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Suspended sediment in the water body of rivers flowing into the sea is of great significance to the accumulation process in river basins and change pattern of landforms. In particular, small and medium rivers entering the sea in mountainous areas exhibit the characteristics of both mountains and streams, and the suspended sediment concentration (SSC) greatly contributes to the formation and evolution of deltas. However, scholars rarely give attention to the factors influencing changes in the SSC in small- and medium-sized mountainous rivers, and few studies have examined SSC changes in small- and medium-sized mountainous rivers. Here, based on daily SSC and flow data obtained at the Bobai Station and Changle Station, the percentile method and regression analysis method are employed to analyse the changes in SSC from the Nanliu River to the Beibu Gulf and possible influencing factors. The main research results indicate that 1) the SSC in river water bodies from 1965 to 2020 generally reveals a downwards trend, with significant annual variations. Specifically, the overall trend can be divided into three stages: 1) the SSC is the highest from 1965 to 1971, and the mean yearly SSC reaches 0.25 kg/m3; 2) the SSC is relatively high from 1972 to 2006, and the mean yearly SSC reaches 0.16 kg/m3; and 3) the SSC is the lowest from 2007 to 2020, and the mean yearly SSC reaches 0.11 kg/m3 2) High values of the SSC are mainly concentrated in the flood season, and low SSC values mostly occur in the dry season. The monthly average SSC in the flood season from April to September and the dry season from October to March exhibits the characteristics of a decrease in the flood season and an increase in the dry season. Moreover, the peak SSC value in the watershed obviously occurs out of sync with the peak flow value. Generally, the former precedes the latter. 3) The curve of the flow rate-sediment ratio is an irregular clockwise rhombus. Moreover, the impact of tropical cyclones, land cover changes, regional GDP per capita, and engineering construction are crucial reasons for the observed variations in the SSC in the Nanliu River Basin. In this paper, the obtained research results provide an important guiding significance for the planning and management of water and sediment resources in the Nanliu River and offer a reference for hydrological planning of other river basins discharging into the sea.
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1 INTRODUCTION
The sediment transport process is highly important to socioeconomic development and the ecological environment in river basins. Suspended sediment in river water is transported to the ocean through rivers, and the main driving force is river flow (Matos et al., 2018; Wei et al., 2021). Sediment transport is very important among the processes on the Earth’s surface, and sediment transport exerts a vital influence on the regulation of erosion-accretion phenomena and shaping of the landform pattern (Matos et al., 2018; Wei et al., 2021). Suspended sediment is the main component of the total sediment load, and sediment constitutes a natural part of the river environment and an indispensable part of the river system. Long-term deposition of suspended sediment plays a key role in the formation of the shallow sea continental shelf, evolution of the seabed topography, and estuary environment (Zuo et al., 2012; Zhang et al., 2014; Tang et al., 2019). However, in recent decades, horizontal transport of suspended sediment between the river and ocean has been greatly affected by human activities and climate change, which has caused changes in the transport volume and spatial distribution of sediment (Farnsworth and Milliman, 2003; Li et al., 2012; Wu et al., 2019; Huang et al., 2022a). Because of the continuous reduction of suspended sediment entering the sea, the ecological environment of the estuary has undergone tremendous changes, such as the retreat of coastlines, the reduction of wetland areas, and the impact of biological habitats (Coleman et al., 1998; Dai et al., 2013). Studies have demonstrated that tropical cyclones affect the spatial variation in the amount of suspended sediment (Huang et al., 2022b), leading to changes in the suspended sediment amount reaching the delta (Darby et al., 2016; Tang R. et al., 2021). Therefore, in recent years, researchers have given increasing attention to the long-term change trend and temporal and spatial changes in SSC from rivers to the ocean.
To date, a large number of studies have indicated that runoff and the SSC in many large rivers are regulated by human activities, especially the reconstruction of navigation channels, construction of dams and reservoirs, and soil and water conservation projects, which have caused the amount of suspended sediment in certain large rivers to drastically decrease (Yang et al., 2002; Walling and Fang, 2003; Yang S. L. et al., 2015; Dai et al., 2016). It has been confirmed that human activities are the main factor leading to a reduction in the SSC in rivers flowing to the sea (Dai et al., 2009; Wu et al., 2012). For example, after the completion of the Three Gorges Dam in the Yangtze River, the SSC in the estuary immediately dropped by 40.3%, and the sediment load in the Yangtze River estuary was drastically reduced, resulting in a sharp decline in the wetland area (Yang et al., 2005; Wang et al., 2015; Wei et al., 2021). An early study determined that the construction of the Xiaolangdi Reservoir in the middle and lower reaches of the Yellow River reduced the flow of sediment into the sea by more than 90% (Wang et al., 2010). Moreover, water and soil conservation projects and the Grain for Green project were initiated on the Loess Plateau in the 1970s, and water discharge and the daily SSC consequently declined significantly (Zhang et al., 2017). Not only are the variations in the SSC influenced by human activities (Yang et al., 2002; Chu et al., 2009), but also influenced by natural factors, such as tropical cyclones, rainfall seasonality, soil erosion, watershed size and topography, etc. (Montanher et al., 2018; Shams et al., 2020; Huang et al., 2022b). Therefore, scholars in the SSC-related research field have also studied other possible factors influencing the long-term variations in the SSC, and found that the changes of SSC is controlled by factors such as water flow direction, peak flow, rainfall intensity, and duration of extreme events (Nadal et al., 2007; Dan et al., 2020; Tang R. G. et al., 2021). In summary, researchers have conducted fruitful explorations of the possible factors influencing the variations in the SSC. However, most studies above have mainly concentrated on the impact of natural factors and human activities on the variations in the SSC in large rivers. Therefore, more attention should be given to SSC changes in small and medium mountain rivers flowing into the sea.
However, variations in the SSC influence the composition of local species, survival rate of organisms, estuarine delta marshes, and contents of nitrogen and phosphorus elements (Müller and Förstner, 1968; Yang et al., 2020; Li et al., 2021). Studies have demonstrated that the SSC is a significant nonbiological variable, and its changes can affect the life of benthic organisms (Tramblay et al., 2008; Shi et al., 2017). The SSC is related to the water temperature and salinity (Ramalingam and Chandra, 2019) and land-use change (Ferreira et al., 2020). Additionally, the SSC is also related to land reclamation (van Maren et al., 2016), reservoir storage (Yang Y. P. et al., 2015), and soil erosion (Syvitski et al., 2005). To date, although the study of the SSC has received extensive attention, the long-term and annual variations in the SSC should be further studied, especially in the mountainous Nanliu River.
The Nanliu River is located in the northern part of the Beibu Gulf. This river originates in the Darong Mountain and flows into Lianzhou Bay in Hepu County. The Nanliu is the single largest river in Guangxi flowing into the Beibu Gulf (Figure 1). The total drainage area reaches 9,700 km2, and the river length is 287 km. This river is located in the southern subtropical maritime monsoon climate zone, with a mild climate and abundant rainfall, and the average annual rainfall reaches approximately 1736 mm (Li et al., 2016). The upper and middle reaches of the Nanliu River Basin are the Yulin Basin and Bobai Basin respectively, and the lower reaches include the Hepu Alluvial Plain and the Nanliu River Delta. The Nanliu River flows into the sea in a mountainous area. This river exhibits the highest long-term SSC among the various rivers flowing into the sea surrounding the Beibu Gulf. However, previous studies on the SSC have focused on large rivers, such as the Yellow River (Wang et al., 2010), Amazon River (Montanher et al., 2018), Yangtze River (Chen et al., 2006), Rhine River (Asselman, 1999), and Mississippi River (Meade and Moody, 2010), in regard to the research area, but little attention has been given to the long-term sequential variations in the SSC in small and medium rivers and possible influencing factors. The variability and dynamics of the SSC in small and medium rivers thus remain unclear. Studying the change in the SSC in medium and small rivers can provide important information regarding engineering issues such as regional water conservancy design and river sediment control (Hsu and Cai, 2010). Therefore, it is of great practical significance to study small and medium rivers and provide them with hydrological management strategies. In this paper, the Nanliu River, a typical mountainous small to medium river flowing into the sea, is selected as the research object to study the variations in the SSC at various scales. The objectives of this paper are 1) to examine the overall features of the variations in the SSC in the Nanliu River in the past 60 years; 2) to analyse the main driving factors influencing changes in the SSC in the past 60 years.
[image: Figure 1]FIGURE 1 | Study area with the hydrological stations in the Nanliu River Basin.
2 MATERIALS AND METHODS
2.1 Materials
The Bobai Station is located in Chengxiang town, Bobai County, Yulin city, Guangxi, in the upper reaches of the Nanliu River. This station mainly controls the variations in water and sediment from the upstream region. The Changle Station is located in Changle town, Hepu County, Beihai city, Guangxi, in the lower reaches of the Nanliu River. This station mainly controls the variations in river flow and sediment volume in the middle and upper reaches of the river. These two stations are the most important hydrological stations in the Nanliu River. The data collected at these two stations can represent the flow and SSC in the Nanliu River. River flow and SSC data between 1965 and 2020 were obtained from the Pearl River Water Conservancy Commission of the Ministry of Water Resources of China, but some SSC data were missing, including data from 1967 to 1975 and 1985 to 2000. Precipitation data for the Nanliu River Basin between 1970 and 2020 were obtained from the China Meteorological Administration. The per capita GDP from 1989 to 2019 was retrieved from the Guangxi Statistical Yearbook of the various years. Additionally, the remote sensing image data mainly comes from the official website of the United States Geological Survey (https://earthexplorer.usgs.gov/bulk).
2.2 Methods
The percentile method is an important method to analyse the characteristics of long-series data. In this study, the percentile method was employed to analyse the changes in the SSC in the Nanliu River. With the use of percentiles, the daily SSC was divided into seven levels: 5, 10, 25, 50, 75, and 95%. The third level (25%) and fifth level (75%) of the daily SSC were selected as thresholds. The third level of 25% represents low-SSC events, while the fifth level of 75% represents high-SSC events. Moreover, to further analyse the changes in the daily SSC throughout the study year, the hydrological coefficient of variation (Cv) was calculated.
To analyse the variations in the daily SSC, a combination of linear regression and power functions was applied to perform power regression of the daily water discharge and daily SSC data to obtain the sediment grade curve and constants a and b in the following form:
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where QS is the daily SSC, kg/m3; QW is the water discharge rate, m3/s; a is the slope of the equation; and b is the intercept of the curve (Guzman et al., 2013; Mouri et al., 2014; Dai et al., 2016).
To analyse the changes of building area in the Nanliu River Basin from 1988 to 2018, ENVI 5.3 was used to supervise and classify the remote sensing images, and the building area of the Nanliu River Basin was extracted, and then the building area data of each year was obtained by calculation.
3 RESULTS
3.1 Annual Variation Characteristics of the SSC
Events with an annual average SSC higher than the fifth level at the Bobai Station mainly occurred before 1970, while events with a yearly average SSC lower than the third level mainly occurred after 2006 (Figure 2A). Events in which the yearly average SSC at the Changle Station was higher than the fifth level and lower than the third level occurred in 1971 and 2006, respectively (Figure 3A). Therefore, the annual average SSC in the Nanliu River Basin could be divided into three periods based on these two specific years of 1971 and 2006, namely, 1965–1971, 1972–2006, and 2007–2020. At the first stage, from 1965 to 1971, the annual average SSC was the highest, while at the second stage, from 1972 to 2006, the yearly average SSC was relatively high. Moreover, at the third stage, from 2007 to 2020, the annual average SSC was relatively low. The yearly mean SSC values during these three periods reached 0.25 kg/m3, 0.16 kg/m3 and 0.11 kg/m3, respectively. The annual average SSC in the Nanliu River from 1965 to 2020 exhibited a downward trend in general.
[image: Figure 2]FIGURE 2 | Variation trends of the yearly SSC and yearly water discharge at the Bobai Station from 1965 to 2020 (A) variation in the average SSC; (B) variation in the water discharge.
[image: Figure 3]FIGURE 3 | Variation trend of the SSC and water discharge at the Changle Station from 1965 to 2020 (A) variation in the yearly SSC; (B) variation in the yearly water discharge.
The third-level change trend of the daily average SSC was basically consistent with the fifth-level change trend (Figures 4A, B). The third level of the daily SSC maintained a low average SSC from 1965 to 2010, which suggests that the proportion of low-to average-SSC events was high. Between 2011 and 2016, there occurred an upwards trend (Figure 4A). After 2016, a clear decreasing trend was observed. Furthermore, the hydrological coefficient and maximum average SSC exhibited a significant downwards trend (Figures 4C, D), indicating that the daily average SSC decreased in the past 60 years.
[image: Figure 4]FIGURE 4 | Variation trend of the SSC in the Nanliu River water body from 1965 to 2020: SSC at the (A) third level and (B) fifth level (C) coefficient of variation, CV; (D) maximum SSC.
3.2 Frequency Distribution Characteristics of the SSC
Due to the lack of SSC data in certain years, the analysis was divided into three periods from 1965 to 1966, 1976 to 1984, and 2001 to 2020 based on the existing data. There occurred obvious differences in the monthly maximum SSC at the three stages, and the overall state fluctuated to varying degrees. According to the seasonal difference in precipitation in the Nanliu River, April to September was categorized as the flood season, and October to December and January to March were categorized as the dry season. During the above three periods, low-value areas of the SSC mostly occurred in the dry season, and high-value sections were mainly distributed in the flood season. Figure 5 shows that the mean monthly maximum SSC at the two stages of 1965–1966 and 1976–1984 indicated fluctuations of 0.04–0.56 kg/m3 and 0.08–0.46 kg/m3, respectively, and varied with the season. From 2001 to 2020, the mean monthly maximum SSC varied irregularly, fluctuating between 0.05 and 0.49 kg/m3, with peaks in April, July, and November. During the above three periods, the mean monthly maximum SSC difference reached 0.53 kg/m3, 0.36 kg/m3, and 0.41 kg/m3. The mean monthly maximum SSC from 1965 to 1966 varied the most, at 1.5 and 1.3 times that from 1976 to 1984 and 2001–2020, respectively (Figure 5). It should be noted that the maximum SSC in the dry season exhibited an upwards trend during the three periods, following 1965–1966<1976–1984<2001–2020, especially in January, March, November, and December. In contrast, the flood season exhibited a growth trend, following 1965–1966> 1976–1984> 2001–2020, especially in June and August.
[image: Figure 5]FIGURE 5 | Mean monthly maximum SSC at the three stages.
Figure 6 shows that the monthly average SSC and monthly average flow significantly changed at the three stages. The monthly average SSC reached 0.24 kg/m3 in the flood season between 1965 and 1966, and in the dry season, it reached 0.05 kg/m3. The monthly average SSC was 0.17 kg/m3 in the flood season from 1976 to 1984, and in the dry season, it reached 0.04 kg/m3. The average monthly SSC values in the flood and dry seasons from 2001 to 2020 were 0.1 kg/m3 and 0.06 kg/m3, respectively. Among the three stages, the average monthly SSC was the highest in the dry season from 2001 to 2020, which was 0.01 kg/m3 and 0.02 kg/m3 higher than the monthly average SSC in the dry season from 1965 to 1966 and 1976 to 1984, respectively. From 1965 to 1966, the peak average SSC value reached 0.4 kg/m3, which occurred in April, and the peak water discharge value occurred in August. Notably, the peak water discharge lagged behind the peak SSC by 4 months. The peak values of the monthly average SSC of 0.2 kg/m3 and 0.15 kg/m3 from 1976 to 1984 and 2001 to 2020, respectively, occurred in May. Therefore, the peak monthly average SSC sequentially decreased from 1965 to 1966, 1976 to 1984, and 2001 to 2020 (Figure 6A). The monthly average SSC reached 0.51 kg/m3 in the flood season during these three periods, which is 0.36 kg/m3 higher than the value of 0.15 kg/m3 in the dry season. Moreover, the monthly average water discharge in the flood season reached 285 m3/s, which is 212 m3/s higher than that in the dry season. In addition, the monthly average SSC and monthly average flow during these three periods exhibited the characteristics of decreasing in the flood season and increasing in the dry season. Notably, the performance of the SSC in the flood season adhered to 1965–1966<1976–1984<2001–2020, and the performance of the SSC in the dry season followed 1965–1966>1976–1984>2001–2020, especially the flood season performance (Figure 6B). This phenomenon is similar to the change characteristics of the monthly maximum SSC (Figure 5).
[image: Figure 6]FIGURE 6 | Monthly mean SSC (A) and monthly mean water discharge (B) at the three stages.
At 0.01-kg/m3 intervals, the frequency of the average daily SSC was analysed during the three periods. The results indicated that the frequency of daily average SSC values higher than 0.4 kg/m3 exceeded 5% from 1965 to 1966, approached 5% from 1976 to 1984, and decreased to 2% from 2001 to 2002 (Figure 7). The frequency of values ≤0.1 kg/m3 during these three periods accounted for 78, 85, and 92%, respectively, of the overall frequency. The daily average SSC within the interval of 0.2–0.4 kg/m3 was very low, and there occurred almost no value from 2001 to 2020. The maximum frequency of the daily mean SSC was observed at 0.01 kg/m3 from 1965 to 1966, and the frequency approached 40%. From 1976 to 1984 and 2001–2020, the maximum frequency occurred at 0.02 kg/m3, and this frequency accounted for approximately 25% of the overall frequency. Furthermore, the proportion of 0.01 kg/m3 successively decreased over the three periods, while the proportions of 0.02 and 0.03 kg/m3 successively increased. From the above, the single-peak features of the daily average SSC became increasingly distinct and tended to move backwards during the three periods.
[image: Figure 7]FIGURE 7 | Frequency of the daily SSC at the three stages (A) 1965–1966; (B) 1976–1984; (C) 2001–2020.
3.3 Flow-Sediment Ratio Curve
The flow-sediment ratio curve reflects the different temporal and spatial variations in water and sediment (Figure 8). The SSC in the Nanliu River from 1965 to 1966 exhibited an increasing trend from January to April, with the highest peak in April and irregular fluctuations from April to August. Nevertheless, from August to December, the monthly average SSC gradually dropped to its lowest value. The area enclosed by the entire flow-sediment ratio curve resembled a clockwise irregular rhombus, which was the opposite to the counterclockwise rhombus revealed by the Yangtze River flow-sediment ratio curve (Dai et al., 2016). During the period from 1976 to 1984, the peak of the flow-sediment ratio curve was significantly reduced from 1965 to 1966, and the lowest peak occurred in May. The entire curve became relatively narrow, and the area enclosed by the curve was significantly smaller than that enclosed by the curve for the period from 1965 to 1966. Moreover, compared to the periods from 1965 to 1966 and 1976 to 1984, the flow-sediment curve was the narrowest from 2001 to 2020, indicating that the monthly average SSC changes were relatively limited. However, the flow-sediment curve for the two periods from 1976 to 1984 and 2001 to 2020 exhibited the same characteristics: the average SSC increased with increasing flow and time, and the average SSC occurred at the rising stage from January to May. This parameter reached its highest peak throughout the month (Figure 8). Therefore, there existed a positive correlation between the SSC and water discharge (Chu et al., 2009).
[image: Figure 8]FIGURE 8 | Ratio curve of the monthly SSC and monthly water discharge (the number indicates the month).
4 DISCUSSION
4.1 Relationship Between Rainfall and Flow
Rainfall is an important factor affecting river flow and SSC (Tang R. et al., 2021). Figure 9 shows that the mean annual rainfall in the Nanliu River from 1960 to 2020 and the flow at the Bobai Station and Changle Station tended to change simultaneously, Changes in rainfall reflect trends in river flow. At the same time, it can be found from Figure 9 that the rainfall of the Nanliu River during 1965–2020 reached a large value in 1981, 2002 and 2006, and the water discharge of Changle Station and Bobai Station also reached a large value. Rainfall is closely related to flow, rainfall and flow have a great impact on SSC (Moskalski and Torre, 2012). Furthermore, Comparing Figure 9 with Figure 2 and Figure 3, it can be found that the variation trends of rainfall, flow and SSC of Nanliu River are consistent, indicating that rainfall, flow and SSC are closely related. Further discussion on the relationship between rainfall and flow. In 1981, due to the superimposition effect of two typhoons, i.e., Kaili and Linen, heavy rainfall occurred in the Nanliu River Basin, with a mean annual rainfall of approximately 2,452 mm. The Nanliu River experienced a significant increase in water discharge, and a once-in-a-year flood occurred. The peak water level reached as high as 18.18 m, and the peak discharge rate reached 3,630 m3/s. In 2002, the average annual rainfall in the Nanliu River Basin reached 2,373 mm. There occurred a once-in-five-year flood in the Nanliu River, and the flood peak exhibited multipeak features. At this time, the flood peak water level reached 17.75 m, and the peak discharge reached 2,780 m3/s, which accounted for 77% of that in 1981. Furthermore, in 2008, the basin was affected by Typhoon Hagupit, which occurred as a heavy rainstorm in southeastern Guangxi. The average annual rainfall in the Nanliu River Basin reached 2,400 mm, and an over-alert flood occurred in the upper reaches of the Nanliu River. Therefore, in the moderate-flood years of 1981, 2002, and 2008, the high precipitation intensity resulted in high water discharge at the Bobai Station and Changle Station (Figures 9A–C), indicating that precipitation was the principal source of water flow in the Nanliu River Basin.
[image: Figure 9]FIGURE 9 | Change trend of the precipitation and water discharge from 1965 to 2020 (A) yearly average precipitation; (B) yearly average water discharge at the Bobai station; (C) yearly average water discharge at the Changle station.
4.2 Relationship Between the SSC and Flow
Rainfall and water discharge are the key factors influencing the changes in the sediment volume, and there exists a strong correlation among these three factors (Shams et al., 2020). The analysis revealed that there exists a significant positive correlation between the annual average water discharge and the annual average rainfall in the Nanliu River Basin (Figure 10A), indicating that the river basin flow mainly originates from precipitation, and the flow increases with the increase of rainfall (Figure 9). Studies have shown that rainfall erosion intensity affects the change of sediment volume, and there is a positive correlation between sediment volume and rainfall (Zhang et al., 2015; Shams et al., 2020). Then, correlation analysis between the daily average SSC and daily average water discharge during the three periods from 1965 to 1966, 1976 to 1984, and 2001 to 2020 demonstrated that there exists a positive correlation between these two parameters (Figures 10B–D), SSC changes with the water discharge (Figures 2, 3), and the SSC and water discharge change synchronously. Flow is one of a primary controlling factors for the change of SSC, and SSC increases with the increase of flow (Figure 8) (Gong et al., 2011; Moskalski and Torre, 2012; Dai et al., 2016). To sum up, rainfall affects flow, which further affects SSC. It can be seen that rainfall is an indirect factor affecting the SSC, and flow is the most direct factor affecting the change of SSC.
[image: Figure 10]FIGURE 10 | Water discharge and precipitation from 1970 to 2020 (A): SSC and water discharge (B–D) indicate 1965–1966, 1976–1984, and 2001–2020).
The peak values of the SSC and water discharge in the watershed occurred obviously out of sync. Generally, the former preceded the latter. Figures 2, 3 show that the average annual precipitation was relatively low in 1980, and 1980 was a dry year, with a low average flow but high SSC value. The average annual rainfall in 2002 and 2006 was relatively high, which were flood years, with a relatively high average water discharge, but the SSC was low. Further analysis demonstrated that the peak values of the SSC and water discharge in 1980, 2002, and 2006 were delayed (Figures 11A–C, respectively). In 1980, the maximum daily average SSC value of 0.65 kg/m3 occurred on July 20, and the maximum daily average water discharge occurred on August 23 (Figure 11A). In 2002, the highest daily average SSC (0.56 kg/m3) occurred on June 4, and the highest daily average water discharge occurred on September 29 (Figure 11B). In 2006, the highest daily mean SSC (0.81 kg/m3) occurred on July 11, and the highest daily mean water discharge occurred on July 18 (Figure 11C).
[image: Figure 11]FIGURE 11 | Relationship between the SSC and water discharge (A) dry year of 1980; (B) flood year of 2002; (C) flood year of 2006.
4.3 Relationship Between the SSC and Tropical Cyclones
Based on statistics, extreme weather events such as tropical cyclones exert an enormous impact on changes in the SSC in the Nanliu River. In years with more tropical cyclones, the yearly mean SSC was maintained at a relatively high level at the Changle and Bobai stations. (Figure 12). For example, from 1971 to 1974, the average SSC reached 0.21 kg/m3 at the Changle station and reached up to 0.28 kg/m3 at the Bobai station, which was higher than the multiyear average levels of 0.05 kg/m3 and 0.08 kg/m3, respectively. From 1995 to 1996, the average SSC reached 0.17 kg/m3 at the Changle station and reached 0.22 kg/m3 at the Bobai station, which remained higher than the mean level. In contrast, in 2004, without the influence of tropical cyclones, the average online concentration at these two stations remained low. Considering the above statistics, the Nanliu River Basin has been impacted by 260 tropical cyclones over the past 50 years, with an average of 4.6 cyclones per year. Tropical cyclones have become a vital factor impacting the changes in the SSC in the Nanliu River.
[image: Figure 12]FIGURE 12 | Changes in the number of tropical cyclones and changes in the SSC from 1965–2020.
4.4 Impacts of Human Activities
Human activities can significantly affect the hydrological characteristics of rivers and changes along deltaic coasts (Yang et al., 2002; Dai et al., 2011; Dai et al., 2014). The Nanliu River is located in the Beibu Gulf Economic Area, and the city is clustered around the Beibu Gulf. This region is affected by human activities such as urbanization and engineering construction. This paper analysed the impact on the SSC from the aspects of land cover change, per capita GDP, and water consumption.
4.4.1 Land Cover Change
Sediment transport depends on land cover and land use (Guzman et al., 2013). Based on the above aspects, the SSC in the Nanliu River exhibited a clear downwards trend, and the SSC revealed the characteristics of a phased decline during these three periods. This may be related to changes in land use, a significant factor reflecting the degree of anthropogenic activities. Deforestation in the basin is severe, and the forest coverage rate has declined, leading to substantial soil erosion. Choosing Lingshan County in the upper reaches of the Nanliu River as an example, the soil erosion area reached 3,120 hm2 in 1974, increased to 5,500 hm2 in 1980, and further increased to 2.141×105 hm2 in 1987 (Li et al., 2016). Therefore, severe soil erosion caused relatively high SSC levels from 1972 to 2006, which is the second period.
Since 2000, the vegetation coverage in the Nanliu River Basin has started to increase, thanks to the large-scale artificial planting of eucalyptus forests. Simultaneously, In response to the problem of soil erosion, relevant departments have implemented corresponding measures. Governments at all levels in the basin area prioritized soil erosion control, extensively executed water and soil conservation laws and regulations, mobilized the masses to plant trees and build terraces, and achieved effective results. Governments at all levels increased funding to encourage people to engage in afforestation and fruit cultivation activities and prevent afforestation in mountains. Since 2016, the Yulin Municipal Government has carried out comprehensive work to improve the environment of the Nanliu River Basin. Therefore, effective results have been achieved in terms of forest protection, soil erosion has been effectively controlled, the river sediment load has been reduced, and the SSC has decreased, which represents the third period.
4.4.2 Economic and Social Development
By analysing the per capita GDP of the three cities of Qinzhou, Beihai, and Yulin in the Nanliu River Basin from 1989 to 2019, it was found that the per capita GDP of these three cities in the basin rapidly increased, revealing an upwards trend. From 1989 to 2006, the per capita GDP slowly rose. From 2007 to 2019, the per capita GDP rapidly increased (Figure 13). The GDP per capita of Qinzhou, Beihai, and Yulin in 2019 increased by 25, 24, and 14 times, respectively, over the 1993 levels, indicating that the economic development level in the Nanliu River Basin is continuously improving. With the improvement of economic level, the demand for construction land increases, which promotes the increase of building scale. It can be seen from Figure 14 that the construction land area of Nanliu River increased significantly from 1988 to 2018. According to statistics, the construction area of Nanliu River Basin was 159 km2 in 1988, and the construction area increased to 526 km2 in 2018. In the past 30 years, the construction area increased by 367 km2. River sediment and gravel are the main materials for construction (Chen et al., 2005), indicating that under the influence of the increase in demand for construction materials, sand mining activities increased to a certain extent, resulting in a decrease in river sediment. If the sediment transport is blocked by sand mining activities, the sediment carried by the water discharge will be reduced (Kondolf, 1997). To sum up, The economic development level and construction land of Nanliu River showed an upward trend in 1989–2019, But the SSC showed an overall downward trend (Figure 2; Figure 3A), indicating that there exists a connection among them. Therefore, sand mining activities caused by the improvement of economic development level may affect the reduction of river sediment to a certain extent, resulting in the decline of SSC.
[image: Figure 13]FIGURE 13 | Changes in the per capita GDP in the Nanliu River Basin from 1989–2019.
[image: Figure 14]FIGURE 14 | Changes in nanliu river building land area: (A)1988; (B)2018.
4.4.3 Hydraulic Engineering
Studies have demonstrated that water conservancy projects such as dam regulation and reservoir construction projects are the main factors leading to reduction in the SSC in rivers flowing into the sea (Yang et al., 2005; Chu et al., 2009; Dai et al., 2016). The Nanliu River Basin contains two typical dams: Shahe Dam and Zongjiang Gate. Similarly, there are the Hongchaojiang Reservoir and Hepu Reservoir (Li et al., 2016). In 2002, Yulin city in the upper reaches and Hepu County in the lower reaches implemented embankments on both banks of the Nanliu River. Reconstruction and construction projects all control changes in the SSC along the Nanliu River. However, because most of these dams and reservoirs were built before 1965 in the basin, water and sediment observation data were lacking before 1965. At present, it is impossible to quantitatively evaluate the impact of dams and other hydraulic projects on the SSC. However, there is no doubt that the SSC has always been affected by human activities such as dam construction and reservoir repair activities.
5 CONCLUSION
As the largest river flowing into the Beibu Gulf along the coast of Guangxi, the Nanliu River plays a vital role in transporting suspended sediment from the river to the ocean. Here, analysis of the changes in the SSC provides a significant theoretical and practical significance in the Nanliu River. Therefore, we analysed SSC data for the Nanliu River in the past 60 years and obtained the following conclusions:
(1) The average SSC in the Nanliu River exhibited a downward trend from 1965 to 2020, and this period could be divided into three stages. The average SSC reached 0.25 kg/m3 from 1965 to 1971, which was the highest average SSC value. From 1972 to 2006, the average value reached 0.16 kg/m3, and the average SSC was relatively high. The average SSC was low from 2007 to 2020, with an average value of 0.11 kg/m3.
(2) The average SSC in the Nanliu River revealed significant seasonal changes, and the observed seasonal oscillations also varied. High values of the SSC were mainly concentrated in the flood season, while low values were mostly distributed in the dry season. Moreover, the SCC during these three periods exhibited the characteristics of decreasing in the flood season and increasing in the dry season. Furthermore, the peak values of the SSC and water discharge in the watershed occurred obviously out of sync, and the former generally preceded the latter.
(3) In the past 60 years, the gradual and continuous decline in the SSC in the Nanliu River has been caused by human activities and climate change. This basin is relatively heavily affected by soil and water conservation projects, dam construction, reservoir water storage projects, and tropical cyclones. Between 1965 and 2020, the SSC was higher due to soil erosion. However, with the implementation of forest protection policies and construction of water conservancy projects, the SSC gradually decreased. Therefore, under the influence of human activities, the SSC in the Nanliu River may continue to decline in the future.
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