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Abstract 16 

Here we present a proof of concept evaluation of the impacts of riverbed-mining on river-wetland 17 

connectivity by analyzing the temporal trends of the flood frequencies in the Vietnamese Mekong 18 

Delta (VMD), whilst accounting for the effect of dyke constructions. We focus on the Long Xuyen 19 

Quadrangle (LXQ), which is significant in terms of biodiversity and economic contribution to the 20 

VMD as it is one of the most important food baskets of Southeast Asia that depends on seasonal 21 

flooding. Our results indicate that the flood frequency in LXQ has decreased significantly over the 22 

past 20 years (1995-2015). Time-series analyses of water level data at Chau Doc, Tan Chau, and 23 

Can Tho stations confirmed that the overall descending trend is statistically significant (p-24 

value<0.001 and tau ~0.1). However, the river discharge at Kratie showed no significant trend (p-25 

value=0.98) over the same period. This indicates that the flood frequency is associated with the 26 

lowering of the riverbed (incision) other than climatic factors. The connectivity analysis also 27 

revealed a remarkable drop in the inundation duration after early 2000, which corresponds to the 28 

previous observations of the shifting shoreline of the VMD from construction to shrinking. Finally, 29 

regression and principal component analyses underpinned the strong causality between the 30 
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riverbed-mining and the decreased seasonal flooding patterns in LXQ, whilst accounting for the 31 

effect of the dyke system over the last decades (R2=0.75). This study offers compelling evidences 32 

on the relationship between sand-mining in the river and the disrupted flood regimes in VMD. The 33 

reduction in water and sediments that is necessary for sustaining current rates of agricultural 34 

production in the long term would endanger the livelihoods of millions of VMD inhabitants. 35 

 36 
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 39 

Highlights 40 

• Impacts of riverbed-mining and dykes on the Mekong River’s flood were analyzed. 41 
• River-wetland connectivity has significantly decreased recently.  42 
• River incision is related to the decrease in flood frequency. 43 
• Mining impact on flood frequency is localized, restricted to proximal areas. 44 
• Socio-ecological impacts should be considered seriously than short-term gains.  45 

 46 

 47 

1. INTRODUCTION 48 

In the Vietnamese Mekong Delta (VMD), the 3rd largest delta in the world, seasonal flooding plays 49 

a critical role in feeding the delta with sediments that sustain the country’s most important 50 

agricultural production area. VMD currently produces about 25 million tons of rice annually, 51 

among other agriculture and aquaculture products, which not only safeguards the country’s food 52 

security but also contributes 20% of the national GDP through exportation (GSO 2016; Piesse 53 

2019; Tran et al. 2019). The sustainable development of VMD as the major food basket in Vietnam 54 

and Southeast Asia, however, is being threatened by the recent surges of detrimental human 55 

activities that affect the river dynamics, making the lower reach riverine habitats increasingly 56 

vulnerable (Arias et al. 2019; Boretti 2020; Triet et al. 2017; Trung and Thanh 2013). For instance, 57 

the construction of upstream hydro-electric dams drastically modified the hydro-sedimentary 58 
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regimes of the river (e.g., Anthony et al. 2015; Dinh et al. 2012; Eslami et al. 2019; Kondolf et al. 59 

2014; Kondolf et al. 2018; Pokhrel et al. 2018; Van Binh et al. 2020; Van et al. 2012). Collectively, 60 

the operation of the dams in the basin, along  with rising sea levels in the region, has resulted in 61 

severe erosion of the VMD shorelines; presently, 66% of the entire shorelines are observed to be 62 

retreating  (Li et al. 2017). Once considered a delta in peril in terms of habitability (Syvitski et al. 63 

2009), if the current rate of groundwater extraction continues, more than a meter of land 64 

subsidence is expected around 2050 (Erban et al. 2014). Moreover, recent studies have indicated 65 

that extensive construction of dykes in VMD has shifted downstream area to more flood-prone 66 

zones (Duc Tran et al. 2018; Triet et al. 2017). 67 

The list of the standing environmental issues threatening VMD has recently expanded with 68 

riverbed mining (Tu et al. 2019). The over-extraction of riverbed sand has been marked as one of 69 

the most severe problems many large rivers worldwide are facing (Best 2019). This is a result of 70 

the increasing demand for construction and land reclamation, both of which are closely related to 71 

rapid population and economic growth (Gavriletea 2017; Torres et al. 2017; UNEP 2019). Even 72 

though VMD is recognized as one of the most impacted deltas in the world for riverbed mining, 73 

where large-scale dredging started in the 1990s (Bravard et al. 2013), the associated body of 74 

literature is still nascent and limited to a handful of publication. Notable studies in this regard 75 

include Brunier et al. (2014) and Eslami et al. (2019), who assessed the channel bed incision in 76 

VMD due to riverbed-mining. Similarly, Anthony et al. (2015) tried to link shoreline erosion in VMD 77 

with riverine sand extractions, while Jordan et al. (2019) conservatively estimated the extraction 78 

of 17.8 million m3 of sand per annum has led to extensive riverine erosion. Essentially, existing 79 

studies on the VMD have only focused on the morphodynamics aspect of the mining activities, 80 

among many other possible environmental consequences. There has yet to be any systematic 81 

analysis of the impacts on flood dynamics. 82 
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To fill the knowledge gaps, this paper seeks to study the impacts on flood frequency around the 83 

Mekong Delta which results from extensive riverine mining. A proof-of-concept is presented using 84 

the Long Xuyen Quadrangle (LXQ) as a case study. It was chosen because it has the highest 85 

sand extraction rate in the country, making it one of the areas that are most affected by riverbed-86 

mining in VMD (Figure 1) (Bravard et al. 2013; Jordan et al. 2019). LXQ is a 5,000 km2 floodplain 87 

along the lower Mekong River between Chau Doc and Can Tho. It is one of the most important 88 

regions in the VMD in terms of agriculture, food security, and economy, accounting for 25% of the 89 

country’s rice production (Lee and Dang 2019b). The seasonal flood is the most crucial 90 

component for LXQ as it supplies nutrients and sediment to the region during the wet season, 91 

and supports irrigation. Unfortunately, a sharp decrease in the frequency of these beneficial 92 

hydrological events has been observed recently. Therefore, in this paper, we investigate the role 93 

of riverbed-mining on the recent decrease in flood frequency in LXQ (1995-2015). In particular, 94 

this analysis focuses on the An Giang Province (AGP) within Long Xuyen Quadrangle (LXQ), 95 

because of its close proximity to the Hau river, as well as the lack of tidal influence from the Gulf 96 

of Thailand (Figure 1A). We integrate hydrological data from multiple gauge stations across the 97 

Mekong Basin and satellite radar altimetry, flood frequency maps calculated using 20-year optical 98 

remote sensing images, and dyke construction and irrigation canal information from the various 99 

government report. Hydrological data were primarily analyzed using statistical methods such as 100 

trend analysis, multiple regression, and Principal Component Analysis. We also conducted a 101 

connectivity analysis to address the critical relationships between riverbed mining and the 102 

changing flooding patterns in the LXQ.  103 

 104 

 105 
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 106 

Figure 1. A: A map showing the Long Xuyen Quadrangle (LXQ) and An Giang Province (AGP, 107 
red boundary) along the lower Mekong River in Vietnam. Areas of full and semi-dykes are 108 
indicated within the AGP, as well as the irrigation canal networks. Gauge stations used in this 109 
study are marked both in the small and large-scale maps. Dyke height and coverage as of 2011 110 
are presented in the inset map (supplied from Southern Institute of Water Resources Research 111 
(SIWRR) in 2012). B and C: Variation of the thalweg along the Tien and Hau Rivers between 112 
1998 and 2008 (Brunier et al. 2014). D: Areal proportion of the full and semi-dykes within the 113 
LXQ. E: Proportion of the irrigation canals (of different orders) within the AGP in terms of 114 
distance. Width and depth of the canals are respectively, >50 m and >5 m (category 1), 10-50 m 115 
and 1.5-5 m (category 2) and <10 m and <1.5 m (category 3) according to the Vietnam National 116 
Committee on Large Dams and Water Resources Development (VNCOLD, www.vncold.vn).  117 

 118 

2. DATA AND METHODS 119 

2.1. LXQ and its dyke system 120 

Large-scale flood control systems of VMD had not been implemented until the late 1990s 121 

(Käkönen 2008). From 1996, a series of waterways had been developed to divert part of the 122 

overland flood flow from Cambodia towards the Gulf of Thailand. This was followed by the 123 

construction of the dyke systems and other infrastructures (The Government of Vietnam, 1996). 124 

The construction of the dyke system in the Long Xuyen Quadrangle (LXQ) started in the 1990s, 125 

http://www.vncold.vn/
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which coincides with the time period of interest of this study. Hence, the impacts of these irrigation 126 

structures to the flood frequency were also considered. The construction of dykes naturally 127 

decreases the floodplain water storage by hampering the overbank flows (Nguyen 2014; Tran et 128 

al. 2018). Typically, there are two overbank processes: (i) floodwaters entering the floodplains 129 

from the rivers after overtopping the dykes’ crest, and (ii) flood waters returning to the river during 130 

the receding phase. The amount of returning floodwater should be less given the loss due to 131 

infiltration and evapotranspiration during the receding phase (Haddeland et al. 2006). The 132 

heightened dykes were originally constructed to protect agricultural areas on the floodplains by 133 

reducing the overbank flows (i). The reduced flood frequency discussed throughout the paper 134 

henceforth is related to this process.  135 

There are two types of dykes in the Lower Mekong: full-dyke and semi-dyke (see Arias et al. 2019 136 

Figure 3). The crest of the full-dyke is above the river’s maximum water level, protecting the land 137 

from floods during the flood peak period. We confirmed that there was no overflow of the water 138 

from the river to the floodplains in AGP through full-dyke system between 1984-2018 (Pekel et al. 139 

2016). Comprising around 13% of the LXQ within AGP, full-dyke zones were designed for triple 140 

rice cultivation. The waters to sustain these crops are mainly sourced from rainfall, and 141 

occasionally recharged by pumping from the river or opening of flood gates along the canal 142 

(Figure 1D). The remaining 38% of  LXQ is made up of  semi-dyke zones where the boundary of 143 

the categories 1 and 2 canals (depending on the width of canals; described in Figure 1 caption) 144 

are elevated around 50 cm – 100 cm above the mean annual water level (here, calculated at 145 

Chau Doc station using 31 years daily water level data (1980-2010)) (SIWRR 2012). Semi-dyke 146 

zones are still inundated during the wet season. With respect to agricultural production within the 147 

semi-dyke compartments, farmers pump water from tertiary canals to fields to irrigate the first two 148 

crops of rice, and then floodwater is allowed to flow over the banks during the flood season 149 
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(August–November). In the full-dyke compartments, floodwater is prevented from entering the 150 

fields, and three rice crops are grown annually (Tran and Weger 2018). 151 

2.2. Satellite data processing 152 

We used Landsat 5 Thematic Mapper (TM), 7 Enhanced Thematic Mapper+ (ETM+), and 8 153 

Operational Land Imager (OLI) images to calculate the flood frequency map over the investigated 154 

period (1995-2015). These three satellites collect optical images every 16 days at 30 m resolution. 155 

We used Level-1 Terrain Precision (L1TP)  calibrated top-of-atmosphere (TOA) reflectance image 156 

that has been atmospherically corrected by the Landsat Ecosystem Disturbance Adaptive 157 

Processing System (LEDAPS) (Masek et al. 2012). Images with cloud cover and shadows 158 

exceeding 20% were filtered out by per-pixel saturation CFMASK, and the 5,462 remaining 159 

images were ensured to be unbiased as they were generally temporally evenly distributed over 160 

different seasons throughout studied years. We then extracted inundated areas via the Modified 161 

Normalized Difference Water Index (MNDWI) (Xu 2006) using the following formula: 162 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 −𝑀𝑀𝑀𝑀𝑀𝑀
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑀𝑀𝑀𝑀𝑀𝑀

 163 

Where Green and MIR bands are represented by the Landsat’s bands 2 and 5 respectively.To 164 

retrieve the water mask map, we used the threshold -0.095 that above this represents open water, 165 

flooded forest or wet paddy rice field, while values under this threshold represents dry areas. We 166 

used MNDWI in this study because it enhances the surface water body detection compared to 167 

other water indices such as NDWI (Gao 1996; McFeeters 1996) that is often mixed with built-up 168 

land noise which may result in overestimation of the surface water area. Thereafter, the whole 169 

water mask series was averaged to generate flood frequency maps for the two periods: 1995-170 

2005 and 2005-2015, which were used to assess the decadal changes in the flooding patterns. 171 

All the image processing was performed on the Google Earth Engine cloud-based platform 172 

(Gorelick et al. 2017). 173 
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We used operational multiple-satellite altimetry products along the Mekong River since 2000, 174 

which provide water surface elevation above sea level. Generally, water surface elevation is 175 

derived by subtracting the altimeter range, which is the sum of wet/dry tropospheric and 176 

Ionospheric corrections from the satellite altitude. Two upstream water level series from the 177 

Nakhon Phanom (orbit #494) and close to Kartie (orbit #21) measured by the ENVISAT (on 178 

EGM2008 reference geoid) were supplied from the Hydroweb (Cretaux et al. 2013). Two other 179 

water level series from the Tan Chau (pass #0866) and Can Tho (pass #0322) in the lower 180 

Mekong in Vietnam were measured by Envisat (until 2010) and Saral/Altika (after 2013). Both of 181 

them were supplied from the DAHITI (Schwatke et al. 2015). The temporal resolution of the 182 

altimetry series we used was around one month, and the vertical accuracy was <3 cm.  183 

2.3. Hydrological trend analysis 184 

Daily water level data for the Chau Doc and Tan Chau gauge stations along the Tan and Hau 185 

Rivers respectively, and daily discharge data of the Mekong River at Kratie station since 1995 186 

were obtained from the Southern Sub-Institute of Hydro-meteorological Measurement of Vietnam 187 

(SSHM). These stations were chosen due to their close geographical relationships with LXQ 188 

(Figure 1A). We also considered the seasonality of the flood frequency by analyzing the dry 189 

(December-April) and wet seasons (May-November) separately. Trends of the water level series 190 

and discharge data were analyzed using the seasonal Mann-Kendall’s test (Helsel and Hirsch 191 

1992). The seasonal Mann-Kendall’s test is a robust, non-parametric procedure in which Kendall’s 192 

tau with time as the covariate is computed by the user-defined season. Median slopes of all 193 

ranked seasonal regression slopes are used to estimate the slope for the trend’s magnitude. 194 

Temporal autocorrelation was not considered in our case as we only examined the trends within 195 

the period of record (McBride 2005). We tested the time series at 95% confidence level, and p-196 

values and Kendall’s tau are reported in the Results section.  197 

2.4. Connectivity analysis 198 
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The impacts of the water level trend on flood frequency were investigated using connectivity 199 

analysis. For each year, we calculated the number of days where the hydrological connectivity 200 

threshold of the irrigation canal was exceeded. This was done  by analyzing the depth of the canal 201 

and the seasonal dynamics of water level. We focused on the category 2 canals, which is the 202 

most prevalent across the AGP and occupies about 40% of the total canal length in LXQ (Figure 203 

1) (Nguyen 2014). These canals were designed according to standards established by the 204 

Vietnam National Committee on Large Dams and Water Resources Development (VNCOLD, 205 

www.vncold.vn) (details on canal design given in Figure 1 caption) which recommended an 206 

average depths of 1.5m. The mean water level over 31 years (1980-2010) was found to be 1.57m 207 

at Chau Doc station, putting the estimated connectivity threshold at 0.07m. In other words, the 208 

river water level has to be at least  0.07m in order to be hydrologically connected to the canals. A 209 

similar approach has been used to identify the floodplain connectivity threshold in large rivers 210 

(refer to Long and Pavelsky 2013; Park and Latrubesse 2017). However, since most of these 211 

irrigation canals are flat and trapezoidal-shaped to ensure water velocities are maintained at a 212 

low value, between 0.2 and 0.7 m/s, to avoid both erosion or deposition (TCVN4118 1985), there 213 

should be a minimal variation to this connectivity threshold. Moreover, it is virtually impossible to 214 

measure the depth of every canal in AGP. Hence, we assume that the average overall depth 215 

should tally with the recommended design based on our expert knowledge. 216 

2.5. PCA and regression analyses 217 

The compound effects from riverbed mining and the construction of the dyke system were 218 

analyzed using Principal Component Analysis (PCA) and multi-linear regression. The three latent 219 

variables considered in PCA include water levels (WL measured in meters), flood frequency (FF 220 

measured in the number of days), and Dyke System (DK measured in hectares of the zone of 221 

influence within floodplain). They were normalized because of their different units. For the 222 

regression, WL and DK were treated as independent variables, whereas the FF was the 223 

http://www.vncold.vn/
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dependent variable. Data for these analyses were measured/calculated for 20 years, from 1995 224 

to 2015. Dyke construction area with AGP was compiled from various government reports (APIB 225 

2009; MARD 2015; Nguyen 2014; SIWRR 2012) 226 

 227 

3. RESULTS AND DISCUSSIONS 228 

3.1. Recent decrease in flood frequency 229 

In this section, we quantify the decreasing trend of the flood frequency in AGP separately for the 230 

semi-dyke and full-dyke areas. Because the role of each dyke system on controlling flood is 231 

distinct (as described in Section 2.1) that full-dyke essentially prevents all inflows while semi-232 

dyke is designed to increase the flooding threshold (Tran and Weger 2018). Hence, the 233 

decrease of flood frequency in the full-dyke areas are less likely to be related to the water level 234 

drop in the river. Therefore, we focused on semi-dyke area to assess the impact of riverbed-235 

mining, which constitutes about 75% of the AGP. Histograms of the floodplain frequency, plotted 236 

over the two periods (1995-2005 versus 2005-2015), effectively shows the trends of flood 237 

frequency over the past 20 years for the two dyke areas (Figure 2B). We set the histogram’s bin 238 

size to 1%, therefore for example, over the full-dyke area during the 2005-2015 period, area, 239 

where flood frequency equals to 20%, corresponds to around 50 km2.  240 

Results from the flood-frequency analyses of the AGP over the 20-year period reveal a distinct 241 

decrease. More specifically, the annual flood frequency dropped by 7.8 %, from 36.7% between 242 

1995-2005 to 28.9% between 2005-2015. Similarly, the flood frequency in the dry and wet 243 

seasons also dropped by 2% and 6%, respectively (Figure 2 Whole LXQ). The average flood 244 

frequency for the wet season over the full-dyke zone decreased by around 10%, from 32.1 to 245 

20.1%, whereas the semi-dyke zone experienced about 7% change, from 28.2 to 21.2%. The 246 

differences between the mean flood frequencies over the analyzed periods (1995-2005 vs. 2005-247 

2015) in both types of dyke zones were shown to be statically significant according to the 248 
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Student’s t-tests (p-value<0.001) as could be recognized by visual inspection of the histograms. 249 

The recent study by Lee and Dang (2019a) showed that rainfall trends around LXQ since 1984 to 250 

2015 presented no significant trend (p-value=0.49). This confirms the lack of climatic effect on 251 

flood frequency decrease in AGP (because some of the paddy fields are mainly fed by rainfall). 252 

In principle, dykes are longitudinally elevated stable structures along the irrigation canals built to 253 

protect paddy fields from the river overbank inflow. Therefore, dykes can be considered as 254 

passive agents protecting against inundation. Their thresholds for flooding also depend on the 255 

type of dyke, since it affects their elevation thresholds for flooding. In the same vein, the dynamics 256 

of the river water levels (Hau River in our case) would be the active agent of inundation that 257 

determines whether the dyke’s elevation threshold is exceeded. Hence, the observed 7% 258 

decrease in flood frequency over the semi-dyke area in AGP should be considered as a result of 259 

interactions between these two agents. A schematic diagram showing how the range above 260 

natural levee can change due to dyke construction and river level decrease was plotted to 261 

illustrate the aforementioned observation (Figure 3A). Dyke construction lowers the susceptibility 262 

to flooding by elevating the flooding threshold (grey in Figure 3). The water level range contributing 263 

to the flooding could be further decreased by the lowering of the water level over time (red in 264 

Figure 3).  265 

In the next section, we analyze the water level trends over various locations along the Mekong 266 

River to investigate the role of the active agent on the decreasing flood frequency trend in AGP. 267 

This is followed by a discussion of the factor affecting the water level dynamics.  268 

 269 

 270 
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 271 

Figure 2. A: Average flood frequency calculated during 1995-2005 and 2005-2015, over 272 
different seasons (dry and wet) in An Giang Province (AGP). B: Histograms of the flood 273 
frequency over the dry and wet seasons. Semi and full-dyke areas are separately plotted to 274 
assess the effects of the different kinds of dyke. X-axis of the histogram is flood frequency at a 275 
bin size of 1%. Therefore, Y-axis indicates the area within AGP that belongs to the 276 
corresponding 1% flood frequency interval.  277 

 278 

 279 

 280 

 281 

Figure 3. A: A conceptual model of flood-inundation dynamics as function of semi-dyke 282 
construction and the changes of annual water level ranges. Range refers to the possible vertical 283 
range within the annual water level variability of an irrigation canal. The changes in the range 284 
above natural levee after dyke construction and water level drop (due to riverbed-mining) are 285 
highlighted in blue, grey, and red double-headed arrows. B: A drone image showing both the 286 
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semi and full-dyke in April of 2017 in LXQ (during the early stage of the wet season) (photo 287 
credit to Pham Duy Tien). 288 

 289 

3.2. Decreasing river water level trend related to riverbed-mining and impact on flooding 290 

Water level series were analyzed mainly at the two stations around AGP: Chau Doc and Tan 291 

Chau, and at Can Tho station, which is approximately 40 km downstream from the LXQ. The daily 292 

series at Chau Doc and Tan Chau showed a decreasing trend of water level since 1995 (p-293 

value<0.001 and tau=0.092) (Figure 4A and B). In both cases, the magnitude of the decrease in 294 

water level increased since 2011. The annual peak water level at Chau Doc in 2000 was about 5 295 

m, which decreased gradually to around 3.5 m in 2010. This drop of water level of about 1.5 m is 296 

in agreement with the observation made by Brunier et al. (2014), where a 1.3 m decrease of 297 

riverbed on average was reported during 1998-2008. Despite the data gap between 2010 and 298 

2012, Can Tho (assessed from altimetry data) also presented a decreasing trend (p-value<0.001 299 

and tau=0.121) (Figure 4F). 300 

To validate the trend in the discharge of the river (as a possible cause of decreasing water levels), 301 

we analyzed daily discharge series at Kratie station, about 300 km upstream from the LXQ, which 302 

did not present any statistically significant trends (1995-2010) (Figure 4A). Kratie is considered to 303 

be representative of the Mekong River’s discharge because it is the lowermost station before the 304 

river starts to bifurcate and become distributary channels in the Lower Mekong and develop 305 

floodplains where a significant amount of water can be stored seasonally. The only major 306 

input/output in the reach between Kratie and LXQ is the Ton le Sap Basin through the Ton le Sap 307 

River that seasonally stores/exports water from the Mekong River main stream. However, neither 308 

did the water level series at Prek Kdam in the Tonle Sap River (since 2000) present any significant 309 

trends (p-value=0.45). We also examined the discharge inflow/outflow of the Ton le Sap River 310 

from the Mekong River using the water balance analysis (1997-2004) by Kummu et al. (2014) (in 311 
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their Table 3). During their investigated period, both the inflow and outflow through the Ton le Sap 312 

River haven’t demonstrated a statistically significant trend (i.e., p-values=0.67 and 0.35, 313 

respectively with both R2<0.1). From this, we could conclude that Ton le Sap Basin’s seasonal 314 

hydrology hasn’t affected the inter-annual variability of the Mekong River discharge over the 315 

investigated period.  316 

Therefore, it is concluded that the recent decrease in the water level observed around LXQ was 317 

substantially related to the river incision resulting from riverbed-mining, as opposed to changes in 318 

the river discharges due to climatic factors from the headwater region (e.g., Yang et al. 2019). 319 

Given that no water level trend was observed at Kratie (Figure 4D), coupled with the fact that 320 

substantially less riverbed-mining has occurred around Kratie compared to VMD around LXQ 321 

(Bravard et al. 2013), it can be inferred that the impact of riverbed-mining on water level is 322 

localized. In other words, when the riverbed mining occurs in the channel, its impact on the water 323 

level is restricted to the areas where the mining is happening, but the impact does not transfer 324 

further longitudinally along the river. 325 

Our connectivity analysis indicates that the dramatic drop in the number of connected days only 326 

started after 2000 (Figure 5A). It is remarkable that within about 15 years of investigated period, 327 

it dropped from 360 to less than 270 days, showing a significant drop in hydrological connectivity. 328 

Before 2000, the trend was neither increasing nor decreasing, with some minor fluctuations 329 

around 345 days per year, which can be ascribed to annual hydrological variations. According to 330 

Li et al. (2017) and Liu et al. (2017), the VMD (as well as its subaqueous delta) shifted from 331 

expanding to shrinking phase around 2005, mainly due to an increased number of dams in the 332 

basin. However, we propose that it is  closely related to the intensified riverbed-mining in the river 333 

during the early 2000s. This observation tallies with previous findings from Brunier et al. (2014) - 334 

which estimated that around 15-25 million m3 of sand is extracted from the channel bed during 335 

1998-2008 period – and Jordan et al. (2019), who quantified through a bathymetric survey that 336 
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around 17.8 million m3 of sand was extracted in 2018. This indicates the riverbed sand extraction 337 

rate in the VMD has increased approximately ten times in the past 20 years. The resulting 338 

decrease in hydrological connectivity directly translates to the decrease in available water 339 

resources for irrigation and local consumption, as well as the increased cost of pumping water to 340 

recharge the paddy fields in LXQ.  341 

 342 

 343 

Figure 4. Water level series along the Mekong River. A and B are the daily series from the 344 
gauge stations. Only the wet season water level is plotted after 2011 due to data availability. 345 
Daily discharge at Kratie is also plotted in the background (grey). C-F are water level series 346 
driven from satellite radar altimetry (details in Section 2).  347 

  348 
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3.3. The compounded effects of water level dynamics and dyke construction 349 

Our analysis also reveals the causality between water level (WL) trends and the flood frequency 350 

(FF) changes in the VMD, accounting for the effect of dyke constructions (DK) in AGP (Figure 351 

5A). To assess the degrees of influence of each variable, we performed multiple linear regression 352 

analysis using the mean annual water level at Chau Doc and dyke coverage (both as explanatory 353 

variables), and annual flood frequency was regarded as a response variable (1995-2015) (Figure 354 

5B). The multiple regression results presented in Figure 5B signifies the statistically significant 355 

correlations among these three variables (R2 = 0.75 and p < 0.001). Water level variability, in 356 

particular, was found to contributes to the flood frequency dynamics the most (~52%), followed 357 

by the dyke construction (23%). These two variables can account for most of the recent changes 358 

in the flood frequency (R2~0.75) (Figure 5B). For PCA, the projection onto a 2-dimensional plane 359 

(PC1 x PC2) of the three latent variables (FF, DK, and WL) illustrated their inter-relationships, in 360 

which FF is positively correlated with WL while negatively correlated with DK. In conclusion, the 361 

decrease in water level – a result of riverbed-mining – has greatly affected the seasonal flooding 362 

patterns in AGP over the last 20 years. The effects of dyke and riverbed-mining on flood frequency 363 

cannot be decoupled due to their concurrent nature (Figure 3) and the directional process 364 

controlling hydrological connectivity (as shown in Figure 3). Moreover, similar to other major 365 

irrigation structures, the dyke construction effects would be better realized once finished/closed 366 

than during the construction. Nevertheless, our analyses were able to quantitatively identify the 367 

roles from the water level trends and the dyke system with respect to the changing flood dynamics. 368 

 369 

 370 
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 371 

Figure 5. A: Number of days within a year (out of 365 days) that the river was hydrologically 372 
connected to AGP through the canal category 2 (based on daily water level series at Chau 373 
Doc). Note the dramatic recent decrease (after 2000) and thus the statistically significant trend. 374 
B: Relationship between mean annual water level, dyke construction, and annual flood 375 
frequency (1995-2015) used for multiple linear regression analysis. Retrieved multiple 376 
regression model is given in the figure (standard error of the coefficient shown in parenthesis). 377 
Principal Component Analysis (PCA) result is also shown as a sub-figure.  378 

 379 

3.4. Political Implications: sand for food or sand for goods? 380 

The precious sands from the VMD riverbeds will only continue to be excavated to fuel the ever-381 

increasing demand for construction to accommodate both domestic and regional population 382 

growth and urbanization. The already visible environmental consequences will only exacerbate in 383 

the future (Gavriletea 2017). This includes the risky erosion of the river banks (Hackney et al. 384 

2020; Jordan et al. 2019) and alteration of flood regime (this study; Tu et al. 2019). The 385 

Cambodian government has already acknowledged the various negative impacts from sand-386 

mining to its riverine systems and consequently banned sand exportation since 2009. In the case 387 

of Vietnam, the government has also made similar initiatives, e.g., from 2019 each province only 388 

approves two new licenses (for five years) for riverbed sand mining, each of which would allow 389 

the entitled firm to extract a maximum 10,000 m3 per year  390 

(http://www.baodongnai.com.vn/tintuc/201909/moi-tinh-chi-cap-moi-2-giay-phep-khai-thac-cat-391 

tren-song-dong-nai-2963637/index.htm, in Vietnamese). However, the enforcement of such 392 

http://www.baodongnai.com.vn/tintuc/201909/moi-tinh-chi-cap-moi-2-giay-phep-khai-thac-cat-tren-song-dong-nai-2963637/index.htm
http://www.baodongnai.com.vn/tintuc/201909/moi-tinh-chi-cap-moi-2-giay-phep-khai-thac-cat-tren-song-dong-nai-2963637/index.htm


18 
 

regulations is substantially challenged by the fact that riverbed mining activities predominantly 393 

take place in remote areas and during the night time, most of them illegally 394 

(http://cand.com.vn/Ban-tin-113/Pha-vu-khai-thac-cat-trai-phep-khung-nhat-tu-truoc-den-nay-tai-395 

DBSCL-575193/, in Vietnamese).  396 

Explicit political and/or institutional recommendations to better control the detrimental impacts of 397 

riverbed-mining are beyond the scope of this study. Nevertheless, the observations in this study 398 

present compelling pieces of evidence of the relationships between riverbed-mining and the 399 

dramatic decrease in flood frequency in LXQ in VMD. The disrupted flood regimes, in turn, result 400 

in reduced volumes of water and sediments necessary to feed the agricultural production of VMD 401 

in the long term. Typically, annual floodwaters deposit fertile sediments while flushing the 402 

pesticides and fertilizers accumulated from the intensive agricultural production from the soil. 403 

Therefore, as the flood frequency decreases, the frequency at which farmlands benefit from these 404 

natural soil quality enhancement processes also decreases (Dang et al. 2016; Hung et al. 2014; 405 

Kien 2014; Manh et al. 2014). This translates into decreased soil fertility over time. At a larger 406 

scale, Tu et al. (2019) observed that alongside the hydropower development, sand mining in the 407 

VMD had reduced sediment transport from the river, thereby changing the erosion and deposition 408 

processes and eventually leading to the recession of the delta. This could potentially result in 409 

substantial economic losses in the country. The livelihoods of the VMD’s million inhabitants – 410 

most of which are within the agricultural sector and the primary contributor to the nation’s GDP – 411 

are therefore at stake (Tran and Weger 2018). Socio-ecologists have reported a trend of the ever-412 

increasing transformation of the farmer’s livelihoods for adaptation, which might seem effective in 413 

the short term. However, we argue that the appearance of these unorthodox livelihood models 414 

should also be seen as critical warning signs for the unsustainable development of the VMD in 415 

the long term. In essence, the delta can no longer support the farmers in the way it used to support 416 

their ancestors (Nguyen et al. 2019; Nguyen et al. 2020). The highlighted socio-ecological impacts 417 

http://cand.com.vn/Ban-tin-113/Pha-vu-khai-thac-cat-trai-phep-khung-nhat-tu-truoc-den-nay-tai-DBSCL-575193/
http://cand.com.vn/Ban-tin-113/Pha-vu-khai-thac-cat-trai-phep-khung-nhat-tu-truoc-den-nay-tai-DBSCL-575193/
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need to be considered far more significant than any short-term economic gains from river-bed 418 

mining, and must not be overlooked in any decision making or policy planning processes.  419 

Similar to the Mekong, many of the largest sandy bed rivers in Asia, i.e., Ganges–Brahmaputra, 420 

Irrawaddy, Salween, Changjiang and Huang He Rivers are also experiencing environmental 421 

pressures due to riverbed-mining activities at alarming rates (Ashraf et al. 2011; Farahani and 422 

Bayazidi 2018; Lu et al. 2014; Lu et al. 2007; Peduzzi 2014). Here, we report on a novel 423 

detrimental impact of river-bed mining disrupting flood regimes in the VMD and, more specifically, 424 

decreasing flood frequency and, in turn, sediment fluxes. This riverbed-mining issue becomes 425 

even more critical in terms of sustainability of the deltas in Asia given that many of the Asian 426 

deltas (and some low-lying coastal lands) are already sinking mainly due to the construction of 427 

upstream hydroelectric dams, sea-level rise and groundwater extraction (Erban et al. 2013; Saito 428 

et al. 2007; Schmidt 2015; Syvitski et al. 2009). Therefore, although the presented case study is 429 

solely focused on the VMD, the implications is relevant to many other major rivers in Asia and 430 

beyond. As development is inevitable, we share the viewpoint of Hackney et al. (2020) that 431 

regulatory frameworks are imperative to monitor and sustain a balance between the rates of 432 

resource extraction and the natural supply. Such institutional and political efforts should also be 433 

recognized not only at local, but national and trans-national levels as well to establish the long-434 

term sustainability of the world’s riverbed sand resources. In this context, we hope that the 435 

methodological framework developed in this study can also help assess the impact of riverbed 436 

mining on flood regimes in the floodplain in other regions around the world. 437 

 438 

4. CONCLUSION 439 

Although a few studies have previously attempted to investigate the impacts of riverbed sand 440 

mining in the Mekong Delta area, systematic analyses on environmental consequences are still 441 



20 
 

limited. In this paper, for the first time, we analyzed the impacts of riverbed mining on river-wetland 442 

connectivity by analyzing the recent flood frequency in the Long Xuyen Quadrangle (LXQ), an 443 

area significant both for its biodiversity and its economic contribution to VMD. Our results indicate 444 

that flood frequency decreased significantly over the past 20 years (1995-2015) in both the wet 445 

and dry seasons. Daily water level series at Chau Doc, Tan Chau, and Can Tho gauge stations 446 

from 1995 showed overall decreasing trends (all p-value<0.001 and tau ~0.1). However, 447 

discharge at Kratie over the same period showed no significant trend (p-value=0.98), indicating 448 

that the lowering of the riverbed (channel incision) affected the flood frequency trend more than 449 

the other climatic factors. Similarly, connectivity analysis revealed a remarkable drop in the 450 

inundation duration across the LXQ after early 2000 (around 360 to 207 days per year), which 451 

corresponds to the changing shoreline trends of the VMD from construction to the shrinking phase 452 

highlighted by previous studies. Finally, multiple regression analysis that accounted for the effect 453 

of extensively constructed dykes, showed the strong causality between the water level trends and 454 

decrease in flood frequency, demonstrating the significant impacts of the riverbed-mining on the 455 

seasonal flooding patterns in LXQ over the last years. Collectively, these observations provide 456 

firm evidence to show the relationship between riverbed-mining and the sharp decrease in flood 457 

frequency in VMD, which inevitably entails huge economic losses in terms of agricultural 458 

productivity. This would put the lives of millions of inhabitants on the line, which should not be 459 

overlooked in favor of any short-term economic goals.  460 

Although the presented pieces of evidence are collected from VMD, we believe that the message 461 

is relevant to many major sandy bed rivers in Asia suffering from aggressive river-bed mining 462 

activities. The proven relationship between the unsustainable mining of river-bed sands and the 463 

disrupted flood regimes and, eventually, reduced sediment fluxes rings yet another alarming belt 464 

as these river deltas are already sinking. The demonstrated methodological framework 465 

incorporating satellite remote sensing data and hydrological data trend analyses, henceforth, offer 466 
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useful implications to many other major rivers in Asia, such as Ganges–Brahmaputra, Irrawaddy, 467 

Salween, Chang Jiang and Huang He Rivers. Since development is inevitable as the world’s 468 

population continue to increase, meaningful and practical regulatory frameworks at multiple 469 

management levels: local, regional, national and trans-national are increasingly crucial in order 470 

to balance between the rates we extract and nature replenishes in view of the long-term 471 

sustainability of the world’s riverbed sand resources. In essence, our study contributes a 472 

practically proven methodological framework to effectively investigate the riverbed-mining in river 473 

systems, which would be useful for the research community in the Mekong Delta, and worldwide 474 

alike.  475 
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