pearl River (A, E), West (B, F), North (C, G), and East (D, H) Rivers from the 1950s to the 2010s.






Discussion


Effects of precipitation and human activities on sediment regime

Numerous studies suggested that climate change (particularly, precipitation) plays an important role in temporal variations of water discharge and sediment load (van Vliet et al., 2013; Bajracharya et al., 2018; Liu et al., 2018b; Zheng et al., 2022). In the Pearl River Basin, water discharge levels fluctuate seasonally and are significantly influenced by the subtropical monsoon climate. Thus, the highest multi-year averages of monthly water discharge and sediment load occurred in the months of June-August, which is primarily attributed to precipitation fluctuations (Zhang et al., 2008; Wei et al., 2020). As shown in Figure 8A, the annual and seasonal water discharge is strongly correlated with precipitation in the Greater Bay Area from the 1960s to the 2010s (P< 0.05). However, there was no significant statistical correlation between annual and wet-season sediment load and precipitation in the Greater Bay Area from the 1960s to the 2010s (P > 0.05) (Figure 8B). On the contrary, the dry-season sediment load correlates well with precipitation in the Greater Bay Area during the 1960s-2010s (Figure 8B). These statistical analyses indicate that the inter-annual variations in the annual and seasonal water discharge in the Pearl River are mainly controlled by precipitation variability, while precipitation variability has little influence on sediment load. Changes in sediment load are greatly affected by other potential anthropogenic impacts, such as reservoirs/dam constructions, and land use change.




Figure 8 | Correlation between annual and seasonal precipitation and discharge (A), sediment load (B) in the Pearl River from the 1960s to the 2010s. Solid lines denote significant correlations (P< 0.05), whereas dotted lines denote non-significant correlations. Plots of cumulative annual and seasonal precipitation versus cumulative discharge (C), and cumulative sediment load (D) in the Pearl River from the 1960s to the 2010s.



The double mass plots of the cumulative water discharge (or sediment load) against cumulative precipitation can assess the relative contributions of human activities and climate change. The double mass curve should be a straight line when there are no impacts from human activities, while there are some breaks in the double mass curves when the variations are not only affected by precipitation but also by human activities (Zhang and Lu, 2009; Liu et al., 2018b). The double mass plots of the cumulative annual and seasonal water discharge and the cumulative precipitation indicate that there was no significant anthropogenic impact on water discharge (Figure 8C). A slight increase in the dry-season discharge can be observed in the double mass plot, while slight decreases in the annual and wet-season discharge can be observed in the double mass plot (Figure 8C). However, significant decreases in the double mass plots of cumulative sediment load versus cumulative precipitation can be observed (Figure 8D), indicating that human activities (e.g. constructions of reservoirs/dams, afforestation) have become a dominant factor in sediment regime variability in recent decades. For the Pearl River, therefore, both this study and previous studies suggest that precipitation fluctuations were the major reason for temporal changes in the water discharge, however, human activities are greatly changing the sediment load (Dai et al., 2008; Wu et al., 2012).

In recent years, increasing studies suggest that upstream human activities, such as reservoirs or dam construction, deforestation and reforestation, have strongly affected water discharge and sediment input into the estuary (Ezcurra et al., 2019; Li et al., 2020; Wu et al., 2020). It is widely recognized that deforestation has accelerated denudation and soil erosion, resulting in an increase in sediment load (Veldkamp et al., 2020; Hu et al., 2021). Before the 1990s, the area of land under erosion expanded quickly in the Pearl River basin, with the area increasing from 41,100 km2 in the 1950s to 57,073 km2 in the 1990s (Xia, 1999; Pan, 2004). On the other hand, most of the large dams and reservoirs have been constructed during this period (Table 2). Thus, the sediment load and suspended sediment concentration remained relatively high in the Pearl River from the 1950s to the 1990s (Figure 4), which is attributed mainly to the offsetting impacts of dams and reservoirs construction on soil erosion (Liu et al., 2014). However, a series of water and soil conservation projects have been conducted to control the soil erosion in the Pearl river basin since the early 1990s. The water and soil conservation measures have slowed the increasing trend of eroded land area, which increased by only 30 km2 from 1995 to 2004 in the Pearl River basin (Liu et al., 2014). However, the sediment trapped by the reservoirs is substantial, and the total deposition rate has probably reached 600 Mt/a (Dai et al., 2008). Thus, the influence of reservoirs or dam construction exceeded the influence of deforestation and soil erosion after the 1990s. The decline of sediment load and suspended sediment concentration after the 1990s (Figure 4) are mainly attributable to sediment deposition in the reservoirs and the water and soil conservation projects in the Pearl River basin (Liu et al., 2018b). Due to the construction of more dams and reservoirs in the coming decades, the total storage capacities of the reservoirs are expected to increase in the Pearl River basin, which will result in a further decrease in sediment load into the Greater Bay Area (Wang et al., 2021).



Environmental response to alterations in sediment regime

For the Pearl River Estuary, a decrease in upstream sediment supply and sand dredging activities caused temporal changes in the river channel morphology (Wang et al., 2021). The cross-sectional profile in the Gaoyao station has deepened from 1990 to 2014, with an approximate 12 m increase in average water depth, indicating that scouring dominated in the profile during this period (Figure 9A). However, water depth in the channel geometry of the Gaoyao station shows an obvious decreasing trend from 2014 to 2020, indicating that siltation dominated in profile during this period (Figure 9A). For the Shijiao station in the North River, the cross-sectional profile has also become deeper from 2000 to 2013, but has a non-significant change trend from 2013 to 2020 (Figure 9B). Furthermore, the cross-sectional profile in the Boluo station (the East River) showed a non-significant change trend from 2010 to 2020, with a balance between erosion and deposition (Figure 9C), while previous studies found that it has become narrower and deeper from the 1960s to the 1980s (Liu et al., 2018b; Wang et al., 2021). Thus, both this study and previous studies indicate that scouring was dominant in channel of the Pearl River Estuary from the early 1990s, then reach a relatively stable or slight deposition state after 2010 or 2013 (Wang et al., 2021). In the Pearl River Estuary, large-scale excavations of sand began in the mid-1980s and boomed in the 1990s (Liu et al., 2018b; Wang et al., 2021). Meanwhile, reservoir and dam construction resulted in a reduction of the sediment load during this period (Table 2). Both activities have combined to cause a rapid increase in the channel water depth in this period. Since 2000, authorities began to control sand excavation activities in the Pearl River Estuary (Wang et al., 2021). However, due to the construction of new dams, the sediment load further decreased in the 2000s (Figure 4), resulting in a continuous increase in water depth of three cross-sectional profiles. In the last ten years, a relatively stable sediment load (Table 4) and prohibited sand excavation activities have resulted in a relatively stable river channel morphology (Figure 9).




Figure 9 | Temporal changes in bottom elevation of cross-sectional profiles in the Gaoyao (A), Shijiao (B), and Boluo (C) stations.



In recent decades, saltwater intrusion has been the main issue under the influences of both anthropogenic activities and natural forces, e.g. reduced upstream discharge and rising sea levels (Yuan et al., 2015; Liu et al., 2019; Eslami et al., 2021). The duration with salinity exceeding the recommended salinity threshold is an important index to evaluate saltwater intrusion. According to the National Hygienic Standard for Drinking Water (GB 5749-2006) in China, the 250-mg/L isohaline is defined as the recommended salinity threshold value of river water for drinking purposes. Severe saltwater intrusion in the Pearl River Estuary has tremendously affected surface water and groundwater quality, and changed the biodiversity of terrestrial and aquatic communities (Long et al., 2013; Wang and Hong, 2021). From 2009 to 2020, a total of 68 saltwater intrusion events occurred in the Pearl River Estuary, with an average of 5.67 per year (Figure 10A). The annual frequency of saltwater intrusion in the Pearl River Estuary was highest in 2010, with a total of 14 events (Figure 10A). The annual duration of saltwater intrusion varied over years, with an average of 59 days per year during 2009-2020 (Figure 10A). Generally, saltwater intrusion started between September and October each year and ended between March and April of the following year. From 2009 to 2020, saltwater intrusion in the Pearl River Estuary mainly occurred between October and March (Figure 10B). Both this study and previous studies indicate that the frequency and duration of saltwater intrusion did not display a decreasing trend (Liu et al., 2019; Wang et al., 2020), even though river discharges in the dry-season increased during this period (Figure 6). Except for the reduction in freshwater flow upstream, the increasingly severe saltwater intrusion can also be attributed to uneven sand dredging, more frequent northeasterly wind, rising tides and channel evolution (Li et al., 2019).




Figure 10 | Saltwater intrusion events and duration (A), and multi-year cumulative monthly distribution of saltwater intrusion (B) in the Pearl River Estuary from 2009 to 2020. Temporal changes in the cumulative water supply to the Pearl River Estuary in the dry season from 2005 to 2020 (C).





Implications for sustainable development

Based on the above discussion, we found that precipitation variability was responsible for the long-term changes in the annual, seasonal, and monthly water discharge; however, human activities (e.g. dam construction and land use changes) exerted a significant influence on the variability in sediment load. The sediment load and suspended sediment concentration in the Greater Bay Area have drastically decreased since the mid-1980s. Changes in water discharge and sediment load have exerted substantial influences on downstream river channels and delta environments in the Greater Bay Area. For example, severe saltwater intrusion has occurred in the Greater Bay Area in recent years. The management of the discharge and sediment regime is not only related to flood control and disaster mitigation, but also related to the protection of coastal ecosystems and safe water supply for the Great Bay Area, such as for the cities of Zhuhai and Macao. For the sustainable development of the Greater Bay Area, thus, we recommend that restoration and management of the Greater Bay Area should be planned at the watershed scale. The watershed-based solution, incorporating river basin regulation in estuarine management and restoration, was able to address the mismatch between ecological drivers at the watershed scale and local restoration efforts at the estuary scale (Sayles and Baggio, 2017; Liu et al., 2021b). The watershed-based solution has been implemented in many estuaries (Cui et al., 2009; Dunn and Minderhoud, 2022), such as artificial channel diversions in the Mississippi River Delta, USA (Day et al., 2007; Paola et al., 2011), and the water-sediment regulation scheme in the Yellow River Estuary, China (Cui et al., 2009).

In the Pearl River Basin, integrated water resources management has been carried out to mitigate the effects of saltwater intrusion in the Great Bay Area since 2005 (The Central People’s Government of the People’s Republic of China, 2006). According to the Pearl River Basin water resources comprehensive plans, the joint optimal operation of upstream key reservoirs (e.g. the Tianshengqiao, Longtan, Dajingshan, Fenghuangshan and Baise reservoirs) in the West, North and East Rivers can increase the discharge and enhance the runoff in the dry season, thus preventing saltwater intrusion and guaranteeing drinking water safety of Macao and Zhuhai in the Great Bay Area (The Pearl River Water Resources Commission of the Ministry of Water Resources, 2015). The cumulative extra freshwater supplied to the Great Bay Area in the dry season reached approximately 30 × 108 m3 during 2005-2020 (Figure 10C), which contributed to the increase in water discharge during the dry season (Figure 5). The method of increasing the freshwater flow in the dry season not only ensures freshwater supply, but is also of great significance for coastal environments. For example, freshwater from rivers plays a critical role in the regulation of phytoplankton biomass, primary production, microbial community structure and water quality in the Great Bay Area (Fan et al., 2012; Zhou et al., 2016; Li et al., 2017; Sarkar et al., 2021). However, the effect of reservoir management for saltwater mitigation and freshwater supplement to coastal ecosystems remains relatively poorly understood. In the Great Bay Area, the water discharge and sediment load were also influenced by the redistribution of the water and the sediment at Sixianjiao channel (Figure 1). The changes in the divided flow ratio and the divided sediment ratio between Gaoyao and Shijiao stations have affected the hydrological process in the Great Bay Area (Liu et al., 2014). Therefore, Changes in the redistribution of water discharge and sediment load at Sixianjiao channel, optimal allocation of freshwater resources, and real-time optimal dispatching of water deserve further research (Liu et al., 2014; Liu et al., 2018a; Chang et al., 2020; Wohner et al., 2022).

The watershed-based solution not only focused on the quantity of water supply, but also on the quality of water. Excessive anthropogenic nutrient loading in the Pearl River has contributed to the expansion of coastal eutrophication and hypoxic zones in the Great Bay Area (Cui et al., 2019; Geeraert et al., 2021; Yu et al., 2021). Nutrient management strategy at the watershed scale is a promising way to protect and restore coastal ecosystems. For example, submerged aquatic vegetation communities in the Chesapeake Bay have been successfully restored after reducing the inputs of in situ nutrients (Ruhl and Rybicki, 2010; Lefcheck et al., 2018). Furthermore, sediment availability is an important factor controlling the morphological evolution and shoreline protection (Langston et al., 2020; Yang et al., 2020; Liu et al., 2021a), and it is thus essential to the sustainable development of the Greater Bay Area. Due to the dramatic reduction in sediment load, sediment supply and its transport pathways and budgets should be integrated into the watershed-based solution. In addition, hydrological connectivity of the river network is an important aspect of drinking water supply, flood prevention and ecological security (Cui et al., 2012; Cui et al., 2015; Shao et al., 2020). The major flow paths and critical confluences of the river networks in the Greater Bay Area are important for aquatic and terrestrial communities, saltwater intrusion and water quality management (Cui et al., 2015; Niu et al., 2021). Therefore, the water system and the river network should be protected for the sustainable development of the Greater Bay Area in the future.




Conclusions

This study reveals temporal changes in the sediment regime of the Pearl River at different time scales from the 1950s to 2020, and examines climatic and anthropogenic influences on water discharge and sediment load. The annual water discharge in the Pearl River as well as its major tributaries displays a slightly increasing trend, while the annual sediment load and SSC in the West and East Rivers exhibit a drastically decreasing trend. Sediment load and SSC reached a conspicuous peak in the 1980s in the Pearl River, and showed a significant decline starting in the 2000s and 1990s, respectively. At the seasonal scale, the wet-season water discharge is relatively constant, but the dry-season discharge shows a significant increasing trend, and the ratio of wet-season to dry-season also decreases. The wet-season sediment load decreases, while the dry-season sediment load and the ratio of wet-season to dry-season do not display any trend. At the monthly scale, differences were observed in sediment regime changes among the three tributaries, and the flood seasons in the North and East Rivers typically occur one month earlier than that in the West River due to the different precipitation regimes in each watershed. The long-term changes in the annual, seasonal, and monthly water discharge were mainly caused by precipitation variability; however, human activities (e.g. dam construction and land use changes) exerted a significant influence on the variations of sediment load. Alterations of the sediment regime have exerted substantial influences on downstream channel morphology and saltwater intrusion in the Greater Bay Area. Reduced sediment load and sand excavations have combined to cause a rapid increase in the channel water depth. Salt intrusion can be partly attributed to reduced water discharge. Finally, we suggest that the watershed-based solution, incorporating river basin regulation in estuarine management and restoration, should be carried out for the sustainable development of the Greater Bay Area.
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