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Abstract

:

The evolution of delta and riverbank erosion within the river basin can significantly impact the environment, ecosystems, and lives of those residing along rivers. The Vietnamese Mekong Delta (VMD), counted among the world’s largest deltas, has undergone significant morphological alterations via natural processes and human activities. This research aims to examine these morphological alterations and their impacts on local economic and social conditions in the VMD. This study utilized satellite data from 1988 to 2020, coupled with population density and land use/land cover (LULC) maps from 2002, 2008, and 2015. The findings reveal that the VMD experienced widespread erosion over the past three decades, covering an area of 66.8 km2 and affecting 48% of the riverbank length (682 km). In contrast to riverbanks, islets showed an accretion trend with an additional area of 13.3 km2, resulting in a decrease in river width over the years. Riverbank and islet erosion has had a profound impact on the LULC, population, and economy of the provinces along the VMD. From 2002 to 2020, eight different land use types were affected, with agricultural land being the most severely eroded, constituting over 86% of the total lost land area (3235.47 ha). The consequences of land loss due to erosion affected 31,273 people and resulted in substantial economic damages estimated at VND 19,409.90 billion (USD 799.50 million) across nine provinces along the VMD. Notably, even though built-up land represented a relatively small portion of the affected area (6.58%), it accounted for the majority of the economic damage at 70.6% (USD 564.45 million). This study underscores the crucial role of satellite imagery and GIS in monitoring long-term morphological changes and assessing their primary impacts. Such analysis is essential for formulating effective plans and strategies for the sustainable management of river environments.
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1. Introduction


The morphological evolution of rivers is a natural process under the long-term impacts of fluvial flow, sediment, vegetation, and riverbed conditions [1,2]. However, human activities in the river basin, such as land-use change, dam construction, sand mining, and riverbank protection, have disrupted this natural process, leading to abnormal and extreme conditions [3,4]. This has resulted in socio-economic and environmental issues, affecting the lives of those living along rivers [5]. One of the severe consequences is land loss due to riverbank erosion, leading to infrastructure damage and financial consequences, threatening aquatic habitats, and accelerating the sedimentation process downstream [6].



The Vietnamese Mekong Delta (VMD) ranks third globally in terms of delta area [7] and second in biodiversity [8]. It ensures food security and contributes 34.6% to the GDP of Vietnam’s agricultural sector [9,10]. However, the delta is currently facing many sustainability challenges related to sediment shortages caused by upstream dam construction and unsustainable sand mining in the river [11,12,13,14]. These sediment shortages cause riverbank erosion and instability, damaging many properties and human lives. According to the Ministry of Agricultural and Rural Development, from 2010 to 2018, there were 513 positions of collapsed riverbanks with a length of 520 km in thirteen provinces. From 2018 to 2023, Dong Thap province lost a land area of 36.7 ha and had 8379 households relocated to a safe place. In An Giang, from January to August 2023, there were 70 landslides with a total length of 3391 m, affecting 95 houses [15].



Monitoring morphological changes and assessing their main impacts is essential for effectively planning and managing river environments. Remote sensing (RS) and geographical information system (GIS) technologies are currently practical tools for studying long-term morphological evolution. RS allows for the quick and objective monitoring and detection of spatial and temporal variations in floodplains and river systems, particularly in large rivers where traditional methods cannot be easily used [16,17,18]. Another advantage of RS is its easy and freely accessible data, while GIS is also a powerful tool with a user-friendly interface for analyzing river morphological changes quickly [19,20]. However, manually analyzing a sequence of long-term satellite images is time-consuming, as in previous studies [5,19,21]. The development of the Google Earth Engine (GEE) currently enables free access to and the use of satellite data on a cloud platform (particularly Landsat images) instead of manually downloading and processing each image [22,23]. Therefore, users can analyze satellite images without restrictions when accessing the platform on personal computers [24].



Previous studies have focused on understanding the morphological evolution, riverbank erosion potential, and vulnerability along the lower Mekong River. However, the studies on river channel change using remote sensing have primarily assessed the riverbank erosion rate and area over time [13,21,24,25,26] or, alternatively, conducted a comprehensive evaluation of the morphological characteristics of the VMD in a single period using field data [27]. Additionally, these studies have not yet considered the impact of water level on the acquisition date of RS images, which affects the quality of riverbank information extraction [28,29,30]. Moreover, Kim et al. [31] applied the MK-BEHI index (Bank Erosion Hazard Index) to map riverbank erosion potential in the VMD. This study considered various factors, including near-bank stress, bank geology, vegetation cover, bank construction, accretion/erosion rate, and bank load, and revealed river segments with very high potential along the Tien and Hau Rivers. Tha et al. [26] monitored riverbank erosion using satellite images and determined riverbank erosion hotspots and the exposure of population density and land use to riverbank erosion along the Mekong River in Cambodia. However, the authors only used land cover and population maps in 2010 to assess the riverbank erosion exposure for 1990–2020 and only focused on the Mekong River part of Cambodia. Recently, Anh and Thuy [32] estimated the vulnerability of riverbank erosion caused by the waves from boat traffic in the Cho Gao Canal, an inland waterway channel in VMD. The study interviewed 120 households for information on erosion damages, vulnerability, and solutions of local government for the affected households. Using the same method as Anh and Thuy [32], Tri et al. [33] assessed, for the first time, the vulnerability of local communities to riverbank erosion in the Mekong and Bassac rivers. With 218 questionnaires of households in Dong Thap and An Giang provinces, Tri et al. [33] concluded that most of the interviewed households (70%) were in the low to high vulnerability groups. Overall, the existing studies in the VMD have only focused on a few factors of riverbank erosion [13,21,24,25,26], riverbank erosion potential [31], and people’s vulnerability to riverbank erosion [32,33]. The studies did not provide a comprehensive evaluation of the long-term morphological characteristics and impact of riverbank erosion on socio-economic conditions in the VMD, which are crucial for effectively managing rivers and proposing adaptation strategies [34]. Therefore, it is necessary to study the changes in morphological parameters and their impacts over time.



This study aims to address the limitations of previous studies via the following objectives: (1) evaluate the morphological evolution of the VMD’s main rivers and distributaries (i.e., Mekong, Bassac, and Vam Nao), hereafter referred to as the VMD, from 1988 to 2020; (2) identify the economic–social exposure to the riverbank and islet erosion; and (3) evaluate the economic damage of land loss along the lower Mekong river in Vietnam. The new contributions of this study are the (1) economic damage assessment of land loss by communes of nine provinces along the VMD; (2) exposure of LULC and population density by communes to the riverbank and islet erosion; and (3) detailed assessment of river morphological developments using factors of the area, width, length of riverbank and islet erosion, and changes in river width and sinuosity. Landsat satellite images were used to assess the morphological changes in the VMD caused by natural processes and anthropogenic activities. GEE and GIS were combined to study temporal and spatial changes in important morphological parameters. The exposure to riverbank and islet erosion was quantified by integrating information on annual LULC and population density. Using the exposure maps, we identified the impacts of riverbank and islet erosion on the socio-economic condition of the inhabitants in the study area over specific periods. This study focused on types of lost land and the economic impact of land loss.




2. Study Area: VMD


The Mekong River, spanning over 4900 km, flows through five countries (China, Myanmar, Lao PDR, Thailand, and Cambodia) before entering Vietnam and flowing into the East Vietnam Sea [35]. The VMD has two main branches, namely the Mekong and Bassac Rivers, linked by the Vam Nao River (Figure 1B). Currently, the VMD has nearly 17 million inhabitants, predominantly engaged in agriculture and aquaculture [36]. This delta covers a 39,000 km2 area and contributes to 50%, 65%, and 70% of rice, aquaculture, and fruit production, respectively, in Vietnam [10].



The hydrological regime in the VMD changes seasonally during the dry (January–June) and flood (July–December) seasons. The average discharges during the flood and dry seasons are approximately 45,000 and 1500 m3/s, respectively [12,37]. The average annual suspended sediment load (SSL) of the VMD ranges from 40.0 to 166.7 Mt/yr [12,38,39,40], while the bed load accounts for approximately 3 Mt/yr, representing 1–3% of the total sediment load [41,42].



According to the Ministry of Agriculture and Rural Development of Vietnam, there were about 621 eroded sites along the Mekong and Bassac rivers with a total length of 610 km [43]. From January to July 2020, 28 riverbank locations in Can Tho city were recorded, leading to 76 collapsed houses and an estimated loss exceeding VND 16 billion [44]. From 2010 to 2022, Tra Vinh province experienced 222 sites of riverbank erosion, covering a total length of 75.6km. This resulted in the subsidence of 21,534 m of embankments, damage to 9940 ha of crops, fruit trees, and rice, 18 hectares of shrimp ponds, 29 hectares of forests and production land, and 171 affected houses [15].




3. Data and Methods


The workflow of this study is illustrated in Figure 2, demonstrating the integration of data from Landsat, Google Earth, and maps of population and LULC to achieve the study’s objectives. First, GEE, the FluvialCorridor V01 toolbox [45], and other tools in ArcGIS were used to detect riverbank and islet lines from satellite images and analyze the morphological changes in the VMD, respectively. Second, the socio-economic exposure to riverbank and islet erosion was assessed using population density and LULC maps, identifying the number of people and specific land use classes affected by erosion. Finally, economic damages resulting from land loss were calculated by combining the prices of land use types.



3.1. Data


3.1.1. Multi-Temporal Satellite Imagery Dataset


Multi-temporal Landsat images in the VMD in 1988, 1995, 2002, 2008, 2015, and 2020 were employed to analyze the morphological changes resulting from natural processes and anthropogenic activities (dams and sand mining) (Table 1). The analysis periods were selected based on the initiation of the dam operation (Manwan in 1995; Daochaoshan in 2001; Xiaowan and Jinghong in 2008; Nuozhadu and Gongguoqiao in 2011; and Xayaburi and Don Sahong in 2020) [12,21] and the sand mining periods for socio-economic development according to the Vietnamese government’s development policies for the VMD in 2003, 2008, 2009, 2012, and 2017 [10].



To ensure the quality of the analysis results, this study used the Landsat Level-2 surface reflectance images that are already atmospherically corrected. In addition, considering that the river water level on the acquisition date of RS images greatly affects riverbank information extraction [28,29,30,46,47], two methods were applied to reduce its influence. First, only satellite images in the dry season from January to June were used due to the consistent river water levels during this period [48]. Moreover, there is a high chance of obtaining cloud-free images during this season. Second, the daily water level variability among the selected periods at the Tan Chau station on the Mekong River and the Chau Doc station on the Bassac River was ≤0.5 m [48] (Table 1). Water level data observed at stations used the national datum of Vietnam at Hon Dau, Hai Phong.




3.1.2. Population Density


The annual population count maps utilized in this study for the years 2002, 2008, and 2015 were obtained from LandScan Global, which was developed by Bright et al. [49,50,51]. These data are currently accessible from 2000 to 2022, so this study selected data for 2002, 2008, and 2015, aligning with the three analysis periods of 2002–2008, 2008–2015, and 2015–2020. LandScan Global was developed by combining innovative methods, including geospatial science, remote sensing, and machine learning. This dataset results from the integration of multiple data sources, including Census data, roads, slope NIMA’s DTED, Global Land Cover database, VMap, satellite imagery, night-time light, and regional statistics. These maps show the 24 h average ambient global population data with the highest available resolution of 1 km.




3.1.3. Land Use and Land Cover


The annual LULC maps with a 30 m spatial resolution for the years 2002, 2008, and 2015 were developed by Duong et al. [52]. These maps were created using a random-forest-based algorithm and multiple data sources, including Landsat and Sentinel-1 and -2 imagery and field and visual interpretation data. The LULC classification for the Vietnamese Mekong Delta has ten different classes, including built-up land, rice paddies, woody crops and aquaculture, grassland/herbaceous vegetation, barren land and scrub/shrub, deciduous broadleaf forest, and mangrove.





3.2. Water Classification Method and Accuracy Assessment


3.2.1. Water Classification


Currently, some popular methods are available for discriminating water bodies from other ground objects. However, to better delineate water bodies from satellite images, this study applied the spectral-based classification method of Zou et al. [53], combining three indices instead of using a single index. The classification method was applied across the contiguous USA with 97% accuracy and demonstrated good performance by Boothroyd et al. [54]. The thresholds for distinguishing water and vegetation were established at an NDVI of 0.2 [54] and an MNDWI of 0 [48]. The MNDWI was utilized for water detection, and the NDVI was employed to recognize vegetation in the detected water area. By integrating these two indices, pixels exhibiting a stronger water signal than vegetation were categorized as open-surface water bodies. To further mitigate vegetation noise, the criterion EVI < 0.1 was applied to eliminate mixed pixels of water and vegetation. Consequently, only pixels meeting the conditions (MNDWI > NDVI) and (EVI < 0.1) were identified as open-surface water body pixels, while the remaining pixels were classified as non-water pixels [53].



The formula of these indices is expressed as follows:


  M N D W I =   G r − M I R   G r + M I R    



(1)




where Gr and MIR are the reflectances in the green and mid-infrared bands of the Landsat images, respectively.


  N D V I =   G r − N I R   G r + N I R    



(2)




where Gr and NIR are the reflectances in the green and near-infrared bands of the Landsat images, respectively.


  E V I = G ×   NIR − R    NIR + ( C  1 ×  R )  −  ( C  2 ×  B ) + L     



(3)




where R, B, and NIR are the reflectances in the red, blue, and near-infrared bands of Landsat images, respectively; L is the soil-adjustment parameter; and C1 and C2 are atmospheric adjustment coefficients with values of the blue band (B). Generally, G = 2.5, C1 = 6.0, C2 = 7.5, and L = 1.



The Landsat images were processed using GEE, which is a cloud-based platform. All geospatial datasets on GEE are freely accessible via the data catalog (https://developers.google.com/earth-engine/datasets/catalog, accessed on 15 November 2023). This study used JavaScript codes on GEE referenced by Boothroyd et al. [54] to extract the channel masks and then export them into shape files to quantify the morphological changes in ArcGIS.




3.2.2. Accuracy Assessment of Water Extraction


The 2 m resolution Google Earth images from 2 January 2015 were used to evaluate the water classification method‘s accuracy. One river section from the Mekong, Bassac, and Vam Nao Rivers was selected for validation (Figure 1C). The acquisition dates of the Google Earth and Landsat images were close, and the water level difference between the two days was ≤0.5 m to reduce errors in the evaluation results. Water classification reliability was assessed by the error matrix method using four parameters: overall accuracy (OA), Kappa, producer’s accuracy (PA), and user’s accuracy (UA) [16,24] (Table 2). This accuracy assessment was implemented using GEE.



The formula of these four parameters is expressed as follows:


  P A =       a   1       a   1   +   b   1      



(4)






  U A =       a   1       a   1   +   a   2      



(5)






  O A =       a   1   +   b   2       T    



(6)






  K a p p a =     T (   a   1   +   b   2   ) − E       T   2   − E    



(7)




where E = {(a1 + a2)(a1 + b1)} + {(b1 + b2)(a2 + b2)}; T = a1 + a2 + b1 + b2; with a1, a2, b1, and b2 being correctly rejected non-water pixels, undetected water pixels, incorrectly extracted water pixels, and correctly extracted water pixels, respectively.





3.3. Analysis of the Morphological Changes


Based on the channel mask outputs from GEE, the FluvialCorridor toolbox [45] and other tools in ArcGIS 10.8 were used to assess the changes in the VMD. FluvialCorridor is an open-source toolbox using the ArcPy library in Python, which is specific to the ArcGIS platform. This toolbox allows the users to comprehensively analyze and characterize the fluvial corridors [45].



To estimate the erosion and accretion area of riverbanks, the channel masks from two different years (1988 and 2020) were intersected to create a no-change area. The residual areas, obtained by comparing the 1988 and 2020 channel masks with a no-change area, represented the accretion and erosion areas, respectively. Next, the riverbank lines of 1988 and 2020 were extracted from the channel masks for the assessment of riverbank movement. A total of 1415 cross-sections at intervals of 0.5 km along the Mekong and Bassac Rivers were drawn perpendicular to the channel axis in 1988 and intersected with the left and right riverbank lines of each year at the two sites [55]. By comparing the intersection site coordinates, the accretion and erosion widths of riverbanks at the sites between 1988 and 2020 were determined (Figure 3). Furthermore, the length of riverbank erosion/accretion in 1988–2020 was calculated by dividing the erosion/accretion area by the average erosion/accretion width of all sites during the same period. The same analysis was applied to the 1988–1995, 1995–2002, 2002–2008, 2008–2015, and 2015–2020 periods.



The islet erosion and accretion areas between 1988 and 2020 were determined using the same method used to determine the riverbank erosion and accretion areas. Additionally, the FluvialCorridor toolbox was used to extract river width and centerline. River width is the distance between two riverbanks at each cross-section after subtracting the islet width [5]. The sinuosity index (SI) is the ratio of the river centerline length to the meander length. The river width and SI were determined for 1988, 1995, 2002, 2008, 2015, and 2020.




3.4. Exposure of Riverbank and Islet Erosion on Population and LULC


To evaluate the erosion exposure to population and LULC for each period, this study overlapped the erosion area maps with the layers representing population density and LULC, respectively. The exposure was estimated by ArcGIS based on the administrative boundaries of communes along the VMD. Based on data availability, the study evaluated exposure to riverbank and islet erosion for three periods: 2002–2008, 2008–2015, and 2015–2020, using population and LULC data from 2002, 2008, and 2015, respectively. The erosion area map presented the area of eroded land in hectares for each period. Population distribution and land use maps were vectorized from the LandScan global and the annual LULC maps for each respective year, respectively. Furthermore, assuming that the population is equally spread over the 1 km2 area of the population map, the number of people affected by erosion for each period was determined.




3.5. Calculation of Economic Damages of Land Loss


The economic damages of land loss due to erosion were determined based on the area and price of the eroded land types, similar to the method used by Bhuiyan et al. [56]. The value of land types was the average price for that particular type, derived from Vietnam’s Decree No. 96/2019/NĐ-CP issued on 19 December 2019 on the land price framework for the Vietnamese Mekong Delta. Damage values were calculated for seven land types: built-up land, rice paddies, woody crops, aquaculture, deciduous broadleaf forest, mangrove, and grass and barren land. The land prices for built-up land and grass and barren land were calculated separately for urban and rural locations in provinces. To ensure consistency for comparison, the present price framework of land types in 2019 was used to calculate damages from land loss for all three periods (2002–2008, 2008–2015, and 2015–2020). Detailed prices for each land type are shown in Table 3.





4. Results


4.1. Validation of Riverbank Detection Result


A total of 296 points (57 non-water and 239 water points) were randomly selected from the Google Earth images for error matrix evaluation. The results showed that the water extraction method applied in this study was substantially accurate, with all four parameters exceeding 71.8% (Table 4).




4.2. Morphological Changes in the VMD over Three Decades


4.2.1. Changes in Riverbank


From 1988 to 2020, the VMD had an additional 10.3 km2 area, with 77.1 km2 of accretion and 66.8 km2 of erosion. The average accretion rates for area and width were 2.4 km2/yr and 5.2 m/yr, respectively, surpassing the average erosion rates of 2.1 km2/yr and 3.5 m/yr. Notably, riverbank erosion in length prevailed, averaging 620 km/yr (43% riverbank length). Over 32 years, the morphological changes substantially differed between the two distributaries, with the Mekong River gaining 11 km2 while the Bassac River lost 0.7 km2. Additionally, the average erosion and accretion rates of area, width, and length in the Mekong River were 1.5–3.0 times higher than those in the Bassac River (Table 5). Despite this, the Bassac River had a higher proportion of eroded riverbank length.



Increased erosion trends were observed in the riverbank changes over time in the Mekong and Bassac Rivers. Compared to the period 1988–1995, during 2015–2020, the erosion area and width rates increased by 38% and 22% in the Bassac River and by 53% and 46% in the Mekong River, respectively. However, using the same method, the erosion length rate in 2015–2020 increased by 9% in the Bassac and decreased by 4% in the Mekong River. Although the Mekong River exhibited higher erosion trends (area, width, and length) than the Bassac River, the eroded riverbank length percentage reversed in most periods (Figure 4). The dominant accretion area switched to the dominant erosion area in the Mekong and Bassac Rivers in 2008 and 2015, respectively (Table 5). Moreover, the erosion width rate prevailed in both rivers in 2015, while the erosion length rate prevailed in most periods except 1995–2002. Thus, these data show that the VMD shifted from accretion to erosion around 2008.



The Mekong and Bassac Rivers experienced riverbank erosion primarily in upstream areas near the Cambodian border and the central areas, gradually stabilizing toward the estuary across the five periods (Figure 5, Figure 6 and Figure 7 and Figures S1–S4). Comparing the number of accretion and erosion sites and the average accretion and erosion width between the two banks revealed that the right banks of both rivers were more susceptible to erosion, while the left banks experienced more accretion. The erosion hotspots in the Mekong River were Tan Chau, Thuong Thoi Tien, Sa Dec, and Cao Lanh, whereas the accretion hotspots were Thuong Phuoc 2, Thanh Binh, Binh Thanh, and Sa Dec. The erosion hotspots in the Bassac River were observed in An Phu and Long Xuyen, whereas the accretion hotspots were noted in Phu Tan, Chau Doc, Cho Moi, Long Xuyen, and Can Tho.




4.2.2. Changes in the Islets


In the VMD, numerous small sandbars accreted over time and formed islets, whereas others disappeared due to the influence of the flow. The islet area expanded by 13.3 km2 between 1988 and 2020, constituting ≥33% of the total water surface area and exhibiting a 3% increase (Table S1). In all years, the islet area in the Mekong River was 3.3 times greater than that in the Bassac River. Compared to the period 1988–1995, the islet erosion rate (km2/yr) in the VMD decreased by 37–53% in 1995–2020, while the islet accretion rate increased by 12–60% during the same period, except for a 23% decrease in 2008–2015 (Figure 8).




4.2.3. Changes in River Sinuosity


Over 32 years, sinuosity in the Mekong and Bassac Rivers increased, with the Bassac River having a higher annual SI (1.22–1.23) than the Mekong River (1.15–1.17) in all years (Table S2). Apart from a meandering river section near the Cambodian border (SI = 2.13), the upstream sections of the Bassac River from the intersection with the Vam Nao River were sinuous (SI = 1.1–1.5), and the downstream section became straight toward the estuary (SI < 1.1) (Figure 9C). In the Mekong River, the SI variation was observed in three tributaries: Mekong-Co Chien-Cung Hau, Ham Luong, and My Tho-Cua Dai (Figure 9B). The Mekong-Co Chien-Cung Hau branch transitioned from sinuous (SI = 1.07–1.33) to straight (SI = 1.02–1.06) within 90 km from the river mouth, while the two remaining branches were straight in most sections with an SI < 1.1.




4.2.4. Changes in RIVER width


The VMD river width ranged from 0.08 to 3.53 km, with an average of 1.29 km (Figure 10). The Mekong River, on average, was 6–9% wider than the Bassac River in all years. The VMD average width decreased from 1.31 km in 1988 to 1.28 km in 2020. The average width in 1988–2020 increased along the flow direction in the Mekong and Bassac-Dinh An Rivers. The Bassac-Dinh An River’s width increased from less than 1 km to 3.53 km downstream before reducing to 2.7 km at the river mouth (Figure 11B). Similar variational trends in average width were found in the three tributaries of the Mekong River (Figure 11A). Typically, more than 2 and 1 km wide sections in the Mekong and Bassac Rivers, respectively, have multiple channels and islets.





4.3. Exposures to Riverbank and Islet Erosion


4.3.1. Exposure to LULC


A total of eight land types were exposed to riverbank and islet erosion in the VMD in 2002–2020 (Figure 12 and Table 6). The agricultural land group, including rice paddies, woody crops, and aquaculture, was the most affected, accounting for over 86% of the lost land area (3235.47 ha). Built-up land followed with 6.58% (247.51 ha); the forest group, including deciduous broadleaf forest and mangrove, constituted 6.41% (241.06 ha); and the rest included grassland and barren land.



The most affected land type in 2002–2008 and 2008–2015 was woody crops, with a proportion of 51.11% and 48.50%, respectively, while that in 2015–2020 was aquaculture, with 37.53%. Conversely, the deciduous broadleaf forest was the least affected land type in three periods, with 0.03–0.08%. The period 2002–2020 witnessed a notable increase of 3–7 times in the affected area of land types, including built-up land, aquaculture, grassland and barren land, and deciduous broadleaf forest. However, a decreasing trend, up to three times, was found in the remaining land types. The built-up land’s affected area increased the most (7 times), while the rice paddies’ affected area decreased the most between 2002 and 2020.




4.3.2. Exposure of Population


There were significant variations in population exposure to riverbank and islet erosion over three periods due to population movement and growth (Figure 13). The number of affected communes decreased from 276 in 2000–2008 to 273 and 268 in 2008–2015 and 2015–2020, respectively. From 2002 to 2020, the majority of communes affected by erosion had population densities of less than 500 people/km2 (Figure 14). However, the percentage of affected communes with this population density decreased from 69% in 2002–2008 to 45% in 2015–2020. In contrast, those with a population density of 500–1000 and 1000–1500 people/km2 increased by 22% and 4% over 18 years, respectively. These observations indicate the population’s exposure to riverbank and islet erosion gradually increases over time.



The number of people affected in 2002–2008 was 11,414, with an average rate of 1902 people/yr. Compared to the period 2002–2008, the number of affected people decreased by 36.6% (7232 people) in 2008–2015 and increased by 10.6% (12,627 people) in 2015–2020. However, the annual rate of affected people sharply decreased by 45.7%, from 1902 people/yr in 2002–2008 to 1033 people/yr in 2008–2015, and increased by 32.7% (2525 people/yr) in 2015–2020 compared to 2002–2008.





4.4. Economic Damages of Land Loss


The land loss from 2002 to 2020 seriously affected local economic conditions, with a total economic damage of VND 19,409.90 billion (USD 799.50 million) (Table 7). The built-up land constituted the most economic damage, with 70.6% (USD 564.45 million), while the deciduous broadleaf forest had the least damage, with USD 0.06 million. The agricultural land group (rice paddies, woody crops, and aquaculture) contributed only 21.96% (USD 175.59 million) to the total land loss damage despite having the largest land loss area.



In 2002–2008, the local economy of the VMD lost VND 3873.28 billion (USD 159.54 million) due to land loss, with an annual average rate of VND 645.55 billion (USD 26.59 million). Compared to the period 2002–2008, economic losses of land decreased sharply by 32.76% of the total and 42.37% of the annual average rate in 2008–2015. In contrast, the period 2015–2020 experienced a substantial increase in land loss value, with 333.89% of the total and 400.67% of the annual average, due mainly to the loss of built-up land compared to 2002–2008.



Over 18 years, An Giang, Can Tho, Dong Thap, and Vinh Long provinces experienced land loss damage exceeding USD 100 million (Figure 15). An Giang province had the most severe economic loss, with VND 7742.3 billion (USD 318.9 million). In contrast, the Hau Giang province had the lowest economic loss, with VND 67.2 billion (USD 2.8 million). Erosion hotspots with significant land losses include Long Xuyen, Cho Moi, Chau Doc, and Tan Chau of An Giang province; Vinh Long and Mang Thit of Vinh Long province; Binh Thuy, O Mon, and Thot Not of Can Tho city; and Sa Dec, Thanh Binh, and Hong Ngu of Dong Thap province.





5. Discussion


5.1. Morphological Evolution in the VMD


The study of morphological changes in the VMD between 1988 and 2020 showed that accretion was still higher than erosion, but due to anthropogenic activities, accretion has decreased, whereas erosion has increased over the five periods. The year 2008 was identified as the transition from dominant accretion to dominant erosion of the VMD. Our result is relatively similar to that of Li et al. [21], who found that the transition from accretion to erosion of the coastline in the VMD occurred around 2005. Both studies have made similar observations about the trend of increasing erosion, decreasing accretion, and the dominance of erosion in recent decades. Therefore, the slight difference could be attributed to the different analysis periods. The results of 48% riverbank length and 66% shoreline length [21] currently under erosion show a serious erosion situation in the VMD.



In the pre-1995 period, riverbank morphology in the VMD changed naturally because anthropogenic activities were limited. However, the erosion area, width, and length rates were relatively high during this period (2.1 km2/yr, 3.1 m/yr, and 677 km/yr, respectively). This observation is likely because the flow velocity during the flood season was substantially large, many times greater than the tolerance of the riverbank, and there was no bank protection work during this period [57,58]. Between 1995 and 2020, riverbank erosion increased unusually because of the influence of anthropogenic activities in the basin, such as dam construction [59,60], significantly increased sand mining [7,35,61,62], and the construction of protective works on the riverbanks [7]. Although the 1995–2015 period had a high erosion width, the erosion area was smaller than that in the pre-1995 period. It can be explained that the flood peak discharge during 1995–2015 decreased due to rainfall increases and the limited regulation function of relatively small dams in the Mekong River basin [36], while many bank protection works were constructed to prevent riverbank erosion, thus decreasing the riverbank erosion area due to flood impact compared to those in the pre-1995 period. However, during the dry season, dam-induced sediment supply reduction and intensive sand mining in the riverbed caused local erosion, particularly in unreinforced areas, increasing the local erosion width.



The erosion sites are mainly concentrated in the meanders, bends, and areas with large islets and sand mining activities, such as Thuong Thoi Tien, Tan Chau, Cao Lanh, Sa Dec, An Phu, and Long Xuyen (Figure 6, Figure 7 and Figures S1–S4). Our findings match the assessments by Khoi et al. [24], Hung et al. [57], and Pilarczyk [58]. Coastal areas approximately 60 km from the river mouth have an erosion width of 5–10 m/yr, with erosion sites dominating over accretion sites, resulting from a reduced sediment supply by dams and sand mining and the influence of waves and currents [21,24,63,64,65]. The erosion trend of the Mekong River is greater than that of the Bassac River, partly due to the larger river sinuosity. The Mekong River has an SI greater than 1.1 in most river sections, while the Bassac River has an SI less than 1.1, except for the upstream area of the Vam Nao diversion channel. This morphological parameter significantly influences and positively correlates with riverbank erosion (Figure S9), which means that increasing riverbank erosion is related to increasing river sinuosity [5]. The increase in the islet area decreased the annual river width between 1988 and 2020, as illustrated by the inverse correlation in Figure S10. The river width variation along the Mekong and Bassac Rivers is typical in tide-affected rivers, where it is relatively constant upstream and rapidly increases toward the sea [27]. Many other delta river systems, such as the Changjiang River delta [66] and the Fly River delta [67], show similar trends.




5.2. Causes of Riverbank Erosion in the VMD


River morphology evolves from the interaction between natural and anthropogenic factors in the river basin [30]. Flooding is a significant natural factor that changes river morphology sharply and suddenly [19,68]. This is particularly true for the VMD, located in the tropical monsoon region, where morphological processes mainly occur during the flood season. Since the shapes of the Mekong and Bassac Rivers are complicated and sinuous, with numerous distributaries and islets, the high-velocity flow upstream directly approaches the riverbanks. Simultaneously, the soft riverbank soils are washed away, resulting in weak cohesive properties that lead to erosion. These are the main causes of natural riverbank erosion in the VMD [57,58,65,69].



In addition to natural factors, anthropogenic activities significantly change the erosion and accretion processes in terms of the area, width, and length of the VMD. The optimization of operation strategies for dams and reservoirs serves only one to several stakeholder interests, but typically not the morphological issues in the basin [70]. The dams interrupt the original sediment transport of the river and retain a large amount of sand, causing hungry water downstream of the dams, eroding the riverbed [71] and riverbanks [72] to offset the sediment equilibrium [73]. In addition, dams changed the flow conditions and reduced flood levels, resulting in an adjustment of river morphology in the lower reaches [48]. A total of 143 dams in the Mekong River basin since the 1990s [21,60] reduced by 74% of the annual SSL to the delta in the post-dam period (2012–2015) (37.7 Mt/yr) [12], compared to that in the pre-dam period (144 Mt/yr) [64]. According to Binh et al. [74], the Manwan Dam has significantly reduced the sediment load to the VMD since 1993. However, the sediment load entering the delta was substantially low when the two largest dams in the Lancang cascade, Xiaowan and Nuozhadu, were operated in 2009, causing an unusual increase in erosion in the delta [74]. Our results also suggest that the change from dominant accretion to dominant erosion of the VMD occurred around the year 2008.



Sand mining in the river creates deep holes in the riverbed, which not only collapses the riverbanks at the mining site but also causes sediment imbalance, affecting the riverbank stability for kilometers upstream and downstream from the sand mining sites [75,76,77]. In the VMD, sand mining substantially increased over time, with 29.3 Mm3 (approximately 46.9 Mt) in 2018 [35], which is 3.78 times higher than that in 2012 (7.75 Mm3; approximately 12.4 Mt) [61]. Sand mining, according to Brunier et al. [7], was responsible for the loss of 200 Mm3 (approximately 320 Mt) of riverbed sand and a 1.3 m increase in bottom depth during 1988–2008. Binh et al. [74] discovered a connection between the riverbed incision in the VMD and the reduced sediment load and increased sand mining. However, according to Binh et al. [12], dams are the main cause of riverbed erosion throughout the delta, even where sand mining activity is absent. In comparison to the locations of riverbed incisions outlined in [74], it was observed that most of the riverbank erosion sites in our results were connected to the sites of riverbed incisions.



Another human factor causing erosion to worsen in the delta is waves generated by vessels during navigational activity [32]. Moreover, infrastructure projects encompassing the mass and positioning of structures along the banks of rivers and canals magnify the dangers and consequences of erosion in the VMD [78]. The interaction of these elements intensifies the incision in riverbeds and exacerbates the erosion of neighboring riverbanks, presenting substantial risks to the adjacent agricultural areas and human communities [11,75].




5.3. Exposure and Consequences of Erosion


Exposure of the study area to erosion is increasing over time due to fluctuations in land use types and population density. Due to population growth, land use tends to shift from agricultural land to built-up land, and the population density in the areas also increases rapidly. However, because the VMD is a specialized agricultural area in Vietnam, agricultural land still accounts for the majority of the current land area in the Mekong Delta. Therefore, most of the land lost to erosion between 2002 and 2020 was agricultural land. Although it only accounted for 6.58% of the total eroded land area, the built-up land had the greatest portion of the total economic damage from land loss (70.6%). This can be explained by the fact that the value of this land type is many times higher than agricultural land. Moreover, areas with significant economic damage due to land loss were also densely populated, mainly urban areas of the provinces. These areas are also consistent with the assessment of potential erosion areas by Kim et al. [31]. Due to a lack of statistical data on the economic damage of land loss, this study did not validate these results. It is worth taking the next step by conducting field surveys, as mentioned in Bhuiyan et al.’s [56] approach.




5.4. Research Limitations and Future Outlooks


The first limitation of this study was the use of Landsat images with a resolution of 30 m. With this resolution, it is impossible to accurately monitor changes in riverbank locations with less than one-pixel resolution. However, these medium-resolution satellite data are the only long-term data from the 1980s and are freely accessible; therefore, they are valuable for river morphology studies, providing an effective and low-cost long-term monitoring method for large-scale rivers. We avoided the effect of this limitation by estimating morphological changes every 5–7 years instead of every year, by which the accretion or erosion width exceeds one pixel of the Landsat imagery. In the future, high-resolution satellite images with high frequencies, such as Planet, will be used to improve accuracy. Second, to reduce the influence of the water level on erosion and accretion analysis, we used the methods presented in Section 3.1. However, because the floodplains in the VMD have a very low slope, a 0.5 m difference in water level might nevertheless create analysis errors.



Third, the annual LULC data [52] used in this study were aggregated from a set of satellite images within one year, while the results of riverbank and islet erosion areas were analyzed from the combination of two satellite images on specific dates. Therefore, due to the influence of water level on the acquisition date of RS images, there may be a difference when overlaying the two layers of LULC and erosion area to determine the exposure of LULC to erosion. As a result, the total area of LULC exposed to erosion decreased by 10–18% compared to the total calculated area of erosion, of which the reduced area is the water body. Due to the limitations of RS images and a large area like the VMD, however, the above difference is acceptable. Fourth, to simplify the damage calculation of land loss, the study used the average price of each land type under Vietnam’s Decree No. 96/2019/NĐ-CP issued on December 19th, 2019, on the land price framework for the Mekong Delta instead of using detailed land prices according to each province’s regulations. This is acceptable because access to land price information for each province is limited. Finally, although the price of land types differs among periods due to inflation and other economic factors, this study only used the present land price framework in 2019 for economic damage assessments of different periods for consistent comparison. Future research should focus on a detailed assessment of direct and indirect damage caused by erosion to the socio-economic condition and people in different periods.





6. Conclusions


The present study used remotely sensed imagery and GIS tools to estimate the morphological changes between 1988 and 2020 and determine the exposure of LULC and population to riverbank and islet erosion in the VMD. Moreover, economic losses due to erosion for communes and provinces were also established based on the area and price of the eroded land. Our results presented a comprehensive overview of the spatio-temporal morphological changes in the VMD and their socio-economic impacts.



Over the past 32 years, the VMD has experienced an increase in erosion, with 48% of the riverbank length currently under erosion. The year 2008 marked the shift from the dominant accretion to the dominant erosion of the VMD. Furthermore, a significant difference in morphological changes existed between the two main rivers of the delta, with the Mekong River showing more dynamic morphology than the Bassac River. The rates of morphological changes gradually decreased toward the river mouth, with the left banks prone to accretion and the right banks prone to erosion. Major erosion sites were found in meanders and areas with large islets and sand mining activities. In contrast to riverbanks, islets exhibited an accretion trend, adding an additional area of 13.3 km2 from 1988 to 2020.



From 2002 to 2020, the erosion of riverbanks and islets substantially impacted the LULC, population, and economy of the provinces along the VMD. Agricultural land was the most eroded, accounting for over 86% of the lost land area. However, built-up land had the highest economic damage, accounting for 70.6% of the total damage. An estimated 31,273 people from nine provinces were exposed to erosion. An Giang province had the most severe economic loss due to land loss, with VND 7742.3 billion (USD 318.9 million). The results highlighted that the morphological changes in the VMD are becoming more serious. In addition to natural factors, dams and sand mining are considered to be the main factors in river erosion. Further research should quantify the effects of drivers, namely dams and sand mining, on riverbank erosion and find their links. Such efforts are essential for effectively planning and managing this river delta.
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Figure 1. (A) Mekong River basin. (B) Study area comprising the Mekong and Bassac Rivers along with their distributaries. (C) A river section for assessing the accuracy of the water classification method by Google Earth images. 
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Figure 2. Schematic of morphological change analysis and evaluation of impacts of riverbank and islet erosion on LULC and population using multiple data sources. 
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Figure 3. Changes in riverbank and islet lines extracted from Landsat images between 1988 and 2020. 
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Figure 4. Percentage of riverbank erosion and accretion length versus time. 
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Figure 5. Erosion and accretion map of riverbank and islets in 2015–2020. 
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Figure 6. Changes in erosion and accretion width along the Mekong-Co Chien-Cung Hau River between 1988 and 2020. (A) Riverbank and islet lines in 2020. (B) The left bank. (C) The right bank. 
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Figure 7. Changes in erosion and accretion width along the Bassac-Dinh An River between 1988 and 2020. (A) Riverbank and islet lines in 2020. (B) The left bank. (C) The right bank. 
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Figure 8. Islet erosion and accretion area rate and the ratio of accretion rate to erosion rate for (A) Bassac River. (B) Mekong River. (C) VMD from 1988 to 2020. 
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Figure 9. (A) General map of the VMD showing branches. Changes in average sinuosity index along the (B) Mekong River. (C) Bassac-Dinh An River from 1988 to 2020. 
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Figure 10. Changes in river width of the VMD from 1988 to 2020. 
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Figure 11. Changes in average river width along the (A) Mekong River; (B) Bassac-Dinh An River during 1988–2020. 






Figure 11. Changes in average river width along the (A) Mekong River; (B) Bassac-Dinh An River during 1988–2020.



[image: Remotesensing 16 00707 g011]







[image: Remotesensing 16 00707 g012] 





Figure 12. Exposure of LULC to riverbank and islet erosion in the VMD in 2015–2020. 
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Figure 13. Exposure of population density to riverbank and islet erosion in the VMD in 2015–2020. 
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Figure 14. Exposure levels of population density groups according to administrative boundaries of communes in 2002–2020. 
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Figure 15. Economic damages of land loss in the provinces of the VMD in 2002–2020. 
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Table 1. Satellite images used in the study.






Table 1. Satellite images used in the study.





	
No.

	
Data

	
Path/Row

	
Date

	
Water Level




	
Tan Chau (m)

	
Chau Doc (m)






	
1

	
Landsat 5

	
125/53

	
30 January 1988

	
0.87

	
0.80




	
2

	
Landsat 5

	
126/52

	
9 March 1988

	
0.74

	
0.75




	
3

	
Landsat 5

	
125/53

	
2 February 1995

	
1.00

	
1.09




	
4

	
Landsat 5

	
126/52

	
17 June 1995

	
0.89

	
0.78




	
5

	
Landsat 7

	
126/52

	
20 February 2002

	
0.91

	
0.78




	
6

	
Landsat 7

	
125/53

	
2 April 2002

	
0.70

	
0.63




	
7

	
Landsat 7

	
125/53

	
4 May 2002

	
0.68

	
0.60




	
8

	
Landsat 5

	
126/52

	
13 February 2008

	
0.88

	
0.78




	
9

	
Landsat 5

	
125/53

	
9 March 2008

	
0.80

	
0.76




	
10

	
Landsat 5

	
125/53

	
25 March 2008

	
0.63

	
0.60




	
11

	
Landsat 8

	
126/52

	
15 January 2015

	
0.82

	
0.83




	
12

	
Landsat 8

	
125/53

	
24 January 2015

	
1.01

	
1.01




	
13

	
Landsat 7

	
126/53

	
22 February 2020

	
0.71

	
0.84




	
14

	
Landsat 8

	
125/53

	
23 February 2020

	
0.68

	
0.80











 





Table 2. An error matrix method.
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Classified Data

	
Reference Data




	
Non-Water

	
Water






	
Non-water

	
a1

	
a2




	
Water

	
b1

	
b2











 





Table 3. Current average price of the land types over the study area.
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	No.
	Land Type
	Price (VND/m2)
	Price (US $/m2)





	1
	Built-up land (in rural areas)
	7,520,000
	309.75



	2
	Built-up land (in urban areas)
	10,037,500
	413.45



	3
	Rice paddies
	113,500
	4.68



	4
	Woody crops
	132,500
	5.46



	5
	Aquaculture
	131,000
	5.40



	6
	Grassland and barren land (in rural areas)
	4,512,000
	185.85



	7
	Grassland and barren land (in urban areas)
	6,022,500
	248.07



	8
	Deciduous broadleaf forest
	75,000
	3.09



	9
	Mangrove
	75,000
	3.09







Conversion rate: USD 1 = VND 24,277.5 on 28 November 2023.













 





Table 4. Water classification method accuracy assessment.






Table 4. Water classification method accuracy assessment.





	
Classified Data

	
Reference Data

	
UA%




	
Non-Water

	
Water






	
Non-water

	
56

	
1

	
98.2




	
Water

	
22

	
217

	
90.8




	
PA (%)

	
71.8

	
99.5

	




	
OA (%)

	
92.2

	

	




	
Kappa (%)

	
78.1

	

	











 





Table 5. Riverbank erosion and accretion in the VMD for five study periods.
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Period

	
Reach

	
Erosion

	
Accretion




	
Area

	
Width

	
Length

	
Area

	
Width

	
Length




	
(km2/yr)

	
(m/yr)

	
(km/yr)

	
(km2/yr)

	
(m/yr)

	
(km/yr)






	
1988–1995

	
Mekong

	
1.3

	
3.4

	
382

	
2.3

	
8.5

	
271




	

	
Bassac

	
0.8

	
2.7

	
296

	
0.5

	
3.8

	
132




	

	
VMD

	
2.1

	
3.1

	
677

	
2.8

	
7.1

	
394




	
1995–2002

	
Mekong

	
1.2

	
4.9

	
245

	
1.9

	
4.8

	
396




	

	
Bassac

	
0.4

	
2.7

	
148

	
0.8

	
3.5

	
229




	

	
VMD

	
1.6

	
4.1

	
390

	
2.7

	
4.3

	
628




	
2002–2008

	
Mekong

	
1.5

	
4.0

	
375

	
2.2

	
8.3

	
265




	

	
Bassac

	
0.6

	
2.3

	
261

	
0.8

	
4.6

	
174




	

	
VMD

	
2.1

	
3.4

	
618

	
3.0

	
7.0

	
429




	
2008–2015

	
Mekong

	
1.4

	
2.9

	
483

	
1.1

	
3.4

	
324




	

	
Bassac

	
0.5

	
2.1

	
238

	
0.7

	
3.3

	
212




	

	
VMD

	
1.9

	
2.6

	
731

	
1.8

	
3.4

	
529




	
2015–2020

	
Mekong

	
1.9

	
5.2

	
365

	
1.3

	
4.9

	
265




	

	
Bassac

	
1.1

	
3.3

	
333

	
0.3

	
2.5

	
120




	

	
VMD

	
3.0

	
4.4

	
682

	
1.6

	
4.3

	
372




	
1988–2020

	
Mekong

	
1.5

	
4.1

	
370

	
1.8

	
6.0

	
304




	
(Average)

	
Bassac

	
0.7

	
2.6

	
255

	
0.6

	
3.5

	
173




	

	
VMD

	
2.1

	
3.5

	
620

	
2.4

	
5.2

	
470











 





Table 6. Land loss due to erosion.






Table 6. Land loss due to erosion.





	

	
Period

	
2002–2008

	
2008–2015

	
2015–2020

	
Total (ha)

	
Rate (%)




	
LULC

	

	
Total (ha)

	
Rate (ha/yr)

	
Rate (%)

	
Total (ha)

	
Rate (ha/yr)

	
Rate (%)

	
Total (ha)

	
Rate (ha/yr)

	
Rate (%)






	
Built-up land

	
35.13

	
5.85

	
2.74

	
20.84

	
2.98

	
1.77

	
191.54

	
38.31

	
14.70

	
247.51

	
6.58




	
Rice paddies

	
329.44

	
54.91

	
25.76

	
322.62

	
46.09

	
27.35

	
86.13

	
17.23

	
6.61

	
738.19

	
19.63




	
Woody crops

	
653.73

	
108.96

	
51.11

	
571.96

	
81.71

	
48.50

	
475.96

	
95.19

	
36.53

	
1701.65

	
45.24




	
Aquaculture

	
145.57

	
24.26

	
11.38

	
161.08

	
23.01

	
13.66

	
488.98

	
97.8

	
37.53

	
795.62

	
21.15




	
Grassland and barren land

	
10.45

	
1.74

	
0.82

	
4.87

	
0.7

	
0.42

	
22.05

	
4.41

	
1.69

	
37.36

	
0.99




	
Deciduous

broadleaf forest

	
0.43

	
0.07

	
0.03

	
0.41

	
0.06

	
0.04

	
1.06

	
0.21

	
0.08

	
1.9

	
0.05




	
Mangrove

	
104.46

	
17.41

	
8.17

	
97.65

	
13.95

	
8.28

	
37.06

	
7.41

	
2.84

	
239.16

	
6.36




	
Total

	
1279.2

	
213.2

	
100

	
1179.42

	
168.49

	
100

	
1302.78

	
260.56

	
100

	
3761.4

	
100











 





Table 7. Economic damages of land loss for different land types between 2002 and 2020. Unit: USD million.
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LULC

	
2002–2008

	
2008–2015

	
2015–2020

	
Total




	
Period

	

	
Total

	
Annual

	
Total

	
Annual

	
Total

	
Annual






	
Built-up land

	
81.86

	
13.64

	
42.88

	
6.13

	
439.72

	
87.94

	
564.46




	
Rice paddies

	
15.56

	
2.59

	
15.17

	
2.17

	
4.39

	
0.88

	
35.12




	
Woody crops

	
35.68

	
5.95

	
31.22

	
4.46

	
25.98

	
5.20

	
92.87




	
Aquaculture

	
8.48

	
1.41

	
9.12

	
1.30

	
30.01

	
6.00

	
47.61




	
Grassland and

barren land

	
14.72

	
2.45

	
5.86

	
0.84

	
31.42

	
6.28

	
52.00




	
Deciduous

broadleaf forest

	
0.01

	
0.002

	
0.01

	
0.002

	
0.03

	
0.01

	
0.06




	
Mangrove

	
3.23

	
0.54

	
3.02

	
0.43

	
1.14

	
0.23

	
7.39




	
Total

	
159.54

	
26.59

	
107.27

	
15.32

	
532.69

	
106.54

	
799.50
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