Temporal Variability of Sediment Load in the Tonle Sap and Lower Mekong Rivers, Cambodia
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Abstract
The Mekong River, one of the world’s great rivers, is facing the disruption of its sediment balance with anthropic reductions in its sediment load and resultant impacts on nutrient fluxes, aquatic ecology and evolution of its river channel, floodplain and delta. Using long-term monitoring data from 1993-2018, we estimated the temporal variability of sediment loads in Tonle Sap and Lower Mekong Rivers in Cambodia, assessing the sediment linkage between Tonle Sap Lake and Mekong River, which are connected by a seasonally reversing flow through the Tonle Sap River. We used data from three monitoring stations established in Cambodia in 1993, from the Mekong at Kratie (upstream) downstream to the Mekong at Chroy Changvar (just upstream of the Tonle Sap confluence), and the Tonle Sap River at Prek Kdam (about 40 km upstream of the Mekong confluence). We estimated the annual sediment in the main Mekong River was 72±38 Mt/yr at Kratie and 78±22 Mt/yr at Chroy Changvar from 1993-2018. Our calculated sediment load for the Lower Mekong River is lower than reported in older studies (prior to the 2000s), which is consistent with sediment trapping by dams on Upper Mekong mainstream and major tributaries built since 1993, and consistent with other recent estimates of sediment load on the Lower Mekong. Our analysis of water discharge and sediment concentration indicates that Tonle Sap Lake provided 0.65±0.6 Mt of sediment annually to the Lower Mekong River from 1995 to 2000. However, since 2001, Tonle Sap Lake has become a sink for sediment, accumulating an average of 1.35±0.7 Mt annually. Net storage of sediment in Tonle Sap Lake reduces the annual sediment transport to the Mekong delta, further compounding the effects of sediment delivery to the Delta resulting from upstream dam construction and instream sand mining. 
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1. Introduction 
Sediment erosion, transport, and deposition within river basins are the main surficial processes that have influenced the geomorphology on river channels, floodplains, and deltas (Peng, Chen, & Dong, 2010). In recent decades it has been increasingly realized that river dynamic conditions are greatly influenced by human activities such as hydropower dam development which have led to considerable changes of water discharge and sediment load (Vörösmarty, Meybeck, Fekete, Sharma, Green, Syvitski, et al., 2003). The magnitude of the suspended sediment load transported by a river has important implications both for the natural functioning of the river system, for instance, through its influence on channel morphology, water quality and aquatic ecosystems, as well as habitats supported by the river, and for human exploitation of the river system (D. E. Walling, 2009). Analysis of changes in runoff and sediment loads of 145 rivers worldwide showed decreased sediment loads in most rivers (D. Walling, Fang, & change, 2003; D. J. G. Walling, 2006). Cheng, Jueyi, and Zhao-Yin (2008) reported that all the large rivers in China discharged less sediment into the sea in recent years than the long term average. For major rivers in Southern China, such as the Yangtze and Qiantang rivers, and Dongjiang (East), Xijiang (West) and Beijiang (North) rivers in the Pearl River Basin, the annual sediment loads entering the sea in the past 10 years are only about 60%–80% of their multi-year mean values, while their annual runoff has remained relatively stable, based on annual runoff and sediment data to 2005 (C Liu, Wang, & Sui, 2007).
The Mekong River flows 4,800 km from its headwaters on the Tibet-Qinghai plateau before it enters the South China Sea in Vietnam, with a mean annual water discharge of 470 km3 (XX Lu & Siew, 2005). The river’s uppermost 2,000 km, known also as the Lancang, flows through China, draining an area of 195,000 km2. The lower basin covers an area of 600,000 km2 in Myanmar, Thailand, Laos, Cambodia, and Vietnam. The Mekong River region is experiencing extensive land surface disturbance such as forest clearing, arable land expansion, reservoir construction, and water diversion, as a result of rapid population growth and expanding urbanization (XX Lu & Siew, 2005). Agricultural, ecological, and fish productivity in the lower Mekong, particularly in the Tonle Sap lake in Cambodia and the Mekong Delta in Vietnam, supporting over 60 M people, are attributed to the seasonal delivery of water, sediments, and nutrients (Arias et al., 2014a; Kummu et al., 2008; Lamberts, 2006). Changes in sediment and nutrient are of particular concern in tropical regions undergoing rapid development, which has impacted on delta shrink and biodiversity. The Mekong is facing the disruption of its nutrient balance as significant increases to nutrient inputs to surface water is expected in the twenty-first century due to increases in agricultural production and infrastructure development (Galloway et al., 2004; Liljeström, Kummu, & Varis, 2012; M. R. C. MRC, 2003). 
The possibility of changes in the sediment load of the Lancang-Mekong River has attracted attention because changes in the sediment load of a river can have profound impacts on river channel evolution, nutrient fluxes, aquatic ecology and delta erosion and sedimentation (Cheng Liu, He, Des Walling, & Wang, 2013). Hydropower development is altering sediment loads in the Mekong, first from dams in upper basin (Kummu and Varis (2007). Analysis of changes in annual sediment loads at 7 stations located along the river from Gajiu (upper Mekong) to Khong Chiam (Lower Mekong) was done by Cheng Liu et al. (2013), and estimates of annual sediment loads at the five mainstream stations on the Lower Mekong (Chiang Saen, Luang Prabang, Nong Khai, Mukdahan and Khong Chiam) from 1985-2000 by J. J. Wang, Lu, and Kummu (2011) and nutrient loads for these stations from 1985–2011by Li and Bush (2015) show decreases, but covered the river only down to Pakse in Loas.  The lowermost reach of the Mekong, through Cambodia and into the Delta, including 3S river system (Sekong, Sesan and Srepok), the biggest sub-basins of the Mekong river, and the Tonle Sap Lake system have received more limited study. A better understanding of the sediment linkage between the Mekong mainstream and Tonle Sap Lake is needed because sediment input from the Mekong is crucial for the Tonle Sap’s ecosystem functions (Arias et al., 2014). The sediment exchange between Tonle Sap Lake and Mekong River was previously estimated by Kummu, Penny, Sarkkula, and Koponen (2008) over the period 1997–2003 and by XiXi Lu, Kummu, and Oeurng (2014) during a three-year observation period 2008–2010. XiXi Lu, Kummu, and Oeurng (2014) found that the sediment outflow was higher than the inflow; whereas Kummu et al. (2008) previously reported inflow sediment load towards the lake was higher than that of the outflow sediment. 
However, a more complete study of the long-term sediment and nutrient transport between the Mekong mainstream and the Tonle Sap River has been needed to better understand the functioning of the highly productive Tonle Sap Lake system and to estimate sediment delivery to the Mekong Delta. Hence, the objectives of this study is to estimate the temporal variability of sediment loads in Tonle Sap and Lower Mekong Rivers in Cambodia, and to assess the sediment linkage between Tonle Sap Lake and Mekong River. 
2. Materials and Methods 
Study area
The Mekong River is the 12th longest river in the world with the length of 4,800 km, has the 21st largest river basin area at 795,000 km2, and the 8th largest average annual runoff, 470 km3. By convention, the Mekong River basin is divided into two sub-basins: The Upper Mekong basin, with 24% of the total drainage area (21% in China, 3% in Myanmar), and the Lower Mekong basin, with 76% of the total drainage area (Laos 25%, Thailand 23%, Cambodia 20% and Vietnam 8%) (Figure 1). 
The climate of the Mekong Basin is dominated by the Southwest Monsoon, which generates wet and dry seasons of more or less equal length. The monsoon season usually lasts from May until late September or early October. Annual average rainfalls over the Cambodian floodplain and the Vietnamese delta are less than 1,500 mm. the highest rainfalls occur in the Central Highlands and within the mainstream valley in central Laos. At altitudes above 500 masl, dry season temperatures are lower, though not by much. In the warmest months of March and April, average temperature ranges from 30°C to 38°C. Rainy season mean temperatures decrease significantly from south to north, from 26°C to 27°C in Phnom Penh to 21°C to 23°C in Thailand northern part. The Mekong's average discharge to the sea is about 15,000 m3/s (Adamson, Rutherfurd, Peel, & Conlan, 2009; A. Gupta & Liew, 2007). 
In Cambodia, the Mekong River connects with Tonle Sap Lake (the largest permanent freshwater body in the Southeast Asia) via the Tonle Sap River, at the Chaktomuk confluence at Phnom Penh (Figure 1).  Tonle Sap Lake (TSL) has a unique hydrological system characterized by a flood pulse from the Mekong River. The Lake is about 120 km long and 35 km wide and covers 2,500 km2 in the dry season, but it expands to about 250 km long and 100 km wide, and covers 17,500 km2 in the wet season because high stages in the mainstem Mekong River drive flow upstream through the Tonle Sap River (Ian Charles Campbell, Say, & Beardall, 2009). From October to April, flow in the mainstem Mekong recedes, and water flows back from Tonle Sap Lake to the Mekong River via the Tonle Sap River (Fujii et al., 2003; Masumoto, 2000). The majority of water in the Lake in the wet-season is from the Mekong mainstem (Kummu et al., 2014), and the delayed release of this water provides important freshwater flow to the Mekong Delta during the dry season, protecting the fertile agricultural lands of the delta from saltwater intrusion from the South China Sea (Hai, Masumoto, & Shimizu, 2008). 
We selected three stations with continuous records of discharge and total suspended sediment: the Mekong River at Kratie, the Mekong at Chroy Changvar (near the Chatumuk confluence, just upstream of the Tonle Sap confluence) reflecting discharge and sediment load above interactions with the Tonle Sap, and the Prek Kdam station on the Tonle Sap River, representing the flow-reversal system of Mekong and Tonle Sap.  We analyzed flow and sediment records based on the hydrological year: from 1st of May to 30th of April next year (Kummu & Sarkkula, 2008; Kummu et al., 2014). 
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Figure 1. Map of the study area with 3 sampling sites located at Chroy Changvar at Phnom Penh, Kratie of the Mekong River and at Prek Kdam of Tonle Sap River.
Water Discharge and Total Suspended Sediment Data
We generated daily water discharges at the three sites using rating curves and water level data provided by the Cambodian Ministry of Water Resources and Meteorology (MOWRAM) for the period 1993 to 2018. We obtained sediment data from MOWRAM under the Mekong River Commission framework: Water Quality Monitoring Network (WQMN). Total suspended sediment (TSS) concentration was obtained from the water quality sampling conducted on a monthly basis by MOWRAM from 1995 to 2018 at Kratie station and 1993 to 2017 at Chroy Changvar station. For Tonle Sap River, the monthly basis water sampling (once every month) also carried out from 1995 to 2018. Table 1 summarizes the data (TSS and water discharge) coverage period and number of sampling used in this study. In WQMN database, the TSS samples were collected at 0.3 m below the water surface in the middle of the mainstem cross-section at each station. The samples were at the designated laboratories by MRC and recommended analytical method for TSS analysis (2540-D-TSS-SM) (Kongmeng & Larsen, 2016). The reader should bear in mind that these were not depth-integrated samples, but single, near-surface samples from the approximate mid-point of the river. To the extent that the suspended sediments in the river are well-mixed, the samples may be representative of true loads, but if concentrations are heterogeneous in the vertical columns or across the channel, the measured TSS may not be representative of the average sediment concentration channel-wide, and may under-represent suspended sand especially, as sand concentrations would tend to greater near the bed. Note that since we analyzed flow and sediment records based on the hydrological year, our period of record analysed (by hydrological year) is one year shorter than period of available data expressed in calendar years (i.e. if the calendar year is 1995-2018, thus the study expressed as hydrological year 1995-2017).    
Table 1: Data coverage period and the number of Total suspended sediment (TSS) sampling and water discharge data used in the study.  
	 
	Kraite 
	Chroy Changvar
	Prek Kdam
	Time step

	
	
	
	TSL 
towards Mekong
	Mekong 
towards TSL
	

	TSS (number of samples)
	246
	259
	170
	72
	Monthly

	TSS Data coverage period
	1995-2018
	1993-2017
	1995-2018
	1995-2018
	-

	Discharge data
	1995-2018
	1993-2017
	1995-2018
	1995-2018
	Daily



Sediment Load Estimation
Sediment Loads were estimated at Kraite, Chroy Changvar, and Prek Kdam Station using the LOAD ESTimator (LOADEST) (Runkel, Crawford, & Cohn, 2004). LOADEST provides three methods for load estimation, such as Maximum Likelihood Estimation (MLE), Adjusted Maximum Likelihood Estimation (AMLE), and Least Absolute Deviation (LAD). AMLE and MLE results are contingent upon the assumption that model residuals are normally distributed while LAD load estimates are not dependent on the normality assumption (Table 2).
Table 2. Load estimation methods in LOADEST
	Loads Estimation method
	Model residuals Assumption
	Function

	MLE
	Normal distribution
	


	AMLE
	Normal distribution
	


	LAD
	Non-normal distribution
	
 



There are 11 equations used in the LOADEST model for loads estimation (Table 3).  LOADEST can calculate the 11 equations of the regression model, and we set LOADEST to select automatically the best regression model to calibrate loads and concentration.
Table 3. Regression Equations in LOADEST
	No.
	Regression Model

	1
	
 

	2
	
 

	3
	
 

	4
	
 

	5
	
 

	6
	
 

	7
	
 

	8
	


	9
	


	10
	


	11
	
 



Trend analysis of annual sediment load
The Mann-Kendall (Kendall, 1975; Mann, 1945)  test is a non-parametric test to determine if trends can be identified in a temporal series, including a seasonal component. This non-parametric trends test is the result of an improved test initially studied by Mann and updated by Kendall The test has 3 alternative hypotheses in the series evolution: negative (i.e., decreasing trend), null (no trends in the series), and positive (increasing trend) (Howden & Burt, 2009). The Mann-Kendall Test statistic S is given as:

, where: 



The variance of S denoted by  is computed as:


where n is the number of data points, q is the number of tied groups in the data set, and tj is the number of data points in the jth tied group. 

Then S and  were used to compute the test statistic Zs as: 


A positive value of S indicates that there is an increasing trend and a negative value indicates a decreasing trend. The null hypothesis H0 that there is no trend in the data is either accepted or rejected depending if the computed ZS statistics is less than or more than the critical value of Z-statistics obtained from the normal distribution table at 5% signiﬁcance level.
Pre-whitening (PW) is applied to remove the influence of serial correlation on Mann-Kendall (Yue & Wang, 2002). The PW procedure decreases the inflation of the variance of the test statistic due to serials correlation, and thus reduces the rejection rate below the rate before PW (Bayazit & Karpak, 2007). 
3. Results 
Water Discharge and Total Suspended Sediment Dynamic in the Lower Mekong River at Kratie and Chroy Changvar
Figure 2 shows the hydrographs of the daily water discharge and observed total suspended sediment concentrations (TSS) at Kratie from 1995 to 2018 and Chroy Changvar from 1993 to 2017. The daily water discharge clearly reflects the annual dry and rainy seasons, with low flows in March and April (down to approximately 2,000 m3/s), followed by onset of the rainy season and increased discharges in May, and high flows in August and September (up to approximately 30,000 m3/s). At Kratie, the maximum discharge reached 58,205 m3/s in the rainy season of 1996 while the minimum discharge was 1,073 m3/s in the dry season of 1995. At Chroy Changvar station, maximum discharge reached 40,556 m3/s in the rainy season of 2014, while minimum lowest discharge was 405 m3/s in the dry season of 1995. 
We calculated descriptive statistics such as minimum, maximum, mean, and standard deviation to show tendency and variation of water quality parameters to illustrate the temporal distribution of important basic water quality parameters and for highlighting the specific characteristics. Additionally, we calculated skewness and kurtosis to determine if the data were skewed with positive or negative tails, and to determine the peakedness of the distributions, respectively. The summary statistics of TSS concentrations from 1993-2017 at Kratie and Chroy Changvar are summarized in Table 4. Between June and October, water in the Mekong River was opaque, with TSS concentrations from 90 to 200 mg/l as it carried sediments derived from erosion across the land surface. On the falling limb beginning in December, the TSS concentration drop to less than 20 mg/l on average. Figure 3 illustrated the rating curve of observing water discharge and daily water discharge and observed total suspended sediment concentrations (TSS) at Kratie and Chroy Changvar station (1993 to 2017). Discharge and TSS concentrations showed significant statistical relations, with R2=0.53 for Kratie station and R2=0.65 for Chroy Changvar. 
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Figure 2: Variation in the water discharge at the daily time step and total suspended sediment concentration (monthly time step) at (a) Kratie (1995 to 2018) and (b) Chroy Changvar (1993 to 2017). Data from Cambodia MOWRAM.
Table 4: Descriptive statistics include minimum value (min), maximum value (max), mean value, standard deviation, skewness coefficient and Kurtosis of sediment concentration at Kraite and Chroy Changvar
	Kratie
	Month
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr

	
	Min
	3
	8
	26
	29
	31
	6
	31
	2
	6
	2
	3
	2

	
	Max
	167
	232
	402
	355
	363
	303
	271
	112
	51
	70
	50
	44

	
	Mean
	35
	96
	159
	157
	175
	118
	108
	37
	17
	14
	13
	12

	
	SD
	41
	61
	85
	72
	74
	69
	74
	28
	13
	15
	12
	10

	
	Skewness
	2.3
	0.7
	1.2
	0.8
	0.9
	1.1
	1.1
	1.0
	1.3
	2.9
	2.2
	2.0

	
	Kurtosis
	5.5
	-0.3
	2.7
	1.7
	1.7
	2.1
	0.4
	0.9
	1.3
	10.0
	5.0
	5.3

	Chroy Changvar
	Min
	2
	2
	69
	28
	45
	23
	3
	3
	2
	3
	1
	2

	
	Max
	146
	220
	536
	370
	500
	218
	251
	73
	31
	62
	189
	39

	
	Mean
	24
	93
	204
	204
	209
	104
	57
	26
	12
	12
	19
	10

	
	SD
	35
	67
	108
	74
	114
	53
	53
	17
	8
	13
	42
	9

	
	Skewness
	2.7
	0.5
	1.5
	-0.5
	1.4
	0.9
	2.7
	0.9
	0.9
	3.1
	4.2
	2.1

	
	Kurtosis
	7.8
	-0.7
	4.0
	1.4
	2.0
	0.1
	8.6
	1.1
	0.4
	11.7
	17.9
	5.3


Note: All concentrations unit are mg/l
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Figure 3: Relationship of TSS concentration and daily water discharge in the Lower Mekong River at (a) Kratie (from 1995 to 2018) and (b) Chroy Changvar (1993 to 2017). Data from Cambodia MOWRAM

Water Discharge and Total Suspended Sediment Dynamic in the Tonle Sap River at Prek Kdam
Prek Kdam station records flow and suspended sediment load in the Tonle Sap River, downstream from Tonle Sap Lake to the Mekong during the dry season, and reverse, upstream flow during high stages of the Mekong River (Figure 4). We used negative values of water discharge and sediment concentration to denote reverse flow from the Mekong River into the Tonle Sap Lake, and positive values for outflow from the Tonle Sap Lake towards Mekong River. 
The number of outflowing and inflowing days toward Tonle Sap Lake from Mekong River through Tonle Sap River fluctuated from year to year. The reversal began in late May to early June, with water flowing from Mekong River upstream into Tonle Sap Lake for 70 to 157 days per year (average of 118 days), whereas flow downstream from Tonle Sap Lake to the Mekong River occurred for 209 to 295 days (average 247 days). 1995 and 2014 were years with the fewest days of reverse flow, 73 and 70 days, respectively.
The peak reverse flow in Prek Kdam generally occurred in July and August, before the peak discharge of Mekong River, in August and September at Chroy Changvar station. Peak outflow from the lake to Mekong River mainly took place a few months later, during the outflows from October to December. During the observed periods, the maximum reverse flow into the lake was 10,679 m3/s, while the maximum outflow from the lake was 10,104 m3/s. 
Suspended sediment concentrations at Prek Kdam were governed by distinct flow directions (Table 5). TSS concentrations in the Tonle Sap River for outflow from Tonle Sap to the Mekong (October to March) averaged 41 mg/l, while TSS concentrations during reverse flows from the Mekong River towards Tonle Sap Lake (May to September) averaged 74 mg/l. Thus, TSS concentrations in reverse flow from Mekong River to the Lake were nearly twice the concentrations in the outflow from Tonle Sap Lake, implying a net transfer of sediment into the Lake. The sediment rating curves at Prek Kdam show distinct relations when plotted separately for outflow and reverse-flow periods (Figure 5), with TSS concentrations lower in outflows from Tonle Sap Lake to the Mekong (Figure 5.a) than in reverse flows from the Mekong river to Tonle Sap Lake (Figure 5.b), with all parameters having only a weak relationship in linearity with discharge (R2 < 0.1) in both flow periods. 
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Figure 4. Variation in the water discharge at the daily time step and total suspended sediment (TSS) at Prek Kdam (monthly time step). The Negative values of concentration are (reverse) inflow into the lake from Mekong River, while positive values correspond to the outflow from the lake towards Mekong River.  Data from Cambodia MOWRAM.
Table 5: Descriptive statistics include minimum values (min), maximum values (max), mean values, standard deviation (SD), skewness coefficients and Kurtosis of sediment concentration at Kraite from 1995-2018.
	 
	From Tonle Sap Lake
towards Mekong River
	
	From Mekong River
towards Tonle Sap Lake

	Min
	1.0
	
	3.0

	Max
	265
	
	335

	Mean
	41.7
	
	74.0

	SD
	39.6
	
	58.1

	Skewness
	2.55
	
	1.54

	Kurtosis
	8.27
	
	4.46

	Note: All concentrations unit are mg/l
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Figure 5: Relationship of TSS concentration and daily discharge of Tonle Sap River at Prek Kdam for the period 1995-2018. (a) Outflow from Tonle Sap Lake to Mekong River (in the dry season) and (b) Reverse flow direction from Mekong River to Tonle Sap Lake (in the rainy season). Data from Cambodia MOWRAM.
Temporal Variability of Water Discharge and Sediment Load in the Mekong River at Kratie and Chroy Changvar
Annual water discharge and computed sediment loads on the mainstem show higher flows and sediment loads at Kratie than at Chroy Changvar (Figure 6). On an annual basis, 80% of the flow occurred during the rainy season (May to October) and 20% during the dry season (September to April). On average, the annual water discharge in Kratie was 404,000 Million cubic meters (Mm3/yr), 36,000 Mm3/yr higher than the annual water discharge at Chroy Changvar (368,000 Mm3/yr). This pattern is similar to the pattern of the flow in Kratie and Stung Treng (Cambodia-Lao border, about 150 km upstream of Kratie). MRC (2019) reported in their observed flows for the Mekong mainstream stations over the period 2000-2017, Stung Treng discharge is found higher than the downstream at Kratie. After Kratie the Mekong enters into its delta; the water flow in this reach is very complex (due to downstream backwater effects, the overbank flows, the temporary water storage function of the floodplain) especially during the flood season when hydraulic conditions define the flow distribution between different river branches. The downstream reduction in gaged flow at Kratie and Chroy Changvar occurred mainly at higher flows and can be attributed to overland flow from the Mekong River traversing the floodplain to the Tonle Sap Lake and by flow into major distributaries between Kratie and Chroy Changvar. During the flood season when the flow of the Mekong River, water starts to spillover both banks of the Mekong River between upstream of Kompong Cham (150 km upstream of Chroy Changvar) and Chroy Changvar station. Part of the spillover the right bank reaches the Tonle Sap Lake as overland flow. This overland flow was reported on average 2,500 Mm3/yr by Kummu et al. (2014). On the left bank of the main river at Kampong Cham, part of the Mekong flow is partly diverted into the Tonle Toch River, which then discharges back into the Mekong further downstream of Chroy Changvar in the Mekong Delta. The bypath discharge by this river have no previously reported yet. The trend analysis confirmed a decreasing trend in annual water discharge at Chroy Changvar (statistically significant (p<0.05)), but we found there was no significant trend at upstream Kratie (Table 6).  
The average annual sediment load in Kratie was 72±26 Mt/yr and 78±22 Mt/yr at Chroy Changar (Figure 6). The annual sediment kept decrease from 123 Mt/yr in 1995 and reached low (40 Mt/yr) in recent years at Kratie.  The sediment load at Chroy Changar was strong fluctuated over the study period. The maximum was found in 128 Mt in 2011, and the lowest sediment was 32 Mt in dry year 1998. The MK test found clearly decreasing trends in sediment load at Kratie in Mekong River. Sediment load at Kratie experienced a decrease trend with significance (statistically significant (p<0.05)), while there was no trend in sediment load at Chroy Changvar (Table 6).  
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Figure 6: Annual sediment load dynamics and water discharge in the Mekong river at (a) Kratie (hydrological year 1995-2017) and (b) Chroy Changvar stations (hydrological year 1993-2016).
Table 6: Summary of annual water Discharge and sediment load in the Mekong River at Kratie and Chroy Changvar 
	Location
	Average
	Maximum
	Minimum
	Trend direction
	Significant level

	Water Discharge at Kratie (Mm3)
	404,000
	532,000
	256,000
	No trend
	

	Water Discharge at Chroy Changvar (Mm3)
	368,000
	480,000
	250,000
	Decrease
	Significant at α= 0.05

	Sediment Load at Kratie
(Mt)
	72
	124
	38
	Decrease
	Significant at α=0.05

	Sediment Load at Chroy Changvar (Mt)
	78
	129
	33
	No trend
	


The monthly discharge and sediment load distribution curves of the entire recorded periods (hydrological year 1995-2017 at Kratie, hydrological year 1993-2016 at Chroy Changvar) (Figure 7) show similar monthly patterns in high and low sediment load (i.e., equal or exceeding 5% and 95%). However, monthly highest discharge differed significantly. The flow distribution at Kratie and Chroy Changvar confirmed the downstream reduction in gaged flow at Chroy Changvar occurring at higher flows. The peaks of discharge and sediment loads were 133 km3/month and 40 Mt/month at Kratie, 95 km3/month and 33 Mt/month at Chroy Changvar. 
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Figure 7: Monthly water discharge and loads sediment load distribution curves at Kratie and Chroy Changvar station.

Temporal Variability of Water Discharge and Sediment Load in the Tonle Sap River at Prek Kdam
Cumulative seasonal flow volumes are presented in Figure 8, with negative values indicating reverse flow from the Mekong to Tonle Sap Lake, and positive values for outflow from the lake to the Mekong River. The seasonal outflow from the lake averaged 68,000 Mm3, equivalent to 18% of the annual discharge of Mekong River at Chroy Changvar. The seasonal reverse flow into the lake from the Mekong River averaged 36,000 Mm3, about 10% of the annual discharge of the Mekong River at Chroy Changvar. Thus, the outflow from the lake was almost twice the reverse flow from the Mekong River.  Some of this difference can be attributed to runoff from the 760,000 km2 drainage basin of the Tonle Sap Lake, some to overbank flow from the mainstem Mekong across floodplains into the Lake. The annual average overland flow into the lake was estimated to be 2,600 Mm3 while the average overland flow from the lake was approximately similar magnitude, being 2,700 Mm3 (Kummu et al., 2014). Looking at temporal trends, reverse flows from the Mekong to the Lake showed decreases over the 24-year period, but these were not statistically significant (p, 0.05); outflows also showed decreases, which were significant (p<0.05) (Table 7). 
Net annual sediment loads averaged 3.7 Mt in reverse flows into Tonle Sap Lake, equivalent to 4.8% of annual average sediment load of the mainstem Mekong at Chroy Changvar.  (Figure 9). The sediment load from the lake to Mekong River was 2.9 Mt/yr, which is equal to 3.7% of average annual sediment load in Chroy Changvar. Thus, we can estimate that Tonle Sap Lake gained an average of 0.8 Mt of sediment annually from the Mekong river, but as this term is calculated as a residual, it must be treated with curation (as such residual terms incorporate and hide errors in other terms) (G. M. Kondolf & Matthews, 1991). Sediment loads in reverse flow increased over the observed period reverse flow being statistically significant (p<0.05), while the lake outflow sediment load was found no trend. 
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Figure 8: Seasonal water discharge exchange between Tonle Sap Lake and Mekong River through Tonle Sap River at Prek Kdam station for the hydrological year 1995 to 2017.  The Negative values of water discharge are reverse flow from the Mekong River into the lake, while positive values correspond to the outflow from the lake to the Mekong River.
[image: ]
Figure 9: Seasonal sediment load exchange between Tonle Sap Lake and Mekong River through Tonle Sap River at Prek Kdam for the hydrological year 1995 to 2017. The Negative values of sediment load are reverse flow from the Mekong River into the lake, while positive values correspond to the outflow from the lake to the Mekong River.
Table 7: The percentage share of water annual water discharge and sediment load between Tonle Sap Lake (TSL) and Mekong River at Chroy Changvar, averaged over hydrological year 1995-2017. (Data from Cambodia MOWRAM)
	Flow stations/Direction 
	Water discharge 
	Percentage sharing with Mekong at Chroy Changvar (%)
	Annual Trend

	
	(Million m3)
	
	Trend direction
	Significant level

	TSL to Mekong River
	67 600
	18
	Decrease
	Significant at α= 0.05

	Mekong River to TSL
	3 600
	10
	No trend
	 

	Mekong mainstem at Chroy Changvar
	368 000
	 
	 
	 

	Flow stations/Direction 
	Sediment Load
	Percentage sharing with Mekong at Chroy Changvar (%)
	Annual Trend

	
	(Mt)
	
	Trend direction
	Significant level

	TSL to Mekong River
	2.9
	3.7
	No trend
	 

	Mekong River to TSL
	3.7
	4.8
	Increase
	Significant at α= 0.05

	Mekong mainstem at Chroy Changvar
	78
	 
	 
	 




Sediment Load Linkage between Tonle Sap Lake and Mekong River and Towards the Mekong Delta 
The overall balance of flow and sediment load between Tonle Sap Lake and Mekong River over the observation hydrological year 1995-2017 shows a net contribution of water from Tonle Sap Basin, as would be expected from such a large drainage area (Figure 10.a). 2004 was an exception, when the Mekong River at Chroy Chnagvar reached its maximum discharge 60,000 Mm3. The annual water balance indicates that Tonle Sap Lake contributes an average of 33,000 Mm3 during the low flow season to the Mekong Delta. However, the pattern of net sediment transfers changed over the observation period. From hydrological year 1995 to 2000, Tonle Sap River contributed more sediment load to Mekong River than it received via reverse flows, but from hydrological year 2001-2017 the Lake received more sediment from the Mekong River than it contributed (Figure 10.b), averaging 1.35±0.7 Mt per year. 
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Figure 10: Water discharge and sediment loads balance between Tonle Sap Lake and Mekong River through Tonle Sap River at Prek Kdam station for hydrological years 1995 to 2017. (a) Net water discharge, (b) Net sediment load. Annual water discharge and sediment load obtained as residuals by subtracting seasonal water discharge and load in reserve flow from the Mekong from the outflow from Tonle Sap Lake. Negative values reflect net inflow to the lake from Mekong River, while positive values correspond to net outflow from the lake to the Mekong River.
4. Discussion 
Sediment load in the Lower Mekong River
[bookmark: _Hlk13343997]Based on an analysis of long-term sediment data, we estimated the sediment load in the mainstem Mekong River averaged 72± 38 Mt at Kratie (1993-2017), and averaged 78±22 Mt at Chroy Changvar (1995-2018). Estimation of the total flux of Mekong to the Delta is complicated by interactions with the Tonle Sap system (Kummu & Varis, 2007) since large volumes of flood water enter the floodplain of Tonle Sap, where a part of the sediment can be deposited. Our estimated loads at Kratie and Chroy Chanva are similar to those proposed by prior authors, such as Manh, Dung, Hung, Merz, and Apel (2014) estimate of 106 Mt/yr at Kratie (2010-2011). Dang, Cochrane, Arias, Van, and de Vries (2016) reported suspended sediment load of 87.4±28.7 Mt/yr (1981–2005). XiXi Lu, Kummu, Oeurng, and Landforms (2014) calculated a suspended sediment load of 50-91 Mt/yr from 2008 to 2010 measurements. However, these recent estimates are lower than long-term rates reflecting pre-dam conditions in the upper Mekong mainstem. The depositional record in the Mekong Delta indicates a long-term average sediment flux (over the past 3 ka) of 144±34 Mt/yr (Ta et al., 2002), which is in accord with Cheng Liu et al. (2013) value of 145 Mt/yr based on gauge data prior estimates of the pre-dam sediment flux of the Mekong River into the South China Sea. A. Gupta and Liew (2007) stated that most of the sediment in the Mekong upstream of Cambodia appears to be stored inside the channel, either on the bed or as insets against rock-cut banks. Unlike some other large alluvial rivers such as the Amazon, little sediment exchange occurs between channel and floodplain in the Mekong, except in downstream alluvial reaches below Kratie, in the Cambodian lowlands and the Mekong Delta in Vietnam, where the river overtops its banks during the rainy season and also has a laterally-shifting channel (A. Gupta, Hock, Xiaojing, & Ping, 2002; A. Gupta & Liew, 2007). The annual sediment load of the Mekong is comparable with loads reported for other major rivers in Asia and elsewhere (Table 7).
[bookmark: _Hlk13344160]Table 7: The annual mean of sediment is comparable with other major rivers in Asia and continents.  
	River
	Region 
	Basin area
	River length
	Water Discharge
	Sediment yeild
	Sediment load
	Reference

	
	
	
	
	
	
	
	

	 
	 
	(106 km2 )
	(km)
	km3 /yr
	t/km2/yr
	 (Mt/yr)
	 

	Yellow
	East Asia
	0.77
	5464
	49
	1400
	1080
	H. Wang et al. (2010)

	Yangtze
	East Asia
	1.94
	6300
	900
	250
	480
	H. Wang et al. (2010)

	Pearl
	East Asia
	0.44
	2129
	302
	160
	69
	H. Wang et al. (2010)

	Red
	East Asia
	0.12
	1139
	123
	1083
	130
	H. Wang et al. (2010)

	Brahmaputra
	South Asia
	0.61
	2900
	625
	890
	540
	Milliman and Syvitski (1992)

	Indus
	South Asia
	0.97
	3180
	208
	260
	59
	Milliman and Syvitski (1992)

	Yenisei
	North Asia
	2.5
	4800
	630
	9.54
	
	Fabre et al. (2019)

	Amazon
	South America
	6.1
	6400
	6600
	100
	610
	Wittmann et al. (2011)

	Congo
	Africa
	3.4
	4700
	1300
	10
	32.8
	Meade (1996)

	Mississippi
	North American
	1.15
	3778
	530
	120
	400
	Allison and Neill (2002)

	Irrawaddy
	Southeast Asia
	0.43
	2210
	410
	620
	260
	Milliman and Syvitski (1992)

	Mekong
	Southeast Asia
	0.79
	4800
	-
	-
	160
	Walling (2008)

	Mekong 
(This study)
	-
	-
	-
	404
	102
	78
	
	 


[bookmark: _Hlk13344309]The result of this analysis of sediment load from this study aligned with the global context of the sediment trend of the major rivers in the region and the world (Vörösmarty, Meybeck, Fekete, Sharma, Green, and Syvitski (2003) More than 40% of global river discharge is intercepted locally by the large reservoirs and maintains a theoretical sediment trapping efficiency in excess of 50%. D. Walling and Fang (2003) assessed trends in the sediment loads for 145 of the world’s rivers, and concluded that most showed decreasing sediment loads.  Based on annual runoff and sediment data to 2005, C Liu et al. (2007) found that major rivers in Southern China (e.g., Yangtze, Qiantang, and Pearl rivers) were transporting only about 60%–80% of their prior loads, while their annual runoff remained relatively stable. The most important influence on land-ocean sediment fluxes is probably the reservoir and dam construction, but the influence of other controls resulting in increased sediment loads could also be detected, H. Gupta, Kao, and Dai (2012) found that the combined annual sediment flux of the large Chinese rivers has been reduced from 1800 Mt to about 370 Mt in the last 50 years. From the mid-1990s to early 2000s dam development accelerated in China and Vietnam with the construction of mainstream dams on the lower Mekong and tributary dams (G. M. Kondolf et al., 2018). 
A decline in sediment flux along the Lower Mekong River carries many implications downstream (Kite, 2001). In the Mekong River basin, a recent study on the effects of rapid development dams on sediment by Kummu, Lu, Wang, and Varis (2010) demonstrated that more than 50% of the total Mekong River sediment load (∼140 Mt) will be trapped annually if the entire cascade of eight dams is constructed on the upper Mekong (Lancang), such as Manwan reservoir, which trapped around 60.5 % of the total sediment load transported between 1993 and 2003, causing significant effects on sediment variation downstream (Fu, He, & Lu, 2008). The Xayaburi, Don Sahong, and Pak Beng dams are the first three of 11-12 dams planned for the mainstream in the lower basin (Fox & Sneddon, 2019). Another proposed hydroelectric dam (Sambor dam) on the main Mekong River located at Kratie Province, Cambodia is expected to prevent significant sediment quantities from reaching the Tonle Sap Lake and the Mekong Delta (Wild & Loucks, 2015). Under a scenario of 38 dams built and under construction (main river and tributary), about 77 Mt/yr of sediment would be delivered to Sambor from upstream of which it would trap about 38 Mt/yr, significantly affecting sediment delivery to downstream reaches (G. Kondolf, Rubin, & Minear, 2014). The concern stems not only from dam development on Mekong mainstem but also on its main tributaries. For example, The Srepok, Sesan, and Sekong basin (the 3S basin), the largest tributary to the Mekong, represent a significant portion of the sediment load reaching critical Mekong ecosystems such as the Vietnam Delta and Cambodia’s Tonle Sap Lake (Wild & Loucks, 2014), but this has been cut off by the recently completed Lower Sesan 2 dam, which blocks the Srepok and Sesan. The changes in natural sediment dynamics would threaten the long-term stability of the Mekong Delta (Ian C Campbell, 2007; Saito, Chaimanee, Jarupongsakul, & Syvitski, 2007). Beside the dam development in Mekong River Basin, climate change and land use change are also the crucial factors to the sediment transport in the basin. Deforestation accelerates erosion, increasing river sediments heading to reservoirs and decreasing hydropower production in a watershed of the Mekong River (Kaura, Arias, Benjamin, Oeurng, & Cochrane, 2019). Shrestha et al. (2013) indicate high uncertainties in the direction and magnitude of changes of discharge as well as sediment yields due to climate change in a watershed of the Mekong River.   
Sediment exchange between Tonle Sap River and Mekong mainstream
Our analysis shows that from 1995 to 2000, the Tonle Sap contributed more sediment load to Mekong River than was deposited in the lake, on the average 0.65 Mt annually, but the rate decreased, and then since 2001, an average net 1.35±0.7 Mt of sediment has been deposited in the lake annually. This contrasts with estimates of  Kummu et al. (2008) that over the period 1997-2003, the Tonle Sap Lake system received an average of 5.1 Mt/year of sediment from the Mekong by reverse flow and contributed 1.4 Mt/year to the Mekong via outflow, for a net deposition of 3.7 Mt/y. XiXi Lu, Kummu, and Oeurng (2014) calculated 6.3 Mt/year for the mean sediment inflow into the lake from the Mekong mainstream and 7 Mt/year in the outflow during a three-year observation period (2008–2010), showing a net deposition within Tonle Sap Lake, more consistent with our results. Our estimate of mean annual sediment load in reverse flow from the Mekong River mainstem to Tonle Sap lake of  4.2 Mt/year is lower than the 5.1 Mt reported by Kummu et al. (2008) and 6.3 Mt calculated by XiXi Lu, Kummu, and Oeurng (2014). The mean annual sediment outflow from the Tonle Sap lake calculated in this study (3.1 Mt /year) is higher than mean value of 1.4 Mt/year reported by Kummu et al. (2008) but lower than the mean value of 7 Mt/year calculated by XiXi Lu, Kummu, and Oeurng (2014). 
We used water quality data obtaining from MOWRAM under the MRC water quality program. (As noted above, these were not depth-integrated samples, so the accuracy of suspended load estimates from these depends on how well-mixed are sediment concentrations vertically and horizontally.). Kummu et al. (2008) analysed data from the same database but only from 1997-2003, whereas our study used data from hydrological year 1995-2017. Instead of data from Prek Kdam station, XiXi Lu, Kummu, and Oeurng (2014) used data from the Phnom Penh Port from their depth-integrated samples, located 30km from the Chatukmuk confluence. The different location could be significant, as in between these two stations there is a floodplain connected to the Mekong mainstem (upstream from Chatumuk confluence) such that overbank flows from the Mekong can enter the Tonle Sap River and thus might contribute sediment to the Tonle Sap River during high flows. 
An assessment of the variability of water discharge and sediment loads of Mekong River presented in this study helps clarify the exchange annual discharge and sediment load toward the Mekong Delta. Tonle Sap Lake provided sediment to the Mekong system and Delta annually 0.65±0.6 Mt from 1995 to 2000, but since 2001 Tonle Sap Lake has become a sediment sink for about 1.35±0.7 Mt annually, thereby reducing the annual sediment transport to the Mekong delta. This reduction in sediment supply compounds the threat to the Mekong delta from accelerated subsidence and  sea level rise (Syvitski & Higgins, 2012) (Pokhrel et al., 2018). Decreased sediment loads and alterated sediment transport processes that drive river and delta morph-dynamics will impact many livelihoods in the basin that depend on ecosystem services (G. M. Kondolf et al., 2018).   
5. Conclusion  
The study assessed temporal variability of sediment loads in Lower Mekong River in Cambodia and the sediment linkage between Tonle Sap Lake and Mekong River from 1993 to 2017. The annual water discharge in Lower Mekong River was 404 Km3 at Kratie and 368 Km3 at Chroy Changvar near the Chatumuk confluence. We estimated sediment load in the main Mekong River averaged 72± 38 Mt at Kratie and 78±22 Mt at Chroy Changvar from 1993-2018, lower than previous studies for the period before the 2000s, i.e., prior to dam construction on the Mekong mainstem and tributaries. Over the study period, the Lower Mekong River showed a significant decrease in sediment load, consistent with trends documented in other major rivers in the region and globally. Two factors controlling the sediment linkage between the Mekong mainstem and Tonle Sap Lake are concentrations of the suspended sediment and annual water discharge in reverse flows from the river and outflows from the lake through the Tonle Sap River. The concentration of suspended sediment in reverse flows from the Mekong River was twice that of outflows from the Lake. However, net inflow to the lake via reverse flow was 36 km3, while outflow to the Mekong was 68 km3. Tonle Sap Lake provided 0.65±0.6 Mt of sediment to the Mekong annually from 1995 to 2000, but was a sediment sink for an average of 1.35±0.7 Mt annually from 2001 onwards. 
This study helps clarify the sediment exchange between Mekong River and Tonle Sap Lake and reveals an important change since 2001, with implications for the sustainability of the Delta. 	
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