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Abstract

:

Population growth and economic development are driving changes in land use/land cover (LULC) of the transboundary Lower Mekong River Basin (LMB), posing a serious threat to the integrity of the river system. Using data collected on a monthly basis over 30 years (1985–2015) at 14 stations located along the Lower Mekong river, this study explores whether spatiotemporal relationships exist between LULC changes and instream concentrations of total suspended solids (TSS) and nitrate—as proxies of water quality. The results show seasonal influences where temporal patterns of instream TSS and nitrate concentrations mirror patterns detected for discharge. Changes in LULC influenced instream TSS and nitrate levels differently over time and space. The seasonal Mann–Kendall (SMK) confirmed significant reduction of instream TSS concentrations at six stations (p < 0.05), while nitrate levels increased at five stations (p < 0.05), predominantly in stations located in the upper section of the basin where forest areas and mountainous topography dominate the landscape. Temporal correlation analyses point to the conversion of grassland (r = −0.61, p < 0.01) to paddy fields (r = 0.63, p < 0.01) and urban areas (r = 0.44, p < 0.05) as the changes in LULC that mostly impact instream nitrate contents. The reduction of TSS appears influenced by increased forest land cover (r = −0.72, p < 0.01) and by the development and operation of hydropower projects in the upper Mekong River. Spatial correlation analyses showed positive associations between forest land cover and instream concentrations of TSS (r = 0.64, p = 0.01) and nitrate (r = 0.54, p < 0.05), indicating that this type of LULC was heavily disturbed and harvested, resulting in soil erosion and runoff of nitrate rich sediment during the Wet season. Our results show that enhanced understanding of how LULC changes influence instream water quality at spatial and temporal scales is vital for assessing potential impacts of future land and water resource development on freshwater resources of the LMB.
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1. Introduction


Increasing development pressures have altered land use/land cover (LULC) patterns in many river basins around the world. The expansion of agricultural, industrial, and urban areas and the reduction of once pristine forest areas have the potential to affect river water quality, and present a real challenge for water resource managers. Understanding freshwater quality changes through space and time is important for sustainable use and exploitation of this finite resource and for anticipating future impact of land development on aquatic ecosystems. The interactions between LULC changes and stream integrity have been well documented [1,2,3,4,5]; previous studies have examined their impacts spatially [6,7,8,9] and temporally [8,9,10]. Specifically, studies have shown the highest instream sediment concentrations in agricultural areas [11,12], while correlations between instream nitrate concentrations and the proportion of agricultural and urban areas have been documented [10,13,14].



While studies on the effects of LULC on water quality have been explored in many river basins, we found a lack of such studies for large transboundary river basins, such as the Lower Mekong Basin (LMB), where differences exist between countries that make up the basin in terms of topography, LULC compositions, human–environmental interactions, and priorities for development and conservation policies. Despite these differences, rapid economic development is undertaken in many parts of the basin, driving LULC change and pressuring the integrity of the basin environment. Already, studies (Figure 1a) have evidenced that the improved road access and the integration of the countries into the Association of Southeast Asian Nations (ASEAN) Economic Community have resulted in the conversion of areas traditionally used for subsistence agricultural practices to areas of intensified agricultural activities and commercial cash crop production [15]. Similarly, intensification of paddy rice cultivation for global export has led to the expansion of agricultural areas at the expense of forest areas in the eastern part of the basin [16,17]. Additionally, changes in the economy have led to the expansion of urban and agricultural areas within the 3S (Sekong, Sesan, and Srepok) sub-basin, affecting its environment and water resources [18]. Improvement of the socioeconomic status of the population living in the Mekong Delta (MD) has been cited as the factor for the increased industrial and urban areas at the expense of forest and agricultural areas, which pose a serious threat to the region’s biodiversity and food security [19].



Alongside these drivers, the undergoing and planned development of hydropower projects are threatening to further damage the river ecosystem, causing irreversible change to LULC and destroying habitats of local aquatic and terrestrial animals. Hydropower development (Figure 1a) has been highlighted as one of the key drivers influencing hydrological and sediment patterns of the Lower Mekong River (LMR) [22,23]. The operations of the mainstream dams located in the Upper Mekong River (UMR) (also known as the Lancang River (LR)), for example, have proven to be efficient in trapping suspended sediment with estimations according to [24] that about 32–42 Mt of sediments were trapped annually, leading to a reduction of sediment levels in the MD by about 43% [25]. Furthermore, floodplain sedimentation of the MD could be further decreased by 40%, according to [23], with a possibility of diminishing about half of the current sediment load entering the South China Sea if all planned projects become operational. The effects could be even more profound in areas upstream of the delta, with research by [22] projecting that the annual sediment load of the Tonle Sap Lake is likely to be reduced by nearly 60% as a direct result of the changing wet and dry season flow regimes due to hydropower operation.



Therefore, understanding how these LULC change drivers influence instream water quality at spatial and temporal scales is vital for assessing potential impacts of future land and water resource development on freshwater sources. Addressing this knowledge gap, this paper presents a research undertaken in the LMB, a transboundary river basin undergoing major changes in LULC, with the objectives of (1) conducting a spatiotemporal exploratory analysis of how these changes affected water quality indicators (total suspended solids (TSS) and nitrate) using records gathered between 1985 and 2015 at 14 monitoring stations located along the Lower Mekong River (LMR), and (2) identifying trends and observed seasonality of historical TSS and nitrate concentrations. The results are analyzed to ascertain whether changes in LULC affect the river instream TSS and nitrate levels. Furthermore, ancillary information on land management practice and soil types is used to further explain the observed trends.




2. Material and Methods


2.1. Study Area Characterization


Located in Southeast Asia, the Mekong River is one of the most important rivers in the world, and is ranked as the 8th largest in terms of mean annual flow when discharging into the South China Sea at 14,500 m3/s [26]. Originating on the Tibetan Plateau, the river passes through six countries (China, Myanmar, Lao PDR, Thailand, Cambodia, and Viet Nam) occupying an area of approximately 795,000 km2, and it is divided into upper and lower basins. The upper basin is located mainly in China. The lower basin, which is the study area of this research, covers approximately 571,000 km2, and encompasses land area made up of Lao PDR, Thailand, Cambodia, and Viet Nam [26]. Therefore, the LMR refers to the length of the river from the point it enters Lao PDR to where it discharges into the South China Sea.



Due to its size, the LMB is characterized by four physiographic regions with an elevation range from 0 to about 2800 m above sea level [26]. The highest elevations are found in the upper part of the basin where mountain ranges and steep valleys dominate the landscape (Figure 1b). In the eastern part, where the Khorat Plateau formed, the landscape is mostly flat, with low-gradient draining rivers and wide floodplains. Further south, the Tonle Sap Basin forms the largest freshwater lake in Southeast Asia and provides a unique ecosystem with enormous hydrological, biological, nutritional, and cultural values to the region [22,27]. As it enters the delta region, the Mekong River splits into two main channels before discharging into the South China Sea [28].



The distributions of rainfall over these regions are highly variable, ranging from less than 1000 mm in the western part to more than 3000 mm in the northern and eastern parts of the basin [26]. Between May and September, the climate is influenced by the southwest monsoon, which generates much of the precipitation over the basin. From October to April, the climate over the basin becomes drier due the effects of the cold air from the Himalayas.



About 60% of the basin is dominated by clay-rich soils of high acidity and low fertility [26], which poses limitations for agriculture; therefore, these areas are commonly forested (Figure 1c). Most forested areas, which in the definition of the Mekong River Commission (MRC) include evergreen, deciduous, coniferous, bamboo, and plantation forests, occur in the mountain ranges of Lao PDR and Cambodia. However, in recent years, acid-tolerant cash crops (e.g., corn, cassava) have been introduced in these areas [29], resulting in the loss of forest area at the annual rate of about 0.4%, according to [30]. Government incentives to limit shifting cultivation have led to an increase of teak, rubber, and biofuel tree plantations in many parts of the basin [31]. In the lowland areas of the Khorat Plateau, Tonle Sap sub-basin, and central to southern parts of Lao PDR, the availability of fertile soil allows a permanent form of agriculture. Therefore, these areas are dominated by paddy rice fields.



Due to the diverse topography and variability in soil types and climatology, the LMB is subject to varying intensities of soil erosion, with mountainous areas of Lao PDR being highly erosive [32]. In particular, areas with slopes of more than 25% have been found to experience mean annual soil erosion of 13 to 32.2 t/ha/year, while areas with slopes between 0% and 6% have been found to have a mean annual soil erosion of about 0.0 to 4.4 t/ha/year [32].



Population distribution and density vary greatly over the basin, with the largest human concentrations occurring in the MD and urban areas, such as Phnom Penh and Vientiane. The population density at these areas ranges from 200 to 700 persons per km2. In comparison, rural areas in the northern part of Lao PDR have population densities of 20 persons per km2 [26].




2.2. Data and Method


Figure 2 illustrates the methodological framework designed for this study and associated techniques, with each step being detailed hereafter.



2.2.1. LULC and Watershed Data


LULC data were compiled from two different sources: A 2010 MRC land use map (Figure 1c) and the European Space Agency (ESA) Annual Global Land Cover Time Series (AGLCTS) from 1993 to 2015. The 2010 MRC land cover data were used for spatial association of LULC and water quality indicators, while the ESA 1993–2015 land cover time series were used to explore temporal associations between changes in LULC and water quality (refer to Section 2.4). The MRC 2010 land cover data were produced using Landsat-5 Thematic Mapper images with 30 m spatial resolution, complemented with field surveys. The Food and Agricultural Organization of the United Nations (FAO)’s Land Cover Classification System (LCCS) [33] guided the selection of the 19 land cover type classes.



The ESA annual global land cover time series uses images from five different satellite missions (NOAA-AVHRR HRPT, SPOT-Vegetation, ENVISAT-MERIS FR and RR, ENVISAT-ASAR, and PROBA-V), and is provided at a spatial resolution of 300 m. The annual land cover maps contain 22 main categories also based on the LCCS [33]. The LMB boundary was used to extract a subset of 23 annual land cover datasets (i.e., 1993–2015) for further analysis. To facilitate statistical analysis, classes for both the MRC and ESA datasets were aggregated into nine main LULC types, including forest, paddy field, urban, grassland, barren land, wetland, water, and aquaculture (Appendix A).



Elevation data were sourced from the MRC Digital Terrain Model (DTM), available at 50 m spatial resolution for the entire river basin. The ArcGIS 10.3 spatial analyst toolbox [34] was used to delineate stream networks and sub-basin boundaries using the water quality monitoring stations as the outlets. Detailed methods used for deriving flow direction and accumulation are described in [35]. The lack of vertical precision in flat areas precluded the generation of sub-catchments for the region of the MD, and only 14 sub-catchments were generated as a consequence (Figure 1d). Only land cover data generated from these sub-catchments were used to further explore and better understand the behavior of the selected water quality indicators over time and space. Spatiotemporal information of LULC (types and percentages) for each delineated sub-basin was extracted from the 2010 MRC land use data (Figure 3) and the ESA landcover dataset (1993–2015) (Appendix B) by overlaying boundaries of each sub-basin on the LULC maps.



To facilitate the analysis and discussion of the results, the basin was divided into two sections (upper and lower) based on their topographic differences (Table 1): The upper section was characterized by the mountain ranges and plateaus of Lao PDR and Thailand, and the lower section by the mostly flat areas of Cambodia and Viet Nam.




2.2.2. Data on Water Quality and Quantity


Data on water quality and quantity were obtained from the MRC Water Quality Monitoring Network (WQMN). Water quality data were sourced from 14 mainstream stations expanding across four countries. Nine of these 14 stations have records dating back to 1985, three began recording observations in the early 1990s, and records of two stations date back to the early 2000s. Water quality data contain time series of more than 20 water quality parameters. The time series collected under the MRC WQMN are not continuous, and measurements for each parameter are collected monthly. Measurement and analysis of each water quality parameter are carried out in accordance with the methods outlined in the Standard Methods for the Examination of Water and Wastewater [36]. A total of 72,230 records of all parameters were available for this study. Of those, 8712 points contain information on TSS and nitrate, the proxies that this study adopts to assess water quality.



Data on water quantity, in the form of water level, were sourced from the MRC at Nakhone Phanom (FNP) and Stung Treng (FST) for the period of 1985–2015. Discharge data were also recorded at these stations, but only from 1985 to 2005. Using the available data, the MRC has developed rating curves representing the relationship between discharge and water level of the LMR, enabling the estimation of discharge as a function of recorded water levels.





2.3. Statistical Analysis of Water Quality Data


2.3.1. Data Pre-Processing and Statistics Summarization


The quality of the collected data was assessed using MATLAB (R2010a) [37]. A total of 4270 and 4442 data points for TSS and nitrate, respectively, were found suitable for further analysis. Descriptive statistics (i.e., mean, maximum, minimum, and standard deviation) were applied on these data to quantitatively describe the main characteristics. Furthermore, time-series analysis using box-and-whisker plots was carried out for TSS and nitrate datasets for all stations to allow comparisons of their levels, ranges, and distributions. In addition, the strength and direction of the relationship between instream TSS and nitrate concentrations and river discharge were evaluated using Pearson’s correlation to help explain any patterns detected during the analysis.




2.3.2. Decomposition of TSS and Nitrate Time Series


Similarly to other long-term environmental monitoring time series, historical data on water quality often exhibit seasonal patterns, non-normal distribution, and missing data points. As such, analysis of seasonal variability and long-term trends for each dataset was conducted using the Seasonal and Trend decomposition Loess algorithm (STL) [38]. The use of STL for decomposition of water quality time series has been discussed extensively by [38,39], including the internal circulation process of STL [40].



STL has been reported as robust to outliers and missing data values in addition to the ability to handle a large of number of time series [41]. These are attractive attributes given the characteristics of the available TSS and nitrate data in the LMB.



The open source R Studio statistical package [42] was used for time series decomposition and identification of trends. TSS and nitrate time series for each station were filtered into trend, seasonal, and remainder components, using a locally weighted regression approach [43]. Trends were identified by removing the influence of seasonal and reminder components from the time series [39].




2.3.3. Seasonal Mann–Kendall Trend Analysis


Ref. [44] summarized statistical tools available for analyzing water quality data, ranging from graphical methods to provide visual summarization of time series to computationally-driven methods for analyzing and forecasting trends of large dataset. Given the characteristics of long-term water quality monitoring data (Section 2.3.2), the seasonal Mann–Kendall test (SMK) [45] was used to determine the monotonic trends of TSS and nitrate time series at each station. SMK is a nonparametric method that can be used to detect trends in time series with seasonal variation and missing values. Furthermore, the test was developed specifically for analyzing trends of water quality data collected on a monthly basis [45]. This is an attractive feature of the test considering that TSS and nitrate data obtained for this study are available on a monthly time scale. In a dataset where X is the entire sample consisting of monthly subsamples from January to December [X = (X1, X2, …, X12)], and each monthly subsample (Xi) contains nj annual values such that, for January, subsample X1 = (x11, x12, …, x1n), the null hypothesis (H0) is that there is no monotonic trend in time for a dataset where X is a sample of independent variables (xij) in an evenly distributed Xi. Therefore, the alternative hypothesis H1 is that the monthly random subsample (Xi) is not identically distributed and monotonic trends exist in time. The detailed statistical analysis for SMK can be found in [45]. In this study, the p-value of 0.05 defined statistical significance. Z statistics were also used to determine the upward (positive Z value) and downward (negative Z value) trends of TSS and nitrate levels.





2.4. Spatial and Temporal Association of LULC and Water Quality Indicators


The relationships between LULC and water quality indicators were explored temporally and spatially. To explore spatial relationships, the proportion of individual LULC types extracted from the MRC 2010 land cover data (see Section 2.2.1) was correlated with the mean concentrations of TSS and nitrate collected in 2010. The year 2010 was selected due to the available MRC data for LULC, TSS, and nitrate. The Pearson’s correlation analyses were carried out for the delineated sub-basins (Section 2.2.1 and Figure 1d) to describe the overall correlations between LULC and water quality indicators.



Analyses of temporal association of LULC and water quality indicators were undertaken for a station which exhibited significant change in both TSS and nitrate trends, as shown by SMK. Percentages of LULC types extracted from the European Space Agency land cover maps (1993–2015) (see Section 2.2.1 and Appendix B) were used for the analyses. Temporal analyses were carried out at a sub-catchment scale by Pearson’s correlation analysis, allowing the association of the mean annual concentrations of TSS and nitrate with the percentages of individual LULC types within the selected sub-catchment. In addition, Factor Analysis [46] was used to further explain the underlying temporal relationships between LULC and water quality indicators.





3. Results and Discussion


3.1. Summary of Statistics of Water Quality Indicators


Descriptive statistics for water quality indicators at the 14 water quality monitoring stations (Table 2) show that mean concentrations for TSS range from 67.4 to 314.9 mg/L, which indicates a sign of spatial variation. On average, the highest TSS levels occurred in the upper part of the basin with the maximum mean concentration recorded at Vientiane (WVT). TSS levels decrease as the river traverses from the upper part of the basin to the MD. Nitrate levels were less variable, with concentrations fluctuating from non-detectable to 1.17 mg/L. Similarly to the patterns obtained for TSS, nitrate levels were also highest in the upper part of the river, with the mean concentration calculated to be as high as 0.34 mg/L at Chiang Sean (WCS).




3.2. Spatial Relationships between LULC and Water Quality Indicators


3.2.1. Characteristics of the 2010 LULC


In 2010, forest and paddy rice were the dominant LUCL types in the studied sub-basins (Figure 3). Forest land accounted for about 33% of the total land area, while paddy fields accounted for about 31%. However, the proportions of individual LULC types varied greatly between each sub-basin (Figure 3a). In the upper section, where topography is characterized by hilly terrains and steep slopes (see Section 2.1), forest was the main LULC, accounting for approximately 46% of the total surface area that makes up the section (Figure 3b). The mosaic of plains and plateaus intertwined with mountains in this part of the LMB facilitates conversion of forest areas to paddy fields and other forms of agriculture (18 and 10%, respectively). On the other hand, the lower part of the basin is characterized by large areas of plains and low rises suitable for permanent forms of agricultural activities. Therefore, this section of the basin is dominated by paddy field areas (45%), with the exception of the Kratie (SKT) sub-basin, where 70% of its area remained forested. In the MD, which includes the Neak Loung (SNL), Kraorm Samnor (SKS), and Tan Chau (STC) sub-basins, 63% of the LULC were paddy fields, with forest areas covering merely 3% of the total land area (Figure 3b).




3.2.2. Spatial Association between LULC and Water Quality Indicators


The Pearson’s analysis of spatial correlation among LULC parameters and water quality indicators over the entire LMB (Figure 4) showed a strong positive association (p = 0.01) between TSS levels and forest areas with a correlation coefficient (r) of 0.64, whereas the association between TSS and paddy fields was strongly negative (r = −0.61, p = 0.02), as it was with urban areas (r = −53, p = 0.05). While correlation existed between TSS and areas covered by grassland (r = 0.42), these relationships were not statistically significant (p > 0.05).



Statistically significant relationships (p < 0.05) were observed between nitrate levels and seven LULC parameters (Figure 4). Positive associations were noted with forest land cover (r = 0.54), grassland (r = 0.66), aquaculture areas (r = 0.56), and barren land (r = 0.58). Among these four LULC parameters, the strongest association (p = 0.01) was with grassland. The three LULC parameters negatively associated with nitrate were paddy fields (r = −0.67) and urban areas (r = −0.60). These results appear to contradict outcomes of previous studies, including those described in Section 1, where their outcomes revealed that catchments dominated by agricultural land use export higher nitrate levels to their receiving water [47], while catchments with high vegetation cover tend to reduce erosion and, therefore, reduce sediment runoff [2,48].



From the analysis of Figure 4, it seems that sub-basins of the LMB with greater proportions of forest land cover tend to yield higher TSS and nitrate concentrations, whereas the opposite occurs in sub-catchments with higher proportions of paddy fields. A plausible explanation to support these findings is that in the LMB, traditional land use management (see Section 3.2.2.1), soil composition (Appendix C), and topography (Section 3.2.2.2) influence the proxy indicators selected to assess water quality. More to the point, while about 33% of the basin (46% in the upper section) was forested in 2010, prior research [49] evidenced the impact of human disturbances—shifting cultivation, logging, and poor infrastructure development—within this land cover. These activities tend to reduce ground vegetation cover, exposing the topsoil to increased sediment detachment and transport during the wet season. For example, many road networks have been constructed through forested areas, applying low engineering standards that failed to account for the easily erodible conditions of the soil, which in turn increases sediment production [50]. Where forest areas are subject to intensive logging, soil erosion in connection with road networks is even more extreme, with a soil loss rate of close to 80% [51]. With few little sustainable land management practices occurring in the area, sediment transportation to the stream network can be exacerbated by natural hazards, i.e., landslides caused by high-intensity rainfall during the monsoon months [52]. These disturbances, along with the effects of hydropower dams (Section 1 and Figure 1a) operating in the upper part of the catchment, can explain the observed positive relationship between forest land cover and instream TSS and nitrate levels of the LMR.



3.2.2.1. Land Management Influencing TSS and Nitrate Deposition


Time series analysis reveals that TSS and nitrate levels were consistently highest in the upper part of the river where sub-basins are dominated by forest land cover and hilly topography with strong to steep slopes (mean slope greater than 15% (see Section 2.1 and Figure 1b)). Traditional shifting cultivation practiced in hillsides and sloping lands requires no fertilizer inputs, but involves vegetation clearance and burning to provide nutrients for crops [53,54], and has led to the degradation of the forest ecosystem in the upper part of the LMB [55], exposing land to increased soil erosion during rainfall events. As mentioned in Section 2.1, croplands in steep slopes are subject to high rainfall–runoff factors (7986 to 12,599 MJ.mm/ha2) becoming highly erosive (mean annual soil erosion of about 13 to 32.2 t/ha/year) [32]. Areas of high soil erosion are also susceptible to soil nutrient displacement that can lead to increased eutrophication and sedimentation of the river system [49].



Shifting cultivation practices cause erosion (i.e., approximately 5.7 Mg/ha/year of topsoil are lost during cultivation, and about 0.7 Mg/ha/year during fallow years, according to [12], though they are not the only land use practice to be blamed for soil erosion in the LMB. Incentives for eliminating shifting cultivation (see Section 2.1) have led to a conversion of upland rice areas to tears, mazes, and tree plantations (teak, rubber, palm trees) [31,49,56]. Changes from upland rice to mazes and job’s tears, for example, have been found to almost double the rate of sediment production, from about 6 to about 11 Mg/ha/year [12]. Along with the conversion of upland rice farming to other types of cash crops, tree plantations have become more prominent in the mountainous region of the LMB. Increased areas of tree plantations, particularly in connection with teak plantation, have also been found to increase overland flow and sediment yield due to the increased throughfall kinetic energy created by their high canopies and large leaves [57].




3.2.2.2. Impact of Topography and Soil Type


An assessment of whether landscape variables such as topography (using slope percentage) and soil types influence instream concentrations of TSS and nitrates (Figure 5) shows that both were positively associated with the mean slope percentage values of the sub-basins. The highest nutrient and TSS levels were recorded at Luang Prabang (WLP) (2), WVT (3), and Nakhon Phanom (WNP) (4), which are located in the upper part of the basin, where the topography is dominated by steep slopes (mean slope greater than 15%). As the river flows further downstream, lower concentrations of TSS and nitrate were recorded. As previously mentioned (see Section 2.1), these areas of the Khorat Plateau, Tonle Sap Basin, and MD are mostly flat land with low-gradient draining rivers and wide floodplains. In these areas, and more so in the MD region, sediment deposition reduces the concentrations of suspended sediment due to the low river gradient, decreasing instream TSS levels [58].



An examination of the soil characteristics (Appendix C) reveals that the LMB is dominated by Acrisol soils of low natural fertility, which are acidic and susceptible to erosion once vegetation clearance is carried out [59]. Triangulation of our results with prior research conducted in the study area points to soil characteristics, along with steep slopes and agricultural practices, as the primary drivers of the high TSS and nitrate levels observed in the upper part of the basin.






3.3. Seasonal Decomposition of Water Quality Time Series


Results of the decomposition of the water quality time series for the 14 monitoring stations are presented in Appendix D. Figure 6 and Figure 7 show results of the decomposition of TSS and nitrate time series at WCS, WLP, Kampong Cham (WKA), and WTC by the STL (Section 2.3.2). These stations represent typical characteristics of stations located in the upper and lower sections of the basin, respectively. The STL decomposition of the water quality time series shows that seasonal factors strongly influence TSS and nitrate levels in the LMR (Figure 6 and Figure 7 and Appendix D).



3.3.1. Seasonal Decomposition of TSS Time Series


Long-term trends of TSS levels in the upper section of the LMB (represented by WCS and WLP in Figure 6a,b) displayed decreasing patterns over the period monitored. In addition to being influenced by factors discussed in Section 3.2, a closer examination of the trend component at these stations reveals reversal patterns in their overall trends, increasing from 1985 to 1993 and reaching their highest peak during this period. These were followed by sharp decreasing patterns from 1993 to 1994, and then increasing again from 1994 to 1995, before gradually decreasing to the level observed in 2015. The patterns appear to coincide with the completion and operation periods of the Manwan Dam, located in the LR (Figure 1a). Since 1993, TSS levels recorded at stations located in the upper section of the river have been less variable, with the mean annual concentration at WCS reduced by over 300%. The reduction appears to have been influenced by factors independent from those operating on seasonal time scales. More to the point, studies have shown that damming of the LR has decreased sediment transport through the river, and that the decline in sediment concentrations at stations located in the LMR occurred following the Manwan Dam development in 1993 [22,25,28]. Since it became operational, approximately 60% of TSS originating in the Upper Mekong Basin (UMB) were lost due to sediment trapping [60]. A recent study by [25] found that the Manwan Dam lost approximately 17% of its storage capacity (10.6 × 108 cubic meters) between 1993 and 2009. In addition, this same study reported a reduction in suspended sediment loads of about 83%, 50%, and 43% in the upper, middle, and lower parts of the LMR following the construction of the Xiaowan Dam [25].



In the lower section of the basin, where the topography is flatter (Figure 1b), TSS levels were less variable (Table 2). Visual examination of temporal trends at these stations did not show obvious patterns, though a number of patterns of reversal are observed throughout the trend component of the STL, as shown in Figure 6c,d for WKA and WTC, respectively. Since the time series data for WKA and all stations located in Cambodia started in 1995, it is unclear whether the completion of the Manwan Dam affected TSS levels in this section.



The seasonal component of the STL in all stations shows a cyclic pattern of sinusoidal behavior, which confirms the seasonality of their time series. Furthermore, temporal patterns of TSS and nitrate times series of all 14 stations followed those of discharge, exhibiting rising and falling concentration levels. Figure 8a–d provide examples of the cyclic variation obtained from the analysis of discharge, TSS, and nitrate time series at FNP/WNP (flow/water quality stations in the upper section) and FST/WST (flow/water quality stations in the lower section). Pearson’s correlation analysis of the three water quality and quantity indicators (TSS, nitrate, and flow) revealed strong relationships. In particular, the results of the analysis suggest that flow was a dominant factor influencing instream TSS and nitrate concentration levels. Positive correlations between discharge and TSS and nitrate levels (r = 0.79, p < 0.01 and r = 0.74, p < 0.01, respectively) were obtained at WNP (Figure 8a,b). Similar relationships were also obtained further downstream at WST, with strong correlation values for both TSS and nitrate in relation to discharge (Figure 8c,d). These relationships further confirm the seasonality of the two water quality indicators, particularly when considering the two distinct seasons (Wet and Dry seasons) of the region and the annual rising and falling periods of the Mekong water levels.




3.3.2. Seasonal Decomposition of Nitrate Time Series


Unlike patterns detected for TSS, historical trends for nitrate do not appear to be driven by geography. Results of the decomposition show no increasing or decreasing trend patterns. Figure 7a,b shows trends detected for nitrate in the upper part of the basin, where patterns of reversal were displayed during the monitoring period. While Figure 8 reveals a strong correlation of nitrate levels to both discharge (WNP (r = 0.74, p < 0.01) and WST (r = 0.39, p < 0.01)) and TSS (WNP (r = 0.67, p < 0.01) and WST (r = 0.38, p < 0.01)), their historical trends following the removal of seasonal influence do not mirror those detected for TSS (Section 3.3.1). This evidences the complexity of instream nitrate transport processes in the LMR. Previous studies on the dynamics of instream nitrate processes have shown a dependence of instream concentration on factors such as LULC and their management, nitrogen input and output ratio, characteristics of local meteorology and geohydrology, and nitrification processes [61].



In the lower part of the basin, the average mean annual concentration of nitrate was 0.1 mg/L, but the concentrations were highly variable, ranging from non-detectable to over 1 mg/L. This section of the basin is dominated by paddy fields and urban areas (Figure 3), the two types of LULC that have been linked to significant levels of instream nitrate concentration in this study (Section 3.2.2) and other studies (Section 1). Across the lower part of the river, temporal trends vary from station to station (Figure 7c,d and Appendix D) and appear to be influenced by different LULC types and agricultural practices. The most notorious increasing trend occurred at Kraorm Samnor (WKS) (Appendix D), where approximately 90% of the sub-basin is dominated by paddy fields (Figure 3). The finding is consistent with other studies, where catchments dominated by agricultural land use and subjected to agricultural intensification are known to yield high instream nitrate concentration [47].



Seasonality appears to be one of the main factors influencing instream nitrate levels in the LMR. Similarly to TSS, the seasonal component shows equal intervals of cyclic behavior of the time series, with distinct annual increasing and decreasing patterns coinciding with the beginnings of the Wet and Dry seasons, respectively. The seasonality of the nitrate time series is also confirmed by its strong statistical correlation with those of discharge and TSS (Figure 8), the two main indicators of seasonality.





3.4. Seasonal Mann–Kendall Analysis of Historical Water Quality Time Series


With the confirmed seasonality of the TSS and nitrate time series (Section 3.3), temporal trend analyses were carried out by SMK at the 14 stations, where downward trends of TSS were detected at all but one station located in the upper part of the LMB, from 1985 to 2015 (Table 3). The only upward trend obtained in this section of the basin was at Savvanakhet (WSK) (z-value of 0.01), though not statistically significant (p = 0.88). For the other six stations where downward trends were detected, their p-values (<0.05) indicate that the changes observed were statistically significant. The results provided by the SMK further support the outcomes of the STL analysis in Section 3.3.1, and confirm that changes in TSS levels in the upper part of the basin were statistically significant and that dam operation in the basin has led to the reduction of TSS levels at these stations.



The results of the SMK analysis appear to confirm that the dams operating in the UMB have not affected TSS levels in the lower part of the basin. Of the seven stations included in this study, four displayed no change or upward historical trends. Significant upward trends were detected at WTC (p < 0.01), located in the MD. The patterns observed also suggest that suspended sediments generated in the UMB, while important to the instream sediment dynamics of the LMR, rarely reached the lower part of the basin, and had very little influence on instream TSS concentrations in the delta area. Rather, instream TSS levels in the lower part of the river are likely influenced by the interaction between LULC, rainfall–runoff factors, and human activities within the basin (discussed in Section 3.2 and Section 3.3). The results are consistent with prior research [62], which reported high TSS levels in the MD due to accumulated upstream sedimentation and localized erosion caused by agricultural activities.



Of the downward trends detected, two were not statistically significant. The historical trend at WKT was the only significant downward trend (p < 0.01). Despite being located in the lower section of the basin, the catchment area of this station exhibited environmental and physical characteristics similar to those of the upper part of the basin, including forest-dominated land cover, hilly topography with strong slopes, and exposure to high-intensity rainfall events during the Wet season. These features, along with human disturbance through LULC practices, have led to an increased sediment runoff, affecting instream TSS concentrations (Section 3.2).



While temporal trends for TSS differ between stations located in the upper and the lower parts of the river (Table 3), changes detected for nitrate levels vary from station to station. Between 1985 and 2015, nitrate levels increased at nine stations, with the biggest increasing trend detected at WLP. The trends observed at this station are likely due to the increase of intensive agricultural activities upstream of the station (See Figure 1a). This region has experienced a change in land use patterns, with areas previously used for subsistence agricultural activities, such as upland rice farming, being converted to intensive agriculture for cash crops, such as banana, maize, and sugar canes [15]. While there is no information on the use of fertilizer in the region, nitrogen-based fertilizers have been known as necessary input for these cash crops to optimize yield [63]. Of the nine stations showing increasing nitrate trends, changes at six stations were statistically significant (p < 0.05), including the one detected at WLP. Similar patterns of elevated nitrate levels were also revealed at stations located downstream of densely populated areas, including WVT and WTC [62], and can therefore be attributed to increased urbanization. Downward trends, though not statistically significant (p > 0.05), were observed at five stations.




3.5. Temporal Relationships between Land Use Change and Proxies of Water Quality


To ascertain whether temporal changes in LULC influenced TSS and nitrate levels, Pearson’s correlation analyses were carried out at Vientiane Sub-basin (SVT) using available data from 1993 to 2015. SVT was selected as the representative of the LMB dynamics due to the rapid changes of LULC composition stemming from its increased economic growth, with an average annual GDP growth rate of 7.1% (highest among the four Lower Mekong Countries) during the time period analyzed [64]. Moreover, the main land cover types of the sub-basin were forest, grassland, and agricultural areas (Figure 9a), though their proportions changed from 1993 to 2015. Grasslands were reduced by 13.7% from 1993 to 2015, whereas areas of agriculture, paddy fields, forest, and urban expanded during the same period. Urban growth was the most significant, with a 600% increase with respect to the area recorded in 1993. This is consistent with prior research [65], that found an 11% annual growth rate (2005 to 2015) of Vientiane’s population was prompted by the change in the government anti-urban policy, and this instigated a new economic mechanism that promoted international trade and free market, resulting in an increase of industrialized activities and in-migration [65]. Despite the rapid growth of the urban population, the results of the Pearson’s correlation analysis show that urbanization was not detrimental to agricultural land, paddy fields, and forest areas. Urban expansion appears to mainly affect grasslands (p < 0.01 and r > −0.70) (Figure 9b), and it confirms the findings of a prior study, which cited rapid urbanization as the cause for the reduction of grassland areas in the SVT [66].



The Pearson’s analysis revealed positive correlations (r > 0.44) between instream nitrate concentrations and agriculture, paddy field, urban, and wetland land use types, while negatively associated with grassland (r = −0.61) (Figure 9b). With p < 0.01, these relationships were significant, suggesting these LULC types as the contributors to the nitrate levels observed at WVT (located in the Vientiane sub-basin, see Table 1). Specifically, the increase of urban (+ 615%) and agriculture areas (+17.5%) at the expense of grasslands (−13.7%) has led to increased instream nitrate levels. The association of nitrate levels with agriculture and urban land covers is consistent with findings from prior research [66,67,68,69]. Furthermore, rapid urbanization has been known to increase instream nutrient levels, particularly in areas with poor sewage treatment [70]. During the study period, mean annual concentrations of nitrate were 0.25 mg/L, with the minimum and maximum ranging from 0.06 to 0.39 mg/L, respectively. Factor analysis of the time series data revealed different clusters of concentrations (Appendix E). Specifically, from 1993 to 1998, nitrate levels were lower than average, and that coincided with a higher percentage of grassland cover, which can prevent nitrate runoff to the river [71]. As the areas of grassland decreased, instream concentrations of nitrate increased (Appendix E). From 2004 onwards, nitrate concentrations became positively correlated with agriculture, paddy fields, and urban areas (Appendix E). During this period, mean annual concentrations of nitrate increased, reaching the maximum value at 0.39 mg/L in 2012. In 2013, the government issued a Strategic Framework for the Development of the Urban Water Supply and Sanitation Sector 2013–2030 [72], which may explain the negative association between the extension of urban areas and nitrate levels between 2012 and 2015. Of note is that, in the 1990s, Vientiane had an annual population growth rate of 3.1%, yet this annual growth rate translated into an increase in areal extent of urban land cover of only 6% over the same time period [73]. This suggests densely populated areas as characteristic of urban development of Vientiane, which prior research [72] found had poor sewerage coverage. The latter may explain the temporal association observed between nitrate levels and urban land use during the 1990s (Appendix E).



The temporal relationships between LULC and TSS at WVT are shown in Figure 9b; from 1993 to 2015, TSS exhibited significant negative associations (p < 0.01) with forest (r = −0.72), agricultural (r = −54), and paddy field areas (r = −0.49), while a positive association was observed between TSS and grassland (r = 0.63 and p < 0.01). The results suggest that changes in forest, grassland, and agricultural areas were the driving forces of the changes observed in TSS levels during this period. The temporal relationship detected between forest and TSS aligns with results from previous studies, which argued that increases in vegetation cover can generally lead to a decrease in soil erosion [74,75,76]. While the relationship between urban land cover and TSS is very weak (p = 0.36), it nonetheless support findings of previous research [77] where urban land cover yielded less TSS than other land cover types. Urbanization tends to increase impervious surface area and, consequently, to reduce erosion and sediment runoff during rainfall events [78]. However, in the LMB, urbanization does not necessarily increase impervious surface, as unpaved roads and bare land continue to exist in many cities including Vientiane, as illustrated in Appendix F. This could be a factor weakening the relationship between urban land cover and TSS in SVT.





4. Conclusions


This research set out to explore the spatiotemporal relationships between LULC and water quality of the LMR using TSS and nitrate as proxies for water quality indicators. This information is vital to assess the impact of socioeconomic drivers and pressures on freshwater sources of the region.



Historical time series of TSS and nitrate at 14 water quality monitoring stations and their associations with multi-temporal information on LULC evidence that the water quality of the LMB is influenced differently by LULC types over time and space.



At the temporal scale, the analysis of 30 years of data revealed that instream TSS concentrations exhibited decreasing trends at nine of the 14 stations considered, while an increasing trend was detected at one station. For instream nitrate concentrations, temporal changes varied from station to station, with significant increasing trends detected at five stations of the upper section of the LMB. Instream concentrations of nitrate and TSS were highly correlated with the river discharge and exhibited clear seasonality patterns, and their historical trends appear to be related to the distinctive wet and dry seasons of the region. In contrast, the primary drivers of change appear to be human disturbance through land use practices and instream infrastructure development. Our results evidence, for example, that decreases in TSS levels at stations located in the upper section of the LMR coincided with the operation of the Manwan Hydropower. The operational influences of the mainstream dams located in the UMB on TSS appear to be less profound at stations located in the MD, as these stations exhibited increasing trends during the same time period.



Temporal analyses of the time series data for the Vientiane sub-catchment (SVT in Section 3.5) further confirmed the influence of land use practices. At the SVT, the proportion of forest, agriculture, and urban land cover types increased from 1993 to 2015, while the opposite trend occurred with grasslands. These dynamics of LULC change coincided with decreased instream TSS levels, and our analysis shows a positive relationship between instream TSS and grassland, but significant negative relationships with agriculture, forest, and urban land use types. Conversely, the historic trend of instream nitrate concentration increased, suggesting that the increased level was driven by the expansion of urban and agricultural areas at the expenses of grasslands. These changes appear to increase nitrate-laden runoff in the basin, while, at the same time, reducing the basin’s natural filtering capacity.



At a spatial level, the values of year 2010 for the proxies representing water quality were compared with the 2010 LULC surface areas. The results (Section 3.2.2) suggest that as the proportion of forest areas increased, instream concentrations for both TSS and nitrate also increased. For nitrate, its instream concentrations also increased as the proportion of grassland increased. These results contradict findings from other studies and suggest that water quality of the LMR is influenced by LULC and other factors, such as soil, topography, hydropower development, and land cultivation practices. TSS and nitrate levels were highest in sub-catchments dominated by forest land cover, steep slopes, and easily erodible soil types, as well as those exposed to intensive shifting cultivation practices involving vegetation clearance at the onset of the Wet season.



The strong relationships found between mean slope percentages of sub-catchments and instream concentration of TSS and nitrate suggest that the detachment and runoff of sediment-laden nutrients from forest-dominated areas led to increases of instream concentrations of these water quality indicators. These results confirmed that a combination of landform, topography, and human disturbances through land use practices influenced the instream levels of TSS and nitrate.



Identifying factors influencing changes in the condition of water quality is vital for sustaining development of land and water resources, particularly in the context of the LMB, where development is undertaken at an unprecedentedly rapid pace. This study has enhanced understanding of spatiotemporal dynamics and relationships between LULC and water quality in the LMB, and can advance knowledge on how water quality of the LMR may be protected through appropriate land use planning and development interventions.
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Appendix A


LULC categories as defined by the MRC and ESA, and their aggregation into nine LULC types for this study (LULC classified as others (category number 10) was not used in this study).
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Table A1. Land use classifications.






Table A1. Land use classifications.





	
Category No.

	
LULC Types (Parameters)

	
MRC 2010 LULC Data

	
ESA Global Land Cover Data

(1993–2015)






	
1

	
Agriculture

	
Annual crop

	
Cropland (rainfed)




	
Industrial plantation

	




	
Orchard

	
Mosaic cropland/vegetation




	
Shifting cultivation

	
Mosaic vegetation/cropland




	
2

	
Paddy fields

	
Paddy rice

	
Cropland (irrigated)




	
3

	
Aquaculture

	
Aquaculture

	
-




	
4

	
Barren Land

	
Bare soil

	
Bare area




	
5

	
Forest

	
Bamboo forest

	
Broadleaved evergreen




	
Coniferous forest

	
Broadleaved deciduous




	
Deciduous forest

	
Needle-leaved evergreen




	
Evergreen forest

	
Needle-leaved deciduous




	
Flooded forest

	
Mixed leaf type




	
Forest plantation

	
Mosaic tree, shrub/HC




	
-

	
Mosaic HC/tree shrub




	
6

	
Grassland

	
Grassland

	
Shrubland




	
Shrubland

	
Grassland




	
7

	
Urban

	
Urban area

	
Urban area




	
8

	
Water

	
Water body

	
Water bodies




	
9

	
Wetland

	
Mangrove

	
Tree flooded, fresh water




	
Marsh/Swamp area

	
Tree flooded, saline water




	
-

	
Shrub or herbaceous flooded




	
10 *

	
Others *

	
-

	
Lichens and mosses




	
-

	
Permanent snow and ice




	
-

	
No data








*: LULC classified as others (category number 10) was not used in this study.












Appendix B




[image: Sustainability 12 02992 g0a1 550] 





Figure A1. Proportion of annual land use/land cover of the entire LMB from 1993 to 2015. 
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Appendix C


The percentages of each soil type in the defined sub-basin are shown in Table A2.
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Table A2. Soil characteristics of each sub-basin of the Lower Mekong Basin.






Table A2. Soil characteristics of each sub-basin of the Lower Mekong Basin.





	
Sub-basins

	
Acrisol

	
Cambisol

	
Gleysol

	
Leptosol

	
Luvisol

	
Water

	
Others

	
Total

	
Characteristic of the Dominant Soil Type






	
SCS

	
49%

	
25%

	
1%

	
2%

	
11%

	
0%

	
12%

	
100%

	
Low fertility; susceptible to significant erosion once vegetation cover is removed; very acidic, especially on the surface horizons




	
SLP

	
66%

	
16%

	
-

	
1%

	
3%

	
0%

	
14%

	
100%




	
SVT

	
60%

	
18%

	
0%

	
0%

	
4%

	
1%

	
17%

	
100%




	
SNP

	
80%

	
10%

	
2%

	
0%

	
1%

	
1%

	
6%

	
100%




	
SSK

	
50%

	
16%

	
1%

	
8%

	
7%

	
1%

	
17%

	
100%




	
SKC

	
70%

	
13%

	
0%

	
3%

	
2%

	
1%

	
10%

	
100%




	
SPS

	
64%

	
1%

	
4%

	
0%

	
7%

	
2%

	
24%

	
100%




	
SST

	
49%

	
31%

	
3%

	
2%

	
4%

	
3%

	
9%

	
100%




	
SKT

	
68%

	
8%

	
4%

	
4%

	
1%

	
1%

	
14%

	
100%




	
SKA

	
29%

	
-

	
3%

	
15%

	
17%

	
22%

	
15%

	
100%




	
SCC

	
50%

	
14%

	
10%

	
9%

	
5%

	
4%

	
9%

	
100%




	
SNL

	
55%

	
28%

	
7%

	
-

	
-

	
8%

	
3%

	
100%




	
SKS

	
65%

	
14%

	
5%

	
-

	
-

	
6%

	
10%

	
100%




	
STC

	
47%

	
16%

	
17%

	
6%

	
-

	
3%

	
12%

	
100%










Appendix D. TSS and Nitrate Time Series Decomposition


Appendix D.1. TSS Time Series Decomposition


The decompositions of TSS time series at the 14 water quality monitoring stations in the Lower Mekong River are shown in Figure A2, Figure A3, Figure A4, Figure A5, Figure A6, Figure A7, Figure A8, Figure A9, Figure A10, Figure A11, Figure A12, Figure A13, Figure A14 and Figure A15.
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Figure A2. Decomposition of TSS time series at Chiang Sean Water Quality Monitoring Station (WCS). 






Figure A2. Decomposition of TSS time series at Chiang Sean Water Quality Monitoring Station (WCS).
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Figure A3. Decomposition of TSS time series at Luang Prabang Water Quality Monitoring Station (WLP). 






Figure A3. Decomposition of TSS time series at Luang Prabang Water Quality Monitoring Station (WLP).
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Figure A4. Decomposition of TSS time series at Vientiane Water Quality Monitoring Station (Station No. 4). 






Figure A4. Decomposition of TSS time series at Vientiane Water Quality Monitoring Station (Station No. 4).
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Figure A5. Decomposition of TSS time series at Nakhon Phanom Water Quality Monitoring Station (WNP). 






Figure A5. Decomposition of TSS time series at Nakhon Phanom Water Quality Monitoring Station (WNP).
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Figure A6. Decomposition of TSS time series at Savannakhet Water Quality Monitoring Station (WSK). 






Figure A6. Decomposition of TSS time series at Savannakhet Water Quality Monitoring Station (WSK).
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Figure A7. Decomposition of TSS time series at Khong Chiam Water Quality Monitoring Station (WKC). 






Figure A7. Decomposition of TSS time series at Khong Chiam Water Quality Monitoring Station (WKC).
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Figure A8. Decomposition of TSS time series at Pakse Water Quality Monitoring Station (WPS). 






Figure A8. Decomposition of TSS time series at Pakse Water Quality Monitoring Station (WPS).



[image: Sustainability 12 02992 g0a8]







[image: Sustainability 12 02992 g0a9 550] 





Figure A9. Decomposition of TSS time series at Khong Chiam Water Quality Monitoring Station (WST). 






Figure A9. Decomposition of TSS time series at Khong Chiam Water Quality Monitoring Station (WST).
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Figure A10. Decomposition of TSS time series at Kratie Water Quality Monitoring Station (WKT). 






Figure A10. Decomposition of TSS time series at Kratie Water Quality Monitoring Station (WKT).
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Figure A11. Decomposition of TSS time series at Kampong Cham Water Quality Monitoring Station (WKA). 






Figure A11. Decomposition of TSS time series at Kampong Cham Water Quality Monitoring Station (WKA).
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Figure A12. Decomposition of TSS time series at Chrouy Changvar Water Quality Monitoring Station (WCC). 






Figure A12. Decomposition of TSS time series at Chrouy Changvar Water Quality Monitoring Station (WCC).
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Figure A13. Decomposition of TSS time series at Krom Samnor Water Quality Monitoring Station (WKS). 






Figure A13. Decomposition of TSS time series at Krom Samnor Water Quality Monitoring Station (WKS).
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Figure A14. Decomposition of TSS time series at Neak Loung Water Quality Monitoring Station (WNL). 






Figure A14. Decomposition of TSS time series at Neak Loung Water Quality Monitoring Station (WNL).
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Figure A15. Decomposition of TSS time series at Tan Chau Water Quality Monitoring Station (WTC). 






Figure A15. Decomposition of TSS time series at Tan Chau Water Quality Monitoring Station (WTC).
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Appendix D.2. Nitrate Time Series Decomposition


The decompositions of nitrate time series at the 14 water quality monitoring stations in the Lower Mekong are shown in Figure A16, Figure A17, Figure A18, Figure A19, Figure A20, Figure A21, Figure A22, Figure A23, Figure A24, Figure A25, Figure A26, Figure A27, Figure A28 and Figure A29.
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Figure A16. Decomposition of nitrate time series at Chiang Sean Water Quality Monitoring Station (WCS). 






Figure A16. Decomposition of nitrate time series at Chiang Sean Water Quality Monitoring Station (WCS).
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Figure A17. Decomposition of nitrate time series at Luang Prabang Water Quality Monitoring Station (WLP). 






Figure A17. Decomposition of nitrate time series at Luang Prabang Water Quality Monitoring Station (WLP).
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Figure A18. Decomposition of nitrate time series at Vientiane Water Quality Monitoring Station (WVT). 






Figure A18. Decomposition of nitrate time series at Vientiane Water Quality Monitoring Station (WVT).
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Figure A19. Decomposition of nitrate time series at Nakhon Phanom Water Quality Monitoring Station (WNP). 






Figure A19. Decomposition of nitrate time series at Nakhon Phanom Water Quality Monitoring Station (WNP).
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Figure A20. Decomposition of nitrate time series at Savannakhet Water Quality Monitoring Station (WSK). 






Figure A20. Decomposition of nitrate time series at Savannakhet Water Quality Monitoring Station (WSK).
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Figure A21. Decomposition of nitrate time series at Khong Chiam Water Quality Monitoring Station (WKC). 






Figure A21. Decomposition of nitrate time series at Khong Chiam Water Quality Monitoring Station (WKC).
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Figure A22. Decomposition of nitrate time series at Pakse Water Quality Monitoring Station (WPS). 






Figure A22. Decomposition of nitrate time series at Pakse Water Quality Monitoring Station (WPS).
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Figure A23. Decomposition of nitrate time series at Stung Treng Water Quality Monitoring Station (WST). 






Figure A23. Decomposition of nitrate time series at Stung Treng Water Quality Monitoring Station (WST).
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Figure A24. Decomposition of nitrate time series at Kratie Water Quality Monitoring Station (WKT). 






Figure A24. Decomposition of nitrate time series at Kratie Water Quality Monitoring Station (WKT).
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Figure A25. Decomposition of nitrate time series at Kampong Cham Water Quality Monitoring Station (WKA). 






Figure A25. Decomposition of nitrate time series at Kampong Cham Water Quality Monitoring Station (WKA).
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Figure A26. Decomposition of nitrate time series at Chrouy Changvar Water Quality Monitoring Station (WCC). 






Figure A26. Decomposition of nitrate time series at Chrouy Changvar Water Quality Monitoring Station (WCC).
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Figure A27. Decomposition of nitrate time series at Krom Samnor Water Quality Monitoring Station (WKS). 






Figure A27. Decomposition of nitrate time series at Krom Samnor Water Quality Monitoring Station (WKS).
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Figure A28. Decomposition of nitrate time series at Neak Loung Water Quality Monitoring Station (WNL). 






Figure A28. Decomposition of nitrate time series at Neak Loung Water Quality Monitoring Station (WNL).



[image: Sustainability 12 02992 g0a28]







[image: Sustainability 12 02992 g0a29 550] 





Figure A29. Decomposition of nitrate time series at Tan Chau Water Quality Monitoring Station. 






Figure A29. Decomposition of nitrate time series at Tan Chau Water Quality Monitoring Station.
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Figure A30. Analysis of mean annual instream nitrate and TSS concentration time series at Vientiane Water Quality Monitoring Station (1993–2005). Relationships between LULC parameters and water quality indicators at WVT showing (a) loading and (b) factor plots illustrating their overall correlations. 






Figure A30. Analysis of mean annual instream nitrate and TSS concentration time series at Vientiane Water Quality Monitoring Station (1993–2005). Relationships between LULC parameters and water quality indicators at WVT showing (a) loading and (b) factor plots illustrating their overall correlations.
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Figure A31. Unpaved road and bare land in Vientiane sub-basin. Unpaved roads and bare land can be commonly seen in the urban area of Vientiane sub-basin. Source: Kongmeng Ly. 
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Figure 1. The study area of the Lower Mekong Basin (LMB) displaying (a) water quality and flow monitoring stations as well as drivers and pressures of land use change [15,16,17,18,19,20,21], (b) variation of mean slopes (%), (c) a 2010 land use/land cover (LULC) map, and (d) delineated sub-basins (Table 1 provides a list of acronyms displayed in the figures and further discussions of the analysis results). 
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Figure 2. Methodological framework of this study. 
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Figure 3. The 2010 LULC compositions and their proportions within the sub-basins in the (a) LMB and (b) upper and lower sections of the basin. 
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Figure 4. Pearson’s correlation matrix (upper triangle) and statistical significance matrix (lower triangle) among different land use parameters and water quality indicators. 






Figure 4. Pearson’s correlation matrix (upper triangle) and statistical significance matrix (lower triangle) among different land use parameters and water quality indicators.



[image: Sustainability 12 02992 g004]







[image: Sustainability 12 02992 g005 550] 





Figure 5. Relationships between mean slope of the sub-catchments and 2010 mean monthly TSS and nitrate concentrations (red dots and numbers represent stations). Data label: Red dots represent water quality monitoring stations where: 2—WCS; 3—WLP; 4—WVT; 5—WNP; 6—WSK; 7—WKC; 8—WPS; 9—WST; 10—WKT; 11—WKA; 1—WCC; 13—WNL; 14—WKS; 15—WTC. 
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Figure 6. Decomposition of TSS time series at (a) Chiang Sean (WCS), (b) Luang Prabang (WLP), (c) Kampong Cham (WKA), and (d) Tan Chau (WTC). The red vertical line represents the date the Manwan dam became operational. 
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Figure 7. Decomposition of nitrate time series at (a) Chiang Sean (WCS), (b) Luang Prabang (WLP), (c) Kampong Cham (WKA), and (d) Tan Chau (WTC). 
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Figure 8. Comparisons of temporal patterns and relationships of the Mekong River’s discharge and instream TSS and nitrate concentrations at WNP (a,b) and WST (c,d). These two stations representing the upper and lower sections of the LMR, respectively. 
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Figure 9. (a) Mean proportion of LULC in SVT from 1993 to 2015 [33] and (b) their relationships with one another and with water quality indicators (see Figure 4 for the legend). 
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Table 1. Acronyms of water quality and quality monitoring stations as well as the delineated sub-basins for this study.
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River Sections

	
Station No.

	
Station Names

	
Acronyms




	
Water Quality Monitoring Station

	
Corresponding Sub-Basins

	
Flow Stations






	
Upper

	
2

	
Chiang Sean

	
WCS

	
SCS

	




	
3

	
Luang Prabang

	
WLP

	
SLP

	




	
4

	
Vientiane

	
WVT

	
SVT

	




	
5

	
Nakhon Phanom

	
WNP

	
SNP

	
FNP




	
6

	
Savannakhet

	
WSK

	
SSK

	




	
7

	
Khong Chiam

	
WKC

	
SKC

	




	
8

	
Pakse

	
WPS

	
SPS

	




	
Lower

	
9

	
Stung Treng

	
WST

	
SST

	
FST




	
10

	
Kratie

	
WKT

	
SKT

	




	
11

	
Kampong Cham

	
WKA

	
SKA

	




	
12

	
Chrouy Changvar

	
WCC

	
SCC

	




	
13

	
Neak Loung

	
WNL

	
SNL

	




	
14

	
Kraorm Samnor

	
WKS

	
SKS

	




	
15

	
Tan Chau

	
WTC

	
STC
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Table 2. Descriptive statistics of total suspended solids (TSS) and nitrate data in the Lower Mekong River (LMR) stations (a 0.00 refers to non-detectable level).
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Section

	
Stations

(See Table 1)

	
TSS (mg/L)

	
Nitrate (mg/L)




	
Max

	
Mean

	
Min

	
Std. Dev

	
Max

	
Mean

	
Min a

	
Std. Dev






	
Upper

	
WCS

	
2372.0

	
294.4

	
1.6

	
356.6

	
0.79

	
0.34

	
0.10

	
0.11




	
WLP

	
3328.0

	
254.6

	
2.0

	
400.0

	
1.10

	
0.22

	
0.00

	
0.15




	
WVT

	
5716.0

	
314.9

	
1.0

	
591.1

	
0.99

	
0.23

	
0.00

	
0.15




	
WNP

	
1566.0

	
169.7

	
2.0

	
203.3

	
0.74

	
0.29

	
0.02

	
0.13




	
WSK

	
649.0

	
105.1

	
1.0

	
109.5

	
0.65

	
0.25

	
0.00

	
0.14




	
WKC

	
1675.0

	
160.5

	
1.3

	
204.7

	
0.93

	
0.26

	
0.00

	
0.13




	
WPS

	
1526.0

	
159.1

	
1.0

	
215.0

	
0.77

	
0.16

	
0.00

	
0.12




	
Lower

	
WST

	
590.0

	
70.3

	
1.0

	
88.8

	
0.53

	
0.17

	
0.00

	
0.11




	
WKT

	
680.0

	
80.6

	
2.0

	
90.7

	
1.17

	
0.16

	
0.00

	
0.13




	
WKA

	
546.0

	
83.3

	
0.3

	
100.8

	
0.90

	
0.16

	
0.00

	
0.12




	
WCC

	
536.0

	
81.1

	
1.0

	
98.8

	
0.74

	
0.16

	
0.00

	
0.12




	
WNL

	
596.0

	
80.4

	
0.4

	
93.4

	
0.54

	
0.16

	
0.00

	
0.11




	
WKS

	
293.0

	
67.4

	
1.3

	
63.5

	
0.60

	
0.15

	
0.00

	
0.11




	
WTC

	
551.2

	
110.6

	
0.3

	
123.0

	
1.02

	
0.18

	
0.00

	
0.16
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Table 3. Results of the Seasonal Mann–Kendall (SMK) analysis on TSS and nitrate time series data (red box represents p < 0.01, orange represents p < 0.05).
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Water Quality Indicators

	
Statistical Tests

	
Upper Section

	
Lower Section




	
WCS

	
WLP

	
WVT

	
WNP

	
WSK

	
WKC

	
WPS

	
WST

	
WKT

	
WKA

	
WCC

	
WNL

	
WKS

	
WTC






	
TSS

	
z-values

	
−0.35

	
−0.23

	
−0.1

	
−0.24

	
0.01

	
−0.13

	
−0.2

	
0.0

	
−0.1

	
−0.03

	
−0.02

	
0.08

	
0.0

	
0.16




	
p-value

	
0.00

	
0.00

	
0.02

	
0.00

	
0.88

	
0.00

	
0.00

	
1.0

	
0.00

	
0.55

	
0.66

	
0.29

	
0.92

	
0.00




	
Nitrate

	
z-values

	
0.06

	
0.35

	
0.25

	
−0.02

	
0.28

	
−0.07

	
0.23

	
0.08

	
0.03

	
−0.09

	
−0.05

	
0.16

	
−0.07

	
0.03




	
p-value

	
0.13

	
0.00

	
0.00

	
0.56

	
0.00

	
0.07

	
0.00

	
0.27

	
0.55

	
0.04

	
0.28

	
0.00

	
0.15

	
0.42
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