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The Vietnamese Mekong Delta (VMD) is one of the most important food baskets in Southeast Asia, contributing
to more than half of the country’s food production capacity and the majority of its rice exports. Constantly
threatened by a multitude of environmental pressures, including climate change-induced sea-level rise, delta-
wide land subsidence, sedimentation reduction and, more recently, riverbed mining, steps towards the sustainable
development of the VMD is becoming increasingly vulnerable. In this paper, we examine the effect of hydrological
alterations of agricultural landscape in the VMD, more specifically, the temporal trends of triple rice crop in the
Long Xuyen Quadrangle (LXQ). Landsat satellite data was used to map active rice paddy sites across the three
major rice cropping seasons and identify the temporal distribution of triple rice crop areas over the last 24
years (1995-2019). Results were interpreted alongside official statistical data on agriculture from Vietnam and
corroborated with ground truth data points from the study site. Our results reveal a notable fall in Landsat-
detected triple rice crop area between 2016 and 2019, corroborating with both literature and agricultural data
indicating an increase in aquaculture areas. Here, we take note for the first time the underlying links between
riverbed mining and agricultural shifts in the VMD, which could highlight important policy and management
implications for the local government in order to ensure environmental sustainability and food security. We
argue that a tighter and more effective regulation of riverbed mining practices in the region is both integral and
necessary for the agricultural sustainability of the VMD.

1. Introduction stance, human activities such as upstream dam constructions and op-

erations, and the development of dyke infrastructure have adversely

As the world’s third-largest delta, the Vietnamese Mekong Delta
(VMD) is one of the most productive agricultural areas, contributing
to more than half of the country’s food production and over 90% of
its rice exports (Dao et al., 2020). This is made possible with the oc-
currence of seasonal and sediment-replenishing floods, which are es-
sential to sustaining the livelihoods of millions of delta residents, and
ensuring both national and regional food security. However, the vulner-
ability of the VMD has become more prevalent in the last decade due
to its ever-increasing susceptibility to climate change-induced sea-level
rise (Wasserman et al., 2004; Park et al., 2020, 2021; Loc et al., 2021a,
2021b). Moreover, ongoing anthropogenic interventions, including hy-
dropower development, dyke constructions and unsustainable ground-
water extraction further compounds this issue, and have been noted to
exacerbate sea-level rise in the region (Ericson et al., 2006). For in-

affected transboundary downstream flow regimes and flood dynamics
(Résédnen et al., 2017; Pokhrel et al., 2018), sediment loads (Van Binh
et al., 2020), as well as introduced new flood risks (Tran et al., 2018).
Another prominent issue that severely amplifies the threat of sea-level
rise and delta loss is, a major cause of worsening land subsidence
(Erban et al., 2014; Minderhoud et al., 2017; Loc et al., 2017, 2018).
More recently, the issue of riverbed mining and transport of river
sand in the VMD has been gaining considerable attention among
scientific literature. River sand aggregates are critical materials for the
development of fast-growing economies in Southeast Asia. Large-scale
river sand extraction operations are being conducted to fulfil ever-
growing demands from construction industries and land reclamation
projects both domestically and internationally. However, years of
unregulated sand mining have led to the direct loss of bed material and
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bank erosions, adversely affecting the geomorphology and sediment
loads across the entire VMD riverine systems (Brunier et al., 2014;
Eslami et al., 2019; Jordan et al., 2019; Van Binh et al., 2020). Another
important and often overlooked consequence is delta-wide hydrolog-
ical alterations, for example, significant decreases in seasonal flood
frequencies (Park et al., 2020). Despite growing discourse surrounding
the environmental consequences of riverbed mining in the VMD, the
scopes of these studies are largely limited to the morphological and
fluvial impacts of these activities. Other critical issues concerning
the diversification of framing practices (e.g., the rise of aquaculture),
as well as the implications on riparian livelihoods resulting from
environmental shifts in the VMD, however, have not been sufficiently
studied. For instance, pivotal rice crops that depend on the annual flood
pulse to bring beneficial sediments that support their cultivation are
seeing their areas constantly decrease in recent years. These knowledge
gaps are necessary to address as the VMD is considered an important
regional food basket and its sustainability is of strategic importance.

While changes to cropping patterns are also driven by factors such
as regional or national development vision and changing prices of agri-
cultural commodities, this paper suggests that more study is needed to
understand the impacts of riverbed incision on hydrological regimes
and agricultural land use in the VMD as well. Thus, this paper seeks
to present a novel examination of recent shifts in agriculture - i.e., the
annual staple rice crop, maize, sweet potatoes, cassava, and aquacul-
ture — across the VMD as a consequence of lowered flooding frequencies
and riverbed mining in the An Giang Province (AGP) between 1995
and 2019. Situated within the Long Xuyen Quadrangle (LXQ), which
experiences one of the highest sand extraction rates in the country
(Jordan et al., 2019; Bravard et al., 2013), the AGP depends heavily
on freshwater and mineral-rich sediments supplied by the Bassac and
Mekong Rivers during seasonal flooding for crop cultivation (mainly
rice). With increasing alterations to annual flood regimes in the AGP as
a result of riverbed mining (see Park et al. (2020) and Loc et al., (2021a,
2021b)), questions pertaining to the impacts on agriculture and the over-
all sustainability of integral agro-ecological systems like the VMD need
to be addressed. Using agricultural data from the General Statistics Of-
fice of Vietnam (GSO) as well as remote sensing data with satellite im-
agery, we attempt to monitor changes in the area of rice paddy (triple
rice crop) and other non-rice crops within AGP across a 24-year time
frame.

This assessment of agricultural shifts in the VMD related to riverbed
mining through the study of AGP seeks to expand scientific knowledge
of the indirect environmental consequence of riverbed mining within
existing literature covering the region. Moreover, as VMD is crucial to
feeding millions of people both nationally and regionally, findings on
agricultural dynamics in the area will benefit countries looking to safe-
guard food security, and the socio-economic conditions of their popula-
tions. Finally, the results of this research also pose important policy and
management implications for local governments to better regulate re-
gional riverbed mining practices to ensure environmental sustainability
and food security for the locals.

2. Data and methods
2.1. Study area

The study site, An Giang Province (AGP), with a total area of 3406
square kilometers, forms part of the larger Long Xuyen Quadrangle
(LXQ), along with the neighbouring provinces of Kien Giang and Can
Tho (see Fig. 1). As one of the most productive regions for rice and aqua-
culture cultivation of the VMD, the area is heavily influenced by floods
of the Mekong River that inundate large areas of the LXQ (Balica et al.,
2014). While the seasonal floodwaters benefit the region by depositing
sediments, supplying wild fish and shrimps as a source of food and clear-
ing agrochemical pollutants, they are also responsible for the physical
damages of irrigation infrastructures, agriculture harvests and threaten
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Table 1
Major rice cropping season in An Giang, Vietnam (Phan et al., 2018).

Rice crop season Sowing/ Transplanting Harvest

November-December
April-May
July-September

March-April
July-August
October-December

Winter-Spring
Summer-Autumn
Autumn-Winter

the safety of local communities (Loc et al., 2021b; Tuan et al., 2007;
Tran et al., 2021).

Since the late 1990s, efforts to divert part of overland flood flow
from Cambodia towards the Gulf of Thailand have manifested in the
construction of flood control infrastructure such as dykes, sluice gates
and pumps within the LXQ (Tran and Weger, 2018). In the case of VMD,
these dyke systems include semi and full dykes. While the semi dykes are
only high enough to keep floodwater out from the first flood peak until
mid-August, the full dykes can protect the cropland entirely from inun-
dation (Triet et al., 2020). The type of dykes also strongly corresponds
to different rice cultivation practices. Accounting for 13% of LXQ within
AGP, full-dyke zones enable triple rice cultivation, where floodwater is
kept out entirely and water is supplied to rice crops only via irrigation;
the remaining 38% of LXQ comprises semi-dyke zones for double rice
cultivation, receiving pumped water only during initial cultivation of
first two rice crops and becoming inundated during the subsequent wet
season (Park et al., 2020). Crop cultivation is, therefore, highly depen-
dent on floodplain processes in the VMD, and shaped by the complex
hydrodynamic interaction of fluvial dynamics and operation of delta
flood infrastructures (Triet et al., 2020). While the long-term economic
costs and impacts of persistent high dyke construction on agriculture
and aquaculture area have been studied (Tran et al., 2019), the impacts
of changing fluvial dynamics, as a result of riverbed mining, have not
been sufficiently underscored.

2.2. Satellite data processing

As shown in Fig. 2, Landsat observations were used to map active rice
paddy areas and subsequently triple rice crop areas in the AGP study site
over the investigated time frame (1995-2019). Acquired from the U.S.
Geological Survey (USGS) ([dataset] U.S. Geological Survey, Earth Ex-
plorer, 2020), satellite images from Landsat 5 Thematic Mapper (TM),
7 Enhanced Thematic Mapper+ (ETM+) and 8 Operational Land Imager
(Oli), as part of the Landsat Collection 1 Level-2 data products, were
downloaded. The satellites, capturing optical images at 30 m resolution
every 16 days, differ mainly in their operation periods and surface re-
flectance processing algorithms. A total of 54 satellite images, with a
cloud cover of under 30%, were chosen from specific harvest periods of
the three major rice cropping seasons, i.e., Spring, Autumn and Winter.

Table 1 shows the dates of the major cropping seasons in AGP, while
Table S.1 details the collection of satellite images downloaded for pro-
cessing. Noting that cultivation practices and crop calendar are not en-
tirely homogenous in the region (Phan et al., 2018) due to the number
of smaller farms, the dates of the images may differ slightly from the
original harvest periods, as shown in Table 1. However, in general, the
choice of images was unbiased, considering how they were temporally
distributed over different cropping seasons across the investigated time
frame. Vegetated areas from rice cropping seasons of Spring, Autumn
and Winter were extracted through the Normalized Difference Vegeta-
tion Index (NDVI) (Guan et al., 2016), calculated as a ratio between the
red (R) and near-infrared (NIR) values (individually extracted spectral
bands):

R - R
NDVI = NIR Red 1)

Rpea + Rypp
where Ry and Rp,, indicate the reflectance of the Near Infrared (NIR)
and Red bands, represented by Landsat (4-7)’s bands 4 and 3 and Land-
sat 8’s bands 5 and 4, respectively.
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Fig. 1. A: Map of study site in An Giang Province (AGP in red outline) situated within the larger Long Xuyen Quadrangle (LXQ) floodplain, along the Lower Mekong
River in Vietnam. The distribution of dykes and irrigation networks are depicted. B and C: Thalweg along the Tien (B) and Hau (C) Rivers between 1998 and 2008
(Brunier et al., 2014). D: Area distribution of full and semi dyke systems in LXQ. E: Distribution of irrigation canals (1st: Primary, 2nd: Secondary, 3rd: Tertiary)
within AGP, expressed in the distance (Park et al., 2020).
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To establish and apply standard thresholds for the extraction of ac-
tive rice paddy areas for each season, the 2016 NDVI image was picked
to be a reference to be compared with the corresponding 2016 high-
resolution annual land-use and landcover map (LULC) of Vietnam by
Japan Aerospace Exploration Agency (JAXA). Produced using multi-
temporal Phased-Array L-band Synthetic Aperture Radar-2 (PALSAR-
2/ScanSAR), multi-temporal Moderate Resolution Imaging Spectrora-
diometer (MODIS) / Normalized Difference Vegetation Index (NDVI)
and Shuttle Radar Topography Mission (SRTM) images, assessments of
JAXA’s annual LULC maps from 2015-2018 reveal an overall accuracy
of 80% ([dataset] Advanced Land Observing Satellite, 2020). JAXA’s
2016 LULC map of Vietnam, An Giang, was resampled from its origi-
nal 250 m resolution to 30 m resolution to match that of the processed
NDVI images for each season. Based on the LULC classification: water,
built-up (areas), forest, rice paddy, orchards, barren (areas), and other
crops; classes of rice paddy areas and other crops were distinguished
and isolated from other forms of vegetation like forests (not relevant to
the study). The attribute tables of the resulting raster layers were ex-
ported into Microsoft Excel, where the distribution of NDVI values of
all individual pixels was graphed (Fig. 3). Within the graph, multiple
peaks at varying NDVI values were identified as other crop groups (i.e.,
orchards, other crops) while the most prominent peaks (with the high-
est frequency) were identified as the average NDVI value of the rice
paddy crop. Suitable thresholds for each season were determined man-
ually via trial and error, noting that crop growth during varying seasons
may have a different extent of surface reflectance (and hence, differ-
ent NDVI range). For both Spring and Autumn rice paddy, the optimum
threshold range was calculated using mean + SD, unlike for Winter rice
paddy, using mean + 2(SD). These thresholds were then applied to all
NDVI images per season across all study years, producing a set of 18 im-
ages differentiating the active rice paddy areas in each cropping season

per year. To determine double and triple rice crop areas, these seasonal
maps were overlaid by adding the individual raster layers together. All
data processing was done via the software ArcMap.

In addition to satellite data processing methods, relevant agricultural
statistics were compiled from the GSO to assess agricultural land use
changes involving other non-rice annual crops such as maize and sweet
potatoes, as well as aquaculture.

3. Results and discussion
3.1. Recent decrease in triple rice crop area and winter crops

Having overlaid the raster layers of active rice paddy areas from
across the three cropping seasons annually, the resultant map (Fig. 5A)
exhibits various spatial intersections between single, double and triple
rice crop areas within the AGP study site. In general, the results point
to a visible decrease in triple rice crop area between 2016 and 2019.
Since 2000, the double-crop area has also reduced. While there has not
been much conclusive trend in terms of the triple rice area change from
the period between 1995 and 2005, the maps indicate the presence of
triple-cropping, as indicated by the dark green area, since 1995. Dur-
ing this period, the majority of the land was double-cropped. With the
region-wide intensification of rice agriculture following Vietnam’s Doi
Moi (Restoration) national policy reforms in the late 1990s, the state
has improved dyke systems to protect the rice production areas from
seasonal floods, thus facilitating more rice crops in a one year cycle.
Also, people’s lives and properties within AGP have been under the pro-
tection of these dyke systems against the annual floods throughout the
years. Yet, despite the expansion of dyke systems to facilitate triple crop-
ping, the observed triple rice crop area in AGP during the early 2000s
is rather sparse.
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Fig. 3. Graph of pixels’ NDVI value distribution in
2016 NDVI maps for determining an appropriate NDVI
threshold to facilitate the extraction of active rice
paddy areas.
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Factors that could have led to poor triple-crop detection from the
Landsat observations are multifold, including both structural and cir-
cumstantial reasons. First, the uptake of the new high dykes to facil-
itate triple cropping began in 1996 and dyke construction was only
completed in 2014, when a total of 404 high dike compartments cov-
ered 1700 km? across An Giang Province, approximately 60% of agri-
cultural land (An Giang Department of Agriculture and Rural Devel-
opment, 2016). Dyke construction in AGP during the 2000s was re-
ported to be lacking in coordination and poorly maintained (Tran and
Weger, 2018), resulting in a performance deficit compared to their ex-
pectations. Furthermore, most of the dykes were only utilized at a small
local scale, while their operations were originally designed to be syn-
chronized at the provincial scale. This poses limitations to their opera-
tions, impeding the overall effectiveness of its functions (Southern Insti-
tute of Water Resources Research (SIWRR), 2012). Since the high dykes
facilitate triple rice cropping, the functionality of the dykes and the flood
control extent might have had certain implications on rice agriculture
and even possibly affecting the extent of the triple rice crop area de-
tected by Landsat. Second, as noted by Phan et al. (2018), cultivation
practices and crop calendars across smaller-scale farms tend to differ
and are not entirely homogeneous, even within the same province. Al-
though the selection of image scenes was chosen based on the dates of
past rice cropping seasons (between sowing/transplanting and harvest
dates), such variability can lead to some crop areas being left out in-
evitably. Finally, pre-harvest losses attributed to pest outbreaks, such
as the brown planthopper, in this case, can jeopardize rice production
and account for triple rice loss. Not only do brown planthoppers cause
extensive damage to rice plants by feeding on them, they are also vec-
tors of rice viruses that stunt rice growth (Cabauatan et al., 2009). An
exponential increase in these pests typically results in tremendous losses
of rice crops. This is common across rice-producing regions in Vietnam
and Southeast Asia. Farmers are sometimes forced to forgo certain har-
vests intentionally due to outbreaks of pest infestations. In fact, Du et al.
(2007) note that between 2005 and 2006, approximately 485 km? of
rice production area in southern Vietnam were forgone due to the viral
diseases that had been spread by brown planthopper.

For the subsequent years of the analysis, from 2009 to 2019, triple-
crop area is shown more visibly, likely due to the complete construction
of the dyke network in AGP. In order to verify the accuracy of remote
sensing analysis results of the rice paddy area, we conducted field ob-
servations at 40 locations with the help of students from An Giang Uni-
versity. Out of the 40 rice points surveyed in 2020, more than 90% (37
points) of them were located at double and triple-crop areas as mapped
in the most recent image from 2019 (in Fig. 5A), suggesting that classi-
fication results mostly cohere to the observed ground truth. Our results
show that the area of the triple-crop has shown signs of reduction in
recent years between the 2016 and 2019 period, where triple-crop area
was reduced from 601 to 384 km?2. With reference to the data on planted
rice areas in the AGP, the ratio of planted area of winter to autumn rice
crop has seen a drastic plunge (Fig. 4A), with a sizable fall in winter crop
area of 240 km? between 1995 and 2019. Given that dyke infrastructure

1,000

has been improving and, more specifically, with the recent completion
of a high dyke network to facilitate more triple cropping, the observed
decline in the triple-crop is worth interrogating.

3.2. Lowered flooding frequencies in relation to riverbed mining

Intensive rice cultivation, involving double and triple cropping of
high-yielding rice varieties (HYVs), necessitates not only a substantial
use of agrochemicals but also a considerable amount of freshwater for
irrigation (Berg, 2002). Analyses by Park et al. (2020) reveal both a
dramatic lowering of flood frequencies and river water levels around
Long Xuyen Quadrangle (LXQ) as well as its hydrological connectivity
between 2005 and 2015 - a result of the intensified riverbed-mining
activities in the early 2000s. Not only did the annual flood frequency of
the AGP decrease by 7.8% between investigated time periods of 1995-
2005 to 2005-2015, but the annual peak water level of 5 m at the Chau
Doc station in AGP in 2000 has also decreased to about 3.5 m in 2010,
with the 1.5 m drop in water level being corroborated by a decrease of
1.3 m in riverbed between 1998 and 2008 (Brunier et al., 2014). With
an alarming riverbed sand extraction rate that has increased by almost
ten times in the past 20 years (Jordan et al., 2019), there is undoubtedly
growing pressure on the water resources available for irrigation, as well
as the costs of supplying freshwater for agricultural purposes (Park et al.,
2020).

In light of the changes in seasonal flooding patterns in AGP over the
last 20 years, where severe reduction of flood levels during the wet sea-
son (June-November) was reported by Park et al. (2020), it is inferable
that the decreased flooding, as a result of riverbed mining, may have led
to a reduced triple rice area due to insubstantial flood levels to sustain
the Winter crop (harvested during the end of wet season). The seasonal
flood regimes altered by excessive riverbed mining activities have led
to a reduction in water and sediment volumes, both vital to the crops
of the AGP and the larger VMD alike. Not only do floodwaters wash out
residual pesticides and fertilizers applied during intensive agriculture
processes, but they also replenish the cropland for the subsequent crop-
ping season by depositing nutrient-rich silt and fertile sediments from
the upstream. Hung et al. (2014) note that such sediment and associ-
ated nutrient input from the annual floods have multiple critical impacts
on agricultural productivity. More specifically, sediment deposition in
the VMD contributes potassium, a predominant fertilizer used in rice
agriculture (Nguyen et al., 2006). In fact, deposited nutrients like nitro-
gen, phosphorus and potassium (N, P, K) supply more than half of the
mineral fertilizers needed for a season of rice agriculture (Manh et al.,
2014). Given that flooding frequencies are on a decline, soil quality and
fertility will decrease accordingly, reducing “the frequency and duration
at which farmlands benefit from these natural soil quality enhancement pro-
cesses” (Park et al., 2020, Hung et al., 2014). Beyond the challenge of
decreased sedimentation, the reduced water levels also make it difficult
for farmers to maintain the third rice crop, given that rice is inherently
among some of the most water-intensive crops. As most farmers depend
on the river water as an irrigation source, the lowered flood frequencies
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reduce the amount of water needed for rice cultivation. This may there-
fore encourage farmers to convert rice cropping areas for other uses such
as growing less water-intensive crops. Evidently, beyond geophysical
factors, there are considerable economic and socio-political influences
such as fluctuating rice market prices, visionary planning of national
agricultural policies that affect the farmers’ choices of crops to cultivate
(Nguyen et al., 2012). However, we also argue that changing hydrologi-
cal regimes and concerns of water availability for agriculture irrigation,
that factor into farmer’s decision-making on crop cultivation, is possibly
much more immediate and responsive. Fig. 6 shows the change in the
planted area of other main annual crops (maize, sweet potatoes, cas-
sava) and the area of aquaculture in AGP over the same investigated
time frame. In general, there is no distinct increasing trend observed in
the planted area of the annual crops, except for aquaculture, which has
more than doubled, from 10 km2 in 1995 to 35 km?2 in 2019, a result of
increased production of freshwater fish in ponds, particularly local cat-
fish, which has developed into a major export industry in AGP and other
regions in the upper delta. In part, this phenomenon may be attributed
to the construction of the dykes systems to help with the intensification
of rice production via triple cropping, in turn compromising the local
natural river food catch and prompting a gradual shift to aquaculture to

supply fish instead (Nguyen et al., 2019). However, as Mekong River fish
species’ migratory patterns are driven by the hydrological pulses during
their lifespan (Neiland and Béné, 2008), recent changes to inundation
regimes (i.e. lowered flooding) and the dynamics of seasonal flood pulse
are also likely to have worsened the hydrological and, consequently,
habitat connectivity, reducing dispersal ability of fishes (Ngor, 2018).
Seng (2017) notes that fisheries in Cambodia are largely reliant on the
seasonal flooding of the Tonle Sap lake, indicating that irregular flood
regimes of a low frequency present unfavorable conditions for the wild
fish catch, further exacerbating the issue of diminishing wild fish catch.
This, in turn, changes agricultural dynamics by fuelling more demand
for aquaculture and its cultivation area.

3.3. Compounded effects of dyke construction on croplands

In addition to water level variability, another factor that needs to be
accounted for in flood frequency changes is the effect of flood control
structures like dykes (both semi and high dykes). Multiple regression
analyses by Park et al. (2020) revealed that water level variability had
contributed to the flood frequency dynamics (~52%), followed by dyke
construction (~23%). Evidently, the decrease in flood frequencies can-
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Fig. 6. Planted area of annual crops and aquaculture
in AGP (beyond rice paddy) between 1995 and 2019.
All data was acquired from the General Statistics Office
of Vietnam ([dataset] GSO, 1995 2019).
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not be isolated from the effect of dyke construction, and all the more
so when changes in agriculture and crop cultivation are considered.
Triet et al. (2020) note that crop cultivation is especially dependent on
floodplain processes in the VMD, shaped by both the complex hydrody-
namic interaction of fluvial dynamics as well as operation of delta flood
infrastructures. Under the triple cropping system where cropland is al-
ready protected by high dykes from inundation (mostly to sustain the
third rice crop) and receiving very minimal inundation and deposition
between crops (Manh et al., 2014), the lowering of flood frequencies,
as a result of sand mining, is expected to be detrimental to the overall
health and fertility of cropland, and therefore highly unsustainable for
agriculture.

3.4. Sustainable development of the Vietnamese Mekong Delta

Local sand extraction, if unregulated, will continue to contribute to
the incision of riverbeds and loss of sediments that are of great impor-
tance to the agro-ecological productivity of the delta while intensify-
ing several existing threats, including riverbank erosion (Hackney et al.,
2020), salt-water intrusion and more recently, changes to seasonal in-
undation regimes (Park et al., 2020). Despite various attempts at mul-
tiple government levels, including the enforcement of legal regulations,
e.g. restrictions on the extraction rates or even permanent bans on sand
exports, the rate at which sand is being harvested from major rivers
in Southeast Asia remains critically high due to the ever-growing de-
mands (from both domestic and foreign markets) for sand for construc-
tion and reclamation purposes. Consequently, illegal sand mining ac-
tivities have grown rampant and often overlooked as they usually take
place in more remote areas. Till today, the discussion of sand extraction
in the Mekong River, as a regional issue, has been treated with much
caution due to the potential political implications and cross-border com-
plexities. However, as the sand continues to be harvested and exploited
at unsustainable levels, altering natural hydrological regimes, negative
impacts on rural communities that depend on sediment-rich floods for
agriculture are very likely to be inevitable (i.e., livelihood vulnerability)
thus requiring in-situ adaptations given that the VMD supports agricul-
tural and food production on a domestic and regional level, the rapid
decline of riverbed material poses huge implications on the wider food
security issues in the long-term. Our results from remote sensing data
analysis and official government statistics on agriculture have revealed
the emergence of increasingly diversified farming systems in AGP, char-
acterized by a shift towards non-rice crops — in particular, aquaculture.
Such cropping patterns are likely to also be a response to recent flooding
patterns, given the strong interrelations between land-use dynamics and
changes in hydrological regimes in the VMD (Tran et al., 2021; Le et al.,
2018). Current literature on the VMD agriculture and land cover changes
(Nguyen et al., 2020; Tran and James, 2017) have reported similar
changes in rice-based agriculture in the region over the past decades:
an increased conversion of rice paddy land for non-rice field crops, or-

2015

2019

chards, freshwater and brackish water aquaculture, with more small-
scale farmers practising integrated farming models and farming diver-
sification during the flooding season. However, it is crucial to note that
land-use changes at the farm level are also often driven by many factors
other than alterations in hydrological regimes and operation of flood in-
frastructures, such as the direction of national agricultural policies and
market forces affecting crop valuation. More importantly, while adap-
tation measures, though the changes in land use, prove to be necessary
for ensuring survival and sustaining livelihoods, the trajectory of the
unsustainable development of the delta cannot be neglected, and nec-
essary interventions at the provincial and national level must be imple-
mented to ensure the longevity of the VMD (Loc et al., 2018; Trang and
Loc, 2021; Loc et al., 2020).

4. Conclusion

In this paper, for the first time, we have presented the potential in-
terplays between unsustainable riverbed mining activities and dynamic
land use, and more specifically, key agricultural shifts in the VMD,
by examining the changing area distribution of rice crops, aquaculture
and other annual crops in AGP. Through a remote sensing analysis of
rice cropping areas and corroboration with relevant agricultural statis-
tics, our findings indicate that the triple rice crop area over the last
20 years has shown signs of reduction. Moreover, agricultural statistics
reveal, simultaneously, an upward trend in aquaculture among other
annual crops examined in AGP. These observations of changing agricul-
tural patterns and land use demonstrate potential indirect implications
of riverbed incision on agricultural productivity (among other factors
like dyke construction, development vision and prices of agricultural
commodities) as a result of alterations to flow regimes that inundate at
lower frequencies previously reported (Park et al., 2020; Van Binh et al.,
2021). As the VMD supports agriculture that is critical to both national
and regional food security and sustaining the livelihoods of delta resi-
dents, it is imperative for future research to inform policymakers about
the (indirect) detrimental agro-ecological impacts of riverbed mining.
Moving forward, ensuring the sustainable development of the VMD will
not only require more careful management of riverbed incision issues
through regulatory frameworks to control rampant sand extraction ac-
tivities but also a more comprehensive understanding of fragile delta
ecologies in the Mekong river basin.

Conflict of interest

The authors whose names are listed above certify that they have NO
affiliations with or involvement in any organization or entity with any
financial interest (such as honoraria; educational grants; participation in
speakers’ bureaus; membership, employment, consultancies, stock own-
ership, or other equity interest; and expert testimony or patent-licensing



T.R. Hui, E. Park, H.H. Loc et al.

arrangements), or non-financial interest (such as personal or profes-
sional relationships, affiliations, knowledge or beliefs) in the subject
matter or materials discussed in this manuscript.

Acknowledgments

This study is the URECA research project of Tay Ru Hui under the
supervision of Edward Park and Ho Huu Loc. The research activities are
funded by the National Institute of Education at the Nanyang Techno-
logical University (SUG-NAP EP3/19) and the Ministry of Education -
Singapore (#Tierl RT06/19, #Tierl 2021-T1-001-056 and #Tier2MOE-
T2EP402A20-0001). This work is also jointly supported Research Initi-
ation Grant (SET-2021-R011) from AIT. Co-author Ho Huu Loc also ex-
presses his appreciation to the International Foundation for Science for
supporting this study through its Basic Research Grant Programme (NO.
12-W-6511-1).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.envc.2022.100454.

References

An Giang Department of Agriculture and Rural Development, Land areas covered by dykes
in An Giang Province from 1975 to 2016, An Giang Department of Agriculture and
Rural Development, An Giang, 2016.

Balica, S., Dinh, Q., Popescu, ., Vo, T.Q., Pham, D.Q., 2014. Flood impact in the Mekong
Delta, Vietnam. J. Maps 10, 257-268. doi:10.1080/17445647.2013.859636.

Berg, H., 2002. Rice monoculture and integrated rice-fish farming in the Mekong
Delta, Vietnam. Economic and ecological considerations. Ecol. Econ. 41, 95-107.
doi:10.1016,/50921-8009(02)00027-7.

Bravard, J.P., Goichot, M., Gaillot, S., 2013. Geography of sand and gravel mining in the
lower Mekong river. EchoGéo 26. doi:10.4000/echogeo.13659.

Brunier, G., Anthony, E.J., Goichot, M., Provansal, M., Dussouillez, P., 2014. Recent mor-
phological changes in the Mekong and Bassac river channels, Mekong delta: the
marked impact of river-bed mining and implications for delta destabilisation. Geo-
morphology 224, 177-191. doi:10.1016/j.geomorph.2014.07.009.

Cabauatan, P.Q., Cabunagan, R.C., Choi, L.R., Heong, K.L., Hardy, B., 2009. Rice viruses
transmitted by the brown planthopper Nilaparvata lugens Stal. In: Planthoppers: New
Threats to the Sustainability of Intensive Rice Production Systems in Asia. Interna-
tional Rice Research Institute, pp. 357-368.

Dao, T.A., Thai, V.T., Nguyen, N.V., Cramb, R., 2020. The domestic rice value chain in the
Mekong Delta. In: White Gold: The Commercialisation of Rice Farming in the Lower
Mekong Basin. Palgrave Macmillan, Singapore, pp. 375-395.

[dataset] Advanced Land Observing Satellite, Annual land wuse and land
cover maps of Vietham from 2015 to 2018 https://www.eorc.jaxa.jp/
ALOS/en/dataset/lulc/lulc_vnm 2015t02018_e.htm, 2019 (accessed 30 Decem-
ber 2020).

[dataset] GSO, 1995-2019. Statistical Yearbook of Vietnam. General Statistics Office
(GSO) of Vietnam, Hanoi, https://www.gso.gov.vn/en/homepage/.

[dataset] U.S. Geological Survey, Earth Explorer. https://earthexplorer.usgs.gov/, n.d.
(accessed 30 November 2020).

Du, P.V., Cabunagan, R.C., Cabauatan, P.Q., Choi, H.S., Choi, .R., Chien, H.V., Huan, N.H.,
2007. Yellowing syndrome of rice: etiology, current status and future challenges.
Omonrice 15, 94-101.

Erban, L., Gorelick, S.M., Zebker, H.A., 2014. Groundwater extraction, land subsidence,
and sea-level rise in the Mekong Delta, Vietnam. Environ. Res. Lett. 9, 084010.
doi:10.1088/1748-9326,/9/8/084010.

Ericson, J.P., Vorosmarty, C.J., Dingman, S.L., Ward, L.G., Meybeck, M., 2006. Effective
sea-level rise and deltas: causes of change and human dimension implications. Glob.
Planet. Change 50, 63-82. doi:10.1016/j.gloplacha.2005.07.004.

Eslami, S., Hoekstra, P., Nguyen Trung, N., Kantoush, S., Van Binh, D., Duc Dung, D.,
Tran Quang, T., van der Vegt, M., 2019. Tidal amplification and salt intrusion in
the Mekong Delta driven by anthropogenic sediment starvation. Sci. Rep. 9, 18746.
doi:10.1038/541598-019-55018-9.

Guan, X., Huang, C., Liu, G., Meng, X., Liu, Q., 2016. Mapping Rice cropping systems
in Vietnam: using an NDVI-based time-series similarity measurement based on DTW
distance. Remote Sens. 8, 19. doi:10.3390/rs8010019.

Hackney, C., Darby, S., Parsons, D., Leyland, J., Best, J., Aalto, R., Nicholas, A., House-
ago, R., 2020. River bank instability from unsustainable sand mining in the lower
Mekong River. Nat. Sustain. 3, 217-225. doi:10.1038/s41893-019-0455-3.

Hung, N.N., Delgado, J.M., Giintner, A., Merz, B., Bardossy, A., Apel, H., 2014. Sedimen-
tation in the floodplains of the Mekong Delta, Vietnam part II: deposition and erosion.
Hydrol. Process. 28, 3145-3160. doi:10.1002/hyp.9855.

Jordan, C., Tiede, J., Lojek, O., Visscher, J., Apel, H., Nguyen, H.Q., Quang, C.N.X., Schlur-
mann, T., 2019. Sand mining in the Mekong Delta revisited - current scales of local
sediment deficits. Sci. Rep. 9, 1-14. doi:10.1038/541598-019-53804-z.

Environmental Challenges 7 (2022) 100454

Le, T.N., Bregt, A.K., van Halsema, G.E., Hellengers, P.J.G.J., Nguyen, L.D., 2018. Interplay
between land-use dynamics and changes in hydrological regime in the Vietnamese
Mekong Delta. Land Use Policy 73, 269-280. doi:10.1016/j.landusepol.2018.01.030.

Loc, H.H,, Diep, N.T.H., Can, N.T., Irvine, K.N., Shimizu, Y., 2017. Integrated evaluation
of ecosystem services in prawn-rice rotational crops, Vietnam. Ecosyst. Serv. 26, 377-
387. doi:10.1016/j.ecoser.2016.04.007.

Loc, H.H., Irvine, K.N., Diep, N.T.H., Quyen, N.T.K., Tue, N.N,, Y, Shimizu, 2018.
The legal aspects of ecosystem services in agricultural land pricing, some implica-
tions from a case study in Vietnam’s Mekong Delta. Ecosyst. Serv. 29, 360-369.
doi:10.1016/j.ecoser.2016.11.019.

Loc, H.H., Irvine, K., Suwanarit, A., Vallikul, P., Likitswat, F., Sahavacharin, A., Sovann, P.,
Ha, L., Mauerhofer, V., Rupo, D., Tarquinio, L., 2020. Mainstreaming ecosystem ser-
vices as public policy in South East Asia, from theory to practice. In: Sustainability
and Law. Springer, Cham, pp. 631-665. doi:10.1007/978-3-030-42630-9_31.

Loc, H.H., Low Lixian, M., Park, E., Dung, T.D., Shrestha, S., Yoon, Y.J., 2021a.
How the saline water intrusion has reshaped the agricultural landscape of
the Vietnamese Mekong Delta, a review. Sci. Total Environ. 794, 148651.
doi:10.1016/j.scitotenv.2021.148651.

Loc, H.H., Van Binh, D., Park, E., Shrestha, S., Dung, T.D., Son, V.H., Truc, N.H.T.,
Mai, N.P., Seijger, C., 2021b. Intensifying saline water intrusion and drought in the
Mekong Delta: from physical evidence to policy outlooks. Sci. Total Environ. 757,
143919. doi:10.1016/j.scitotenv.2020.143919.

Manh, N.V., Dung, N.V., Hung, N.N., Merz, B., Apel, H., 2014. Large-scale suspended
sediment transport and sediment deposition in the Mekong Delta. Hydrol. Earth Syst.
Sci. 18, 3033-3053. doi:10.5194/hess-18-3033-2014.

Minderhoud, P.S.J., Erkens, G., Pham, V.H., Bui, V.T., Erban, L., Kooi, H., Stouthamer, E.,
2017. Impacts of 25 years of groundwater extraction on subsidence in the Mekong
delta, Vietnam. Environ. Res. Lett. 12, 064006. doi:10.1088/1748-9326/aa7146.

Neiland, A.E., Béné, C., 2008. Tropical river fisheries valuation: background papers to a
global synthesis. The World Fish Center studies and Reviews 1836. The World Fish
Center, Penang, Malaysia.

Ngor, P.B., 2018. Fish Assemblages Dynamic in the Tropical Flood-pulse System of the
Lower Mekong River Basin. University of Toulouse, III Paul Sabatier, Toulouse, France
(Doctor of Philosophy).

Nguyen, H., Janssen, B., Oenema, O., Dobermann, A., 2006. Comparison of partial and
complete soil K budgets under intensive rice cropping in the Mekong Delta, Vietnam.
Agric. Ecosyst. Environ. 116, 1-2. doi:10.1016/j.agee.2006.03.020.

Nguyen, H., Bie, C.A.J.M., Ali, A., Smaling, E., Hoanh, C., 2012. Mapping the ir-
rigated rice cropping patterns of the Mekong delta, Vietnam, through hyper-
temporal SPOT NDVI image analysis. Int. J. Remote Sens. 33, 415-434.
do0i:10.1080/01431161.2010.532826.

Nguyen, V.K., Pittock, J., Connell, D., 2019. Dikes, rice, and fish: how rapid changes in land
use and hydrology have transformed agriculture and subsistence living in the Mekong
Delta. Reg. Environ. Change 19, 2069-2077. do0i:10.1007/510113-019-01548-x.

Nguyen, K., Nguyen, H., Cramb, R., Cramb, R., 2020. Trends in rice-based farming systems
in the Mekong Delta. In: White Gold: The Commercialisation of Rice Farming in the
Lower Mekong Basin. Palgrave Macmillan, pp. 347-373.

Park, E., Loc, H.H.,, Tran, D.D., Yang, X., Alcantara, E., Merino, E., Son, V.H.,
2020. Dramatic decrease of flood frequency in the Mekong Delta due to
river-bed mining and dyke construction. Sci. Total Environ. 723, 138066.
doi:10.1016/j.scitotenv.2020.138066.

Park, E., Loc, H.H., Van Binh, D., Kantoush, S., 2021. The worst 2020 saline water intrusion
disaster of the past century in the Mekong Delta: impacts, causes, and management
implications. Ambio 1-9. doi:10.1007/s13280-021-01577-z.

Phan, H., Le Toan, T., Bouvet, A., Lam, N., Duy, T., Zribi, M., 2018. Mapping
of rice varieties and sowing date using X-band SAR data. Sensors 18, 316.
doi:10.3390/518010316.

Pokhrel, Y., Shin, S., Lin, Z., Yamazaki, D., Qi, J., 2018. Potential disruption of flood
dynamics in the lower Mekong river basin due to upstream flow regulation. Sci. Rep.
8, 17767. doi:10.1038/541598-018-35823-4.

Résdnen, T.A., Someth, P., Lauri, H., Koponen, J., Sarkkula, J., Kummu, M., 2017. Ob-
served river discharge changes due to hydropower operations in the Upper Mekong
Basin. J. Hydrol. 545, 28-41. doi:10.1016/j.jhydrol.2016.12.023.

Seng, R., 2017. Livelihoods in the Changing Tonle Sap: Past, Present and Future. University
of Toulouse, III Paul Sabatier, Toulouse, France (Doctor of Philosophy),.

Southern Institute of Water Resources Research (SIWRR), Detailed Water Resources Plan-
ning for Agricultural Production in An Giang Province until 2020, Ho Chi Minh City:
Vietnam, 2012.

Tran, T., James, H., 2017. Transformation of household livelihoods in adapting to the
impacts of flood control schemes in the Vietnamese Mekong Delta. Water Resour.
Rural Dev. 9, 67-80. doi:10.1016/j.wrr.2017.04.002.

Tran, D.D., Weger, J., 2018. Barriers to implementing irrigation and drainage poli-
cies in An Giang Province, Mekong Delta, Vietnam. Irrig. Drain. 67, 81-95.
doi:10.1002/ird.2172.

Tran, D.D., van Halsema, G., Hellegers, P.J.G.J., Hoang, L.P., Quang Tran, T,
Kummu, M., Ludwig, F., 2018. Assessing impacts of dike construction on the
flood dynamics of the Mekong Delta. Hydrol. Earth Syst. Sci. 22, 1875-1896.
doi:10.5194/hess-22-1875-2018.

Tran, D.D., van Halsema, G., Hellegers, P.J.G.J., Hoang, L.P., Ludwig, F., 2019. Long-
term sustainability of the Vietnamese Mekong Delta in question: an economic as-
sessment of water management alternatives. Agric. Water Manag. 223, 105703.
doi:10.1016/j.agwat.2019.105703.

Tran, D., Loc, H., Hoang, L., Pham, T., Au, H., 2021. Sustainability of rice-based livelihoods
in the upper floodplains of Vietnamese Mekong Delta: prospects and challenges. Agric.
Water Manag. 243, 106495. doi:10.1016/j.agwat.2020.106495.

Trang, N.T., Loc, H.H., 2021. Livelihood sustainability of rural households in adapt-


https://doi.org/10.1016/j.envc.2022.100454
https://doi.org/10.1080/17445647.2013.859636
https://doi.org/10.1016/S0921-8009(02)00027-7
https://doi.org/10.4000/echogeo.13659
https://doi.org/10.1016/j.geomorph.2014.07.009
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0034
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0034
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0034
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0034
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0034
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0034
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0001
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0001
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0001
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0001
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0001
https://www.eorc.jaxa.jp/ALOS/en/dataset/lulc/lulc_vnm_2015to2018_e.htm
https://www.gso.gov.vn/en/homepage/
https://earthexplorer.usgs.gov/
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0035
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0035
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0035
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0035
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0035
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0035
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0035
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0035
https://doi.org/10.1088/1748-9326/9/8/084010
https://doi.org/10.1016/j.gloplacha.2005.07.004
https://doi.org/10.1038/s41598-019-55018-9
https://doi.org/10.3390/rs8010019
https://doi.org/10.1038/s41893-019-0455-3
https://doi.org/10.1002/hyp.9855
https://doi.org/10.1038/s41598-019-53804-z
https://doi.org/10.1016/j.landusepol.2018.01.030
https://doi.org/10.1016/j.ecoser.2016.04.007
https://doi.org/10.1016/j.ecoser.2016.11.019
https://doi.org/10.1007/978-3-030-42630-9_31
https://doi.org/10.1016/j.scitotenv.2021.148651
https://doi.org/10.1016/j.scitotenv.2020.143919
https://doi.org/10.5194/hess-18-3033-2014
https://doi.org/10.1088/1748-9326/aa7146
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0042
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0042
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0042
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0043
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0043
https://doi.org/10.1016/j.agee.2006.03.020
https://doi.org/10.1080/01431161.2010.532826
https://doi.org/10.1007/s10113-019-01548-x
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0047
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0047
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0047
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0047
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0047
https://doi.org/10.1016/j.scitotenv.2020.138066
https://doi.org/10.1007/s13280-021-01577-z
https://doi.org/10.3390/s18010316
https://doi.org/10.1038/s41598-018-35823-4
https://doi.org/10.1016/j.jhydrol.2016.12.023
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0044
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0044
https://doi.org/10.1016/j.wrr.2017.04.002
https://doi.org/10.1002/ird.2172
https://doi.org/10.5194/hess-22-1875-2018
https://doi.org/10.1016/j.agwat.2019.105703
https://doi.org/10.1016/j.agwat.2020.106495

T.R. Hui, E. Park, H.H. Loc et al.

ing to environmental changes: an empirical analysis of ecological shrimp aqua-
culture model in the Vietnamese Mekong Delta. Environ. Dev. 39, 100653.
doi:10.1016/j.envdev.2021.100653.

Triet, N.V.K., Dung, N.V,, Hoang, L.P.,, Duy, N.L. Tran, D.D., Anh, T.T,
Kummu, M., Merz, B.,, Apel, H., 2020. Future projections of flood dynam-
ics in the Vietnamese Mekong Delta. Sci. Total Environ. 742, 140596.
doi:10.1016/j.scitotenv.2020.140596.

Tuan, L., Hoanh, C.T., Miller, F., Sinh, B.T., Be, T.T., Sinh, B.T., Miller, F., 2007. Flood
and salinity management in the Mekong Delta, Vietnam. In: Challenges to Sustainable
Development in the Mekong Delta: Regional and National Policy Issues and Research
Needs: Literature Analysis. Bangkok/Sustainable Mekong Research Network (Sumer-
net), Bangkok: Thailand, pp. 15-68.

Van Binh, D., Kantoush, S., Sumi, T., 2020. Changes to long-term discharge and sediment
loads in the Vietnamese Mekong Delta caused by upstream dams. Geomorphology
353, 107011. doi:10.1016/j.geomorph.2019.107011.

Environmental Challenges 7 (2022) 100454

Van Binh, D., Wietlisbach, B., Kantoush, S., Loc, H.H., Park, E., De Cesare, G., Cuong, D.H.,
Tung, N.X., Sumi, T., 2020. A novel method for river bank detection from landsat
satellite data: a case study in the Vietnamese Mekong Delta. Remote Sens. 12, 3298.
doi:10.3390/1s12203298.

Van Binh, D., Kantoush, S., Sumi, T., Mai, N.P., Ngoc, T.A., Trung, L.V., An, T.D., 2021.
Effects of riverbed incision on the hydrology of the Vietnamese Mekong Delta. Hydrol.
Process. 35, €14030. doi:10.1002/hyp.14030.

Wasserman, R., Hien, N.X., Hoanh, C.T., Tuong, T.P., 2004. Sea level rise affecting the Viet-
namese Mekong Delta: water elevation in the flood season and implications for rice
production. Clim. Change 66, 89-107. doi:10.1023/B:CLIM.0000043144.69736.b7.


https://doi.org/10.1016/j.envdev.2021.100653
https://doi.org/10.1016/j.scitotenv.2020.140596
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0022
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0022
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0022
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0022
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0022
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0022
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0022
http://refhub.elsevier.com/S2667-0100(22)00014-2/sbref0022
https://doi.org/10.1016/j.geomorph.2019.107011
https://doi.org/10.3390/rs12203298
https://doi.org/10.1002/hyp.14030
https://doi.org/10.1023/B:CLIM.0000043144.69736.b7

	Long-term hydrological alterations and the agricultural landscapes in the Mekong Delta: Insights from remote sensing and national statistics
	1 Introduction
	2 Data and methods
	2.1 Study area
	2.2 Satellite data processing

	3 Results and discussion
	3.1 Recent decrease in triple rice crop area and winter crops
	3.2 Lowered flooding frequencies in relation to riverbed mining
	3.3 Compounded effects of dyke construction on croplands
	3.4 Sustainable development of the Vietnamese Mekong Delta

	4 Conclusion
	Conflict of interest
	Acknowledgments
	Supplementary materials
	References


