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Abstract: The ongoing and proposed construction of large-scale hydropower dams in the Mekong
river basin is a subject of intense debate and growing international concern due to the unprecedented
and potentially irreversible impacts these dams are likely to have on the hydrological, agricultural,
and ecological systems across the basin. Studies have shown that some of the dams built in the
tributaries and the main stem of the upper Mekong have already caused basin-wide impacts by
altering the magnitude and seasonality of flows, blocking sediment transport, affecting fisheries
and livelihoods of downstream inhabitants, and changing the flood pulse to the Tonle Sap Lake.
There are hundreds of additional dams planned for the near future that would result in further
changes, potentially causing permanent damage to the highly productive agricultural systems and
fisheries, as well as the riverine and floodplain ecosystems. Several studies have examined the
potential impacts of existing and planned dams but the integrated effects of the dams when combined
with the adverse hydrologic consequences of climate change remain largely unknown. Here, we
provide a detailed review of the existing literature on the changes in climate, land use, and dam
construction and the resulting impacts on hydrological, agricultural, and ecological systems across
the Mekong. The review provides a basis to better understand the effects of climate change and
accelerating human water management activities on the coupled hydrological-agricultural-ecological
systems, and identifies existing challenges to study the region’s Water, Energy, and Food (WEF) nexus
with emphasis on the influence of future dams and projected climate change. In the last section, we
synthesize the results and highlight the urgent need to develop integrated models to holistically study
the coupled natural-human systems across the basin that account for the impacts of climate change
and water infrastructure development. This review provides a framework for future research in the
Mekong, including studies that integrate hydrological, agricultural, and ecological modeling systems.
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1. Background

The Mekong River that is shared by six nations in Southeast Asia is one of the most complex
river systems in the world (Figure 1). It originates in the Tibetan Plateau in China and flows
through Myanmar, Lao People’s Democratic Republic (Lao PDR), Thailand, and Cambodia draining
a ~795,000 km? watershed to the ocean at the Mekong Delta in Vietnam with an annual mean flow of
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~15,000 km?3/ year [1]. It is the 10th largest river in the world in terms of mean annual flow at its mouth,
is home to the most productive inland fishery [2], and is the second richest in aquatic biodiversity and
freshwater capture fishery after the Amazon [3,4]. The Mekong River Basin (MRB) is characterized
by unique and complex hydrologic, climatic, and physiographic features. From its headwaters in the
high mountains (~4500 m elevation), the Mekong runs through deep, narrow gorges and steep terrains
over a ~2200 km course before it enters the lower basin (the Lower Mekong River Basin—LMRB) at
the Golden Triangle where the borders of Thailand, Lao PDR, China, and Myanmar come together
(Figure 1). Further downstream, it flows through ~2600 km of channels before entering the South
China Sea in the Mekong Delta [1,3]. These steep mountains in the upper Mekong and flat-fertile
lands in its lower portion stretch over vast distances under strong climatic gradients, where natural
and managed ecosystems co-evolve under rapid human development, and where many global issues
(e.g., river regulation, land cover change, habitat loss, saltwater intrusion, degradation of groundwater
quality) are rapidly emerging.

Despite the vast potential for large-scale hydropower development and water diversion for
agricultural use, the Mekong has remained relatively unaltered compared to other large river basins
in the world [5,6]. While several dams have been built over the past few decades, most are in the
tributaries or capture only a small portion of the annual river flow [4,5]. The hydrology of the
Mekong is thus still largely governed by the natural flow variations with distinct wet and dry seasons
(Figure 2) dictated by the seasonal variability of precipitation that supports the highly productive
agricultural and riverine ecological systems. The unique combination of these climatic, hydrologic,
and topographic features has been the basis for a healthy and resilient natural ecosystem that supports
the livelihoods of millions across the region. Food production in the basin relies on timely rainfall and
a seasonal flood pulse, and fisheries in rivers, lakes, and wetlands benefit from abundant freshwater
and nutrients supplied by the seasonal flood surges, while crops are grown on soils naturally fertilized
by nutrient-rich sediments and flows timed with plentiful seasonal rainfall [7]. However, this is
changing due to widespread alterations in land use along with the construction of several large dams
in the Mekong main stem and hundreds of others in the tributaries. There are also plans to build an
additional 16 mainstream and ~110 tributary dams by 2030 [2,4,5,8-10]. Figure 1 shows these dams
along with the main land use categories [11].

Climate change is expected to add further stress to the region’s ecosystems in the decades to come.
The wet season flow in the Mekong relies on the Asian monsoon, the rhythm, and intensity of which
have noticeably changed in recent years. This has resulted in more frequent floods and droughts,
devastating crops, and dramatically altering aquatic ecosystems, which have deeply disrupted rural
livelihoods [7,12,13]. Meanwhile, temperature rises in the headwaters of the Mekong River [8,14]
are altering the seasonality of stream flows, which has affected agricultural productivity and aquatic
ecosystems. There are additional downstream pressures on water quantity and quality across the
Mekong Delta due to sea level rise, salt water intrusion, groundwater overexploitation, and aquifer
contamination. The combined impacts of the proliferation in dam construction, climate change, and sea
level rise will likely result in unprecedented changes in the hydrologic, agricultural, and aquatic
systems, especially in the LMRB [3,8,15,16]. Studies suggest that maintaining regional food security
due to new dam construction and associated fishery loss [17] would require 19 to 63% expansion of
agricultural land [18]. Such agricultural expansion will substantially increase water needs, yet the
amount and source of the additional water supplies (e.g., groundwater) and the potential consequences
are unknown. Moreover, the MRB hosts some of the world’s most productive agricultural systems,
especially for cultivation of rice—the world’s most consumed grain after wheat [19]. Changes in food
productivity in this region will thus have important implications for regional, national, and even global
food security [20]. These issues call for a comprehensive analysis of the combined effects of climate
change, sea level rise, dam construction, land use change, agricultural expansion, and increased
water use on the hydrological, agricultural, and aquatic systems, along with the interactions and
feedbacks among these intricately intertwined natural-human systems that are rapidly co-evolving.



Water 2018, 10, 266

3 0f25

In the Mekong basin, where water, energy, and food (WEF) systems are very closely linked [21], such
an analysis should account for all drivers of changes in WEF systems rather than being water-centric

as in most previous studies [22].
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Figure 1. Dams in the Mekong river basin. The background shows land use types and irrigated

croplands obtained from Salmon et al. [11]. The inset shows the number of dams under different

categories with identical color coding as for the circles in the map. The location of river gauging

stations for which river discharge is shown in Figure 2 are displayed as red stars. The dam database

was provided by the Research Program on Water, Land, and Ecosystems (WLE), Greater Mekong.
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Here, we provide a detailed review of the existing literature on the hydrology, climate change,
land-water management, and human water use in the MRB. The objectives of the review are to:
(1) contribute to the ongoing debate on the changing hydrologic regime of the Mekong due to climate
change and accelerating human water management activities; (2) highlight key findings from the
existing literature; and (3) identify challenges to study the coupled natural-human systems of the
Mekong in the face of projected global changes. We present the review in the broader perspective of
the emerging issue of WEF nexus, emphasizing the changes in the hydrologic and agricultural systems
due to the ongoing dam construction and projected climate change. The remainder of the paper is
organized as follows. First, we provide an overview of the historical hydroclimatic variabilities and
trend based on observational and modeling studies. Then, we discuss dam construction, changes
in land use, and expansion of agricultural and irrigated areas along with their impacts on the water
cycle. Next, we provide a brief discussion on the use of groundwater in the Mekong Delta and the
potential future changes. Then, we review the existing hydrological models that have been applied
over the MRB to examine the impacts of changing climate and dam construction. We also discuss
floodplain inundation, flow dynamics, sediment transport, and the changing hydrology of Tonle Sap
Lake system along with the effects of climate change and future dams. Finally, we provide a synthesis
and future outlook.
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Figure 2. Observed daily river discharge (a) for five gauging stations in the main stem of the Mekong
which are shown in Figure 1, and the monthly seasonal cycle (b) for 1982-1992 (solid lines) and
1993-2004 periods (dashed lines). Data source: the Mekong River Commission (MRC).

2. Historical Hydroclimatic Variabilities and Trend

Hydrologically, the Mekong River has faced two major issues. First, rapid economic development
and growing food and energy needs in its riparian countries have led to plans for massive hydropower
development and agricultural expansion, causing deforestation and massive expansion of road
networks throughout the region (details in Sections 4 and 6). Second, the highly complex hydrological
systems of the Mekong have been affected by climate change. Projections based on climate model
results suggest a significant increase in basin-wide temperatures and changes in monsoon patterns.
Since the average precipitation and evapotranspiration (ET) over the basin are both expected to increase,
it is unclear of how climate change will alter river flows, especially with the overlapping effects of new
dams [8]. Predicting how the Mekong will respond to these changes requires a clear understanding of
how the system has evolved under the dual influence of climate change and growing human impacts
on the water cycle. It is also crucial to understand the interactions and feedbacks among the tightly
coupled natural-human systems across the basin. In particular, since the Mekong is only recently
starting to stray from its natural flow regime [1,23], it is important to understand the potential changes
of the system while management practices are still able to mitigate negative consequences.
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Streamflow in the main stem of the Mekong is characterized by a strong seasonal cycle (Figure 2).
Therefore, the differences in seasonal dynamics between the dry and monsoon seasons in the basin
play an important role in the system response to human impacts from hydropower and climate change.
Comparison of the monthly seasonal cycle during 1982-1992 and 1993-2004 periods suggests that
the amplitude of the flood pulse has generally increased (Figure 2) at all five stations (Figure 1) in
the middle and lower reach of the basin. However, a recent study that used the more recent flow
records from the Chiang Saen station in the Upper Mekong suggests a decrease in maximum flows
accompanied by an increased rate of flow decrease following the completion of upstream dams [24].
Upstream dam completion likely increases dry season flows and water level fluctuations, and the
dam-induced fluctuations in upstream flows increase the variability in downstream flows more in the
dry season than in the wet season. Studies suggest that flood duration, amplitude, and maximum
water level decreased throughout the basin due to dam construction [24], which has also caused
a significant delay in the start, peak, and end of seasonal flood pulse [25].

In the Upper Mekong precipitation was found to have increased dramatically from 1950s to 2010s
at both the seasonal and annual scales, and especially in spring [26]. However, this is contrary to other
studies on the Lower Mekong, which suggest that precipitation has not significantly changed over
the past 50 years [27,28]. There have been widespread and significant increases in Upper Mekong
temperatures, with a recent acceleration in rate. The most significant temperature changes are felt in
winter months. Water levels measured at upstream dams show similar patterns before and during
dam construction, suggesting that climatic factors have a significant influence on Upper Mekong
water-level variations [29].

Analyses of flooding trends over time have shown a decrease in the average magnitude of Lower
Mekong floods but the variability in flood magnitude has increased. The likelihood of extreme floods
or low flows has increased through time, even before the construction of the first dams [30], which
suggests that the shift in flood variability is likely due to large-scale atmospheric mechanisms. Studies
have shown that climate variability and change in the Mekong region is primarily governed by the El
Nifio-Southern Oscillation (ENSO), which modulates the variations in the Asian monsoon, including
the Western North Pacific Monsoon (WNPM) and Indian Summer Monsoon (ISM) [31,32]. It has
been suggested that the long-term changes in river flows and floods in the southern part of the basin
are closely linked with the variability in WNPM [33]. Additionally, the relationship between ENSO,
the WNPM, and ISM are transient on a decadal scale and have been shown to vary in magnitude
since the 1970s [32,33]. Since there is a close connection between Pacific sea surface temperatures and
monsoon variability, an increase in sea surface temperatures due to climate change is expected to be
accompanied by increased variance of monsoon patterns and associated floods [33].

Differences in flood variability exist between the upper and Lower Mekong because the hydrology
of the two regions is controlled by different atmospheric processes; the upper basin flows are controlled
more by snowmelt and precipitation, while the lower basin flows are mostly linked to intense rainfall
during the monsoon season [30]. The strength of the ISM has a strong inverse relationship with
precipitation in the Northern basin. Furthermore, the Pacific decadal oscillation influences the
variability of the WNPM [33]. There are no mechanisms that clearly explain relationships between
these climatic systems, but it has been suggested to be a consequence of natural climate oscillations,
anthropogenic climate change, and changes in land or water use [30]. Further research that includes
a more mechanistic approach to understanding atmospheric dynamics should help project how these
systems will respond to changes in land use and climate.

Following the construction of the first major Mekong dams, climate change has been linked to
~82% of the flow change from 1991 to 2009. However, for the 2010-2014 period, ~62% of the observed
changes in flow [24] were found to be related to hydropower development. This disparity highlights
the accelerating influence of direct human activities on the hydrology of the Mekong. The relative
hydrologic impact of hydropower is expected to increase as more hydropower projects are completed.
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3. Dams in the Mekong and Their Hydro-Agro-Ecological Impacts

The strong topographic gradient, rugged terrain, and high flow volumes provide ideal conditions
for large-scale hydropower development in the Mekong. The hydropower potential of the mainstem
Mekong has been estimated to be ~53,000 MW with another 35,000 MW from tributaries [9,34].
Of this enormous potential, only a small fraction has been utilized thus far. Therefore, the developed
hydropower capacity of existing project in the Mekong is currently very small relative to the installed
capacity in the other two large rivers on the western Pacific: the Yellow and the Yangtze [27].
In particular, a huge amount of hydropower generation potential in the LMRB remains largely
untapped. Laos alone has the theoretical potential of ~26,000 MW (~18,000 MW is technically
feasible) [35,36]; of this only a tiny fraction was developed by the early 2000s [37] but the installed
capacity increased to ~4200 MW in 2015 [35].

In the Upper Mekong, which is called the Lancang River, China has been developing hydropower
projects as a cascade of dozens of mega dams (Figure 1); more than six of those have been completed
in recent years and more than twelve others are under construction or planned for the near-term
future [38]. These existing upper Mekong dams have already caused large-scale and trans-boundary
impacts throughout the basin and the Lower Mekong dams are expected to largely compound these
impacts by causing abrupt changes in water levels, altering sediment transport, and blocking fish
migration [17]. Since there is still great untapped potential in the Lower Mekong, downstream
countries have also been accelerating dam construction. While some large dam projects have recently
been completed, others are under construction, and hundreds of others are planned [17] (Figure 1).
Among those planned are 16 dams in the main stem (11 in the LMRB) and over 100 in the tributaries,
most of which are expected to be completed by 2030 [2,4,5,8-10]; of the 11 planned in the LMRB, the
Xayaburi is the first that is expected to go into operation in 2020. While Xayaburi dam has been built
to fulfill the growing regional energy needs (its installed capacity will be 1,285 MW), experts believe
that the energy supply will come with unprecedented and devastating costs to the environment and
livelihoods of tens of millions of people in the region [9,17,39]. The dam will likely cause irreversible
and permanent ecological change to the Mekong by altering the natural flow regime and adversely
affecting fisheries and other aquatic resources; it will also affect flood-recession ecosystems in the
lowlands and impede sediment delivery to the Mekong delta region [39-43]. Growing transportation
networks, especially the mountain roads in headwater catchments, some of which are linked with the
construction of new dams are causing significant changes in sediment production and deposition in
river channels [44]. The dam will likely cause basin-wide changes, but the impacts are expected to be
felt the most in the regions surrounding and downstream of the dams where serious threats to food
security through loss of fisheries and agriculture are likely [2].

The Don Sahong (260 MW) and Pak Beng (912 MW) are the second and third largest dams,
respectively, among the 11 mainstream cascade dams planned in the LMRB. Construction of these
two dams has been approved despite significant controversies due to the complaints about their
environmental impacts and long-term implications for ecological well-being and regional food
security [17]. Similar to the Xayaburi dam, these two dams could irreversibly alter fish migration
throughout the LMRB, with potentially devastating consequences for the river’s richest ecosystems
and the livelihoods of hundreds of thousands of people [45].

Several other hydropower projects are being planned in the tributaries of the Lower Mekong,
including many in the Sekong, Sesan, and Sre Pok River basins that constitute the largest sub-watershed
of the Mekong and are collectively known as the 35 river system. The combined runoff from the
3S rivers contributes ~17% of Mekong’s annual discharge with an estimated hydropower capacity
of 9500 MW [27]. One of the first dams constructed in the Sesan river was the Yali Falls dam
(900 MW capacity), which caused significant downstream flooding during initial operation, with major
effects to fisheries and the livelihoods of villagers in Cambodia and Vietnam that were dependent
on these fisheries (www.internationalrivers.org/campaigns/sesan-dams; accessed on 21 December
2017). The dam has been criticized for its adverse effects with increasing concerns associated with
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downstream water quality, fisheries, irregular water level fluctuations, many of which remain poorly
characterized [27]. A recent study examined the potential impacts of the planned dams in the Lower
Mekong tributaries and suggested that the Lower Se San 2, Se Kong 3d, Se Kong 3u, and Se Kong 4
dams would cause a basin-wide fish biomass drop by 9.3%, 2.3%, 0.9%, and 0.75%, respectively [2].
A large number of additional dams are planned in the 35 basin in the next few decades (Figure 1) [27].

The flow alterations by future dams will affect a wide range of hydrological, agricultural,
and ecological systems across the basin, potentially threatening regional food security while fulfilling
future energy needs. The growing regional and global concerns about these adverse impacts of
large-scale dam construction and climate change have led to increasing interests in studying the WEF
systems in the Mekong basin. Studies have modeled scenarios of future development to explore the
likely hydrologic impacts of dam construction [2,4,8,25,46] and climate change [16,23,47,48], as well as
the changes in downstream sediment delivery [40,41,43,49] and coastal groundwater [50,51]. While
the consequences of some of the large dams have been thoroughly assessed [34], the cumulative and
broader effects of all dams on the WEF systems across the basin, especially when combined with
the effects of changing downstream hydrologic processes (e.g., flooding and recession, groundwater
recharge from floodplains, coastal groundwater dynamics) remain largely unexamined [2,9].

Some studies suggest that the construction of the planned dams alone would result in catastrophic
effects on agriculture, fisheries, and biodiversity [2,52]. For example, research shows that the
completion of 78 dams on tributaries would greatly reduce fish productivity and biodiversity [2],
but a thorough assessment of the transboundary cumulative impacts of the tributary dams have not
yet been conducted. Therefore, there is an urgent need for a comprehensive, basin-wide analysis of the
integrated effects of dam construction and climate change on streamflow, sediment transport, fisheries,
and downstream communities. Such assessments should consider additional factors including the
changes in land use caused by dam construction, the potential expansion of mountain roads associated
with new dams and their impacts on sediment production and transport [44,53-55], and the positive
hydrological, agricultural, and ecological benefits that dams may bring.

In general, large reservoirs hold water during wet season and release it during the dry season,
essentially increasing the dry season flow [56], but the impacts are beyond the changes in flow
seasonality and magnitude. Water impoundment behind dams can alter the dynamics of terrestrial
water storage (TWS) [57], which can affect groundwater systems and offset sea level rise [58].
The Xiaowan and Nuozhadu dams in the Upper Mekong (the Lancang River), constructed in 2010
and 2014 respectively, significantly increased dry-season flows and decreased wet-season flows [24].
The increase in dry-season flow can benefit downstream agricultural irrigation, while the reduction in
wet-season flows can be beneficial for downstream flood and drought management and navigation,
and supports important instream ecosystems [24]. Higher dry-season flows can also help maintain
groundwater levels, which can reduce the energy costs for irrigation.

Flow regulation by dams in the Upper Mekong has also been found to potentially reduce
the increase in magnitude and frequency of flood due to climate change consistently throughout
the 21st century [59]. Findings from global studies also suggest that water scarcity areas tends
to travel downstream in regions where flows are significantly regulated by dams [60]. A recent
study has proposed ways to design reservoir management in the Mekong by carefully analyzing the
characteristics of the flood pulses, which could help increase fishery yield and improve the food system
efficiency in the Lower Mekong [61].

4. Land Use Change and Agricultural and Irrigation Expansion

Historically, the primary changes in land use in the MRB have been dominated by the conversion
of forested areas into cultivated lands [62-64] (Figure 3). It is evident from Figure 3 that there has
been an increase in conversion of large forests areas into agricultural and urban lands over the past
few decades, which is primarily due to rapid population growth, urbanization, and socio-economic
development in the countries within the MRB [65]. It should be noted that the land use categories in



Water 2018, 10, 266 8 of 25

Figure 3 do not explicitly include the rapidly changing road networks in rural areas of the region [44];
roads are often categorized as bare soils, urban areas, or agricultural lands. Today, agriculture provides
livelihoods for 75% of the residents of the LMRB. The regional population grew by nearly 45% between
1980 and 2000 and is projected to increase further over the next 20 years, placing additional pressure
on the land and water for additional food production [16]. In the LMRB where the mosaic of natural
vegetation, seasonally inundated areas, wetlands, and cultivated lands shape the landscape, changes
in seasonal flow patterns and flood pulses due to climatic changes and dam construction have been
suggested to strongly influence land use patterns [66]. Studies have found that water infrastructure
development and associated agricultural and irrigation expansion could have profound influence on
open water areas and rainfed habitat, especially in the seasonally inundated areas around the Tonle
Sap Lake [47,67].
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Figure 3. Major land use and land cover types for 1992, 2000, 2008, and 2015. The pie charts show the
fraction of each land cover type with identical color coding as in the maps except for the black color
that includes all other land cover types than those shown in the charts. Urban areas are not shown
in pie charts as they represented only 0.06% of basin area in 1992 and increase slightly to 0.08, 0.15,
and 0.27% in 2000, 2008, and 2015, respectively. Data source: European Space Agency-Climate Impact
Initiative (ESA-CCI: https:/ /www.esa-landcover-cci.org/, accessed on 27 January 2018).

Dam construction can also facilitate irrigation expansion with potential changes in cropping
patterns, but global irrigation data [68] suggest that the Mekong has not yet seen such widespread
irrigation expansion in the past three decades. Caution should however be made that there could be
underreporting of irrigated areas in the global database. The irrigation sector of the region is complex
and poorly understood. Irrigation development is largely ad hoc and uncoordinated, with very
little information available on the details of existing irrigation schemes [69]. Documented reports
suggest that irrigation in upland areas is mainly for wet season rice, which is generally gravity
driven with reasonably low requirements for management [69]. Survey-based studies also report that
most irrigation projects still use traditional weir-type structures, although mechanized irrigation is
becoming more common. More than 19,000 irrigation schemes were in use by 2000, of which most were
traditional weir-type structures in mountainous northern and central regions and only small number
of pumping irrigation schemes were in use in the south [70]. Irrigated wet season rice is the primary
crop, especially in the LMRB, and there are limited opportunities for dry season crops due to limited
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water availability. While rain-fed rice dominates farming in Lao PDR, the central highlands of Vietnam,
Thailand, and Cambodia, fully or partially irrigated rice is grown throughout the year in the Mekong
Delta region. Other crops such as fruits, vegetables, and industrial crops are also rapidly expanding
in recent years [70]. Supplemental irrigation is also used for other crops such as soybeans, mung
beans, peanuts, and watermelon, which are primarily grown in Lao PDR, Thailand, and Cambodia.
In the Mekong delta, there has been a substantial increase in irrigation for fully irrigated rice and fruit
trees [69].

Because of the extensive waterlogging and inundation during the wet season, most areas in the
rainfed lowlands of Laos, Northeast Thailand, and Cambodia, and in the irrigated Mekong Delta in
Vietnam, are more suited to growing rice than other crops. After a rainy period, the water table rises,
often above the soil surface causing inundation [16], which is amplified by the slow infiltration rates
over the hard plough pan or seal surface formed by predominantly sandy loam soils, resulting in
temporary waterlogging after initial rainfall or irrigation. Because upland crops do not grow well in
these soils, cropping systems in the LMRB are mostly used to cultivate rice, which is the staple food
for most of the population. Resource-poor farmers operate on low cash flows and carefully weigh the
risks of adopting more expensive farming practices that generally have high returns but carry a greater
risk of failure [16].

Cropland expansion adversely affects land surface properties (e.g., surface roughness and albedo)
and hydrologic processes [71]. Thus, changes in land cover type and application of additional water
through irrigation can substantially alter both the water and energy balance on the surface [56,72-76].
Global modeling studies have found that while the basin-scale changes in runoff, ET, and land surface
temperature due to cropland expansion and irrigation are small, the changes over highly irrigated
areas in the LMRB are significant [56,73]. Studies at the sub-basin levels have also found significant
impacts of land use and land cover change on water balance. For example, Homdee et al. [77] applied
the Soil and Water Assessment Tool (SWAT) model in the Chi River basin in Thailand and found that
land use change largely affected annual and seasonal water yield and ET. Conversion of forested area
and agriculture land affected basin water flows and ET and replacing sugarcane crops with paddy
fields clearly reduced water flows and increased ET by almost 5% during the dry season, which was
associated with increased irrigation for rice paddies. The expansion of rice paddy fields also had
a significant effect on the seasonality of flows, a decrease in ET by 12.0%, and an increase in water
yield by 5.1% during the dry season.

It is highly likely that there will be a substantial expansion of croplands and irrigated areas
to replace food loss due to declines in fisheries [2]. Construction of dams will also likely affect
the seasonally inundated floodplains and wetlands around Tonle Sap Lake and the Mekong Delta
region [23,78,79]. While there is a general and growing consensus that the future dams and associated
changes in land use (direct and indirect) will result in basin-wide hydrological and ecological impacts,
the scale and magnitude of such impacts have not yet been quantified. These changes in land use
will also feedback to the hydrologic system and alter flows and ET. Studies have shown that the
potential impacts of future water resource development in the Mekong could reduce wet season flows
by 4-14%, reverse flow to the Tonle Sap Lake by 7-16%, increase flooded areas by 5-8% and cause
salinity intrusion areas in the Vietnam Delta by 15-17% [80]. The potential impacts of changes in
climate, land use and land cover, and population on future water availability and demand in the
Srepok River basin (one of the 3S river systems in the Lower Mekong) was evaluated by Ty et al. [81,82].
They revealed that while surface runoff may increase due to increased precipitation, changes in land
use will increase water demand, exacerbating water stress conditions both at the basin and sub-basin
scales, especially during the dry season. Future studies should attempt to improve the understanding
of the integrated effects of climate change and alteration of land uses due to dam construction and
other related water management activities over the entire river basin. Such studies should employ the
latest generation of models that bring together the hydrological, agricultural, social, and ecological
aspects into a single-consistent framework [83-86].
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5. Availability and Use of Surface Water and Groundwater Resources

The Mekong River’s mean annual discharge of ~475 km? [1] provides relatively high per capita
water resources compared to other international river basins. Therefore, the basin-wide and annual
surface water withdrawal to availability ratio is small [3,87]. However, the high temporal variability in
river flow and uneven distribution of agricultural areas within the basin (Figures 2 and 3) creates water
scarcity during the dry season (February-May; critical irrigation period for rice cultivation) when the
flow becomes less than 10% of average annual flow and the demands are the highest, especially in the
Lower Mekong [16]. Flows are high during the wet season (July-October) when rainfall provides most
crop water needs. The strong seasonal variation in water availability is reflected in Figure 2. If low
flows decrease further due to climate change, shortages will likely occur, especially in the Mekong
Delta, during the dry season when the flows are lowest; however, it is likely that new upstream dams
will increase the dry season flows [59]. In the Lower Mekong, more than 41% of the watershed areas
are used for agricultural production (Figure 3), which is steadily increasing to produce more food for
the burgeoning regional population [70]. It has been estimated that the annual water utilization for
agriculture in the Lower Mekong is less than 4% of the total annual flow [16]. Basin-wide, agriculture
consumes the largest fraction of the water abstractions from the Mekong River, accounting for 80-90%
of all abstractions.

Groundwater is a critical resource in the MRB but studies on groundwater-based irrigation
have received less attention than those focusing on surface water systems because there is far less
groundwater use for irrigation compared to other agricultural regions in the world [85,88]. While
some information exists on the size and extent of aquifer systems, thorough investigations have not
been conducted, and as such the available information on the groundwater resource size, utilization,
sustainability, and quality is rather limited [89]. Groundwater is used as a major source of drinking
water supply in Cambodia and Thailand [70,90], and there is an increasing trend toward large-scale
exploitation for industrial and agricultural purposes [90]. Groundwater is also used to irrigate
coffee plantations in the highlands of eastern Cambodia and mountainous regions of Lao PDR,
and rice and other crops in the Mekong Delta in Vietnam [70]. It is estimated that more than one
million wells access groundwater for domestic, agricultural, and industrial needs in the Mekong
Delta region in Cambodia and Vietnam, which is a major increase from a limited number before
the 1960s [91,92]. For irrigation, there has been an increasing use of groundwater during the dry
season when surface water becomes less available and accessible due to reduced water levels in
rivers [89]. Global groundwater data [93], based on the inventory of the International Groundwater
Resources Assessment Center (IGRAC) suggests that groundwater abstractions in the MRB in 2000 were
~550 Million m3/year; this is significantly less than the country-based groundwater use reported in
other studies (e.g., [90]), likely because the groundwater used across the basin by individual households
may not have been reflected in the global database. There are no time-varying groundwater use datasets
to examine the historical changes. Under climate change, groundwater demand is expected to increase
significantly as surface water will likely becomes less accessible [89]. However these results should be
interpreted with caution because flow regulation by future dams will increase in dry season flows [24],
which has not been accounted for in these studies.

The region’s reliance on groundwater has especially increased in the Lower Mekong where
groundwater provides critical services including supplying drinking water for millions, supporting the
wetland habitat, and preventing saltwater intrusion in coastal areas [94]. Widespread aquifer storage
depletion, water quality deterioration, and saltwater intrusion are already emerging in parts of the
delta as a result of the compounded effects of the groundwater overexploitation and sea level rise
due to climate change [20,50,51,91,95]. The Mekong Delta covers 50,000 km? of fertile alluvial plain
extending from Kratie in central Cambodia to Vietnam’s East Sea. The Vietnamese portion of the delta
is crucial for rice production and contributes to almost 100% of its rice exports [94]. The intensified
paddy rice agriculture in Vietnam has largely transformed the delta by draining large wetland areas
and using increasingly sophisticated water management projects; these manipulations in hydrology
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and flooding patterns have significantly altered groundwater systems by changing recharge and
withdrawals [96]. The use of agrochemicals has also caused deterioration of groundwater quality.
The declining water tables, deteriorating water quality, and increasing saltwater intrusion are already
posing enormous threats to farming systems, wetland ecology, and livelihoods of more than 4.5 million
people that rely on groundwater for drinking [94,97]. Groundwater overuse has also been found to
exacerbate arsenic contamination in groundwater in regions such as the southern Cambodia [98], and
it is likely that climate change will further exacerbate these problems [89].

The lowered water table in the coastal regions from irrigation pumping is exacerbating saltwater
intrusion problems [50,95,99]. Pervasive pumping of groundwater has also resulted in large-scale
land subsidence, which studies have linked to the release of arsenic in deep groundwater of
Pliocene-Miocene age [91] through vertical migration. Based on the analysis of such old groundwater
aquifers that are widely pumped, they found that intensive groundwater extraction is causing land
subsidence of up to 3 cm/year as shown by satellite-based radar images and 3D groundwater
simulations. The groundwater levels are persistently declining in the Vietnamese portion of the
Mekong Delta at a rate of ~0.3 m/year based on data from nested monitoring wells, with an average
land subsidence rate of ~1.6 cm/year [50]. The occurrence of high salinity (salt water intrusion due
to sea level rise and groundwater use) and Arsenic content in groundwater could limit agricultural
production and pose serious human health risks in the future [51,100-102]. A recent study confirms
that excessive groundwater abstraction is the primary driver of land subsidence [95], which has
increased dramatically over the past 25 years.

While the existing groundwater issues in the Mekong delta region, have been primarily caused
by increasing abstractions and saltwater intrusion, other factors are likely to play increasing roles
in the future. One such factor that has not yet resulted in discernable and widespread effects in
the downstream groundwater systems is the construction of upstream dams and water diversion
for irrigation. Climate change has resulted in basin-wide changes in precipitation and temperatures
(details in Section 8); the resulting changes in groundwater recharge patterns as well as the downstream
flood pulse are also expected to affect the groundwater systems in the delta region [20]. Upstream
dams may also bring some positive effects on groundwater systems. For example, the increased
dry-season flows from upstream hydropower dam release could limit salinity intrusion in the Mekong
Delta during the dry season, but reduced flows may limit salt flushing during the wet season. These
effects when compounded by the changes in the hydrology of the delta due to climate change could be
far more complex. A thorough and holistic analysis of the integrated effects of the multitude of factors
that affect groundwater systems is thus necessary to provide a clear picture of effects under various
scenarios of changing climate, water management, and socio-economic growth.

6. The Flood Pulse, Tonle Sap Lake System, and Sediment Transport

Floodplain inundation dynamics and sediment transport are critical components of the
hydrological, agricultural, and ecological systems in the MRC [23,47]. The seasonal hydrological
regime with a strong unimodal flood pulse pattern [103] is the primary driving force for the
Lower Mekong ecosystems [66], providing a timely supply of water and nutrient-rich sediments to
support flood-recession agriculture, inland fisheries, and extensive instream and wetland ecosystems.
The duration, amplitude, timing, and rapidity of the flood pulse are critical characteristics that
determine the stability and productivity of the supported ecosystems [23].

A unique hydrological feature of the Mekong flood pulse is the reversal of flow from Tonle Sap
Lake (Figure 4), which receives water from the mainstream Mekong during the wet season then flows
to the Mekong during the dry season. The flood pulse from the Mekong inundates the floodplains
around the lake to a depth of up to 9 m over several months [66]. About 54% of this water originates
from the Mekong, with the rest coming from tributaries (~34%), and precipitation over the lake
(~12%) [23,46,104]. Tonle Sap Lake, which is home to one of the world’s most varied and productive
ecosystems, is the largest lake and wetland ecosystem in the Mekong basin. Its floodplain extends over
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15,000 km? and stores 50-80 km? of water (during a typical flood season) from the Mekong that enters
the ecosystem during the monsoon season [1,47].

This river-lake system supports the world’s largest freshwater fishery, which provides most of
the protein consumed in the Cambodia [1,105,106]. Tonle Sap Lake also supports critical ecosystems
and agriculture in the Mekong delta by providing higher dry season flows than those from the main
stem [107]. The bottom of the lake is at an altitude of 0.6-0.7 m a.s.] during low water, with the
water depth of ~0.8 m. Kummu and Sarkkula [23] reported that the daily lake water levels vary from
a minimum of ~1.32 m to the peak flood of ~9.14 m, and the flooded areas vary from 2215 km? to
13,258 km?, with a corresponding storage volume of ~1.6 km® and ~59.7 km?, respectively. Storage in
the lake is expected to increase, which would cause the maximum and minimum lake areas and water
levels to increase every year [89]. The timing of the flood pulse onset will also likely change with high
water levels early in the year and longer inundation periods [89]; however, these future projections
will likely change significantly if the effects of the proposed dams are considered.
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Figure 4. Changes in open water boundaries in the Tonle Sap Lake region extracted from Landsat
imagery of 2000, 2010, and 2016 overlaid with Moderate Resolution Imaging Spectroradiometer
(MODIS) vegetation continuous field (modified after Lin and Qi [67]).

Historically, the timing of Mekong flood pulse peak has remained stable with some variations
in the beginning and end of the flooding season depending on flood timing on the main stem and
local rainfall in the Tonle Sap tributaries [23]. However, this historical pattern is changing due to
climate change and rapid water infrastructure development and basin management for hydropower
generation, irrigation, water supply, and flood control, which makes the future of the Tonle Sap
uncertain [47]. Of particular interest is the construction of a series of large hydropower dams
both in the main stem Mekong and its tributaries (see Section 2). Even though a comprehensive
study of the impacts of dam construction, agricultural expansion, climate change, and sea level
rise have not yet been conducted, large-scale modeling studies and observational data suggest that
planned hydropower development would dramatically alter the Mekong flow and Tonle Sap lake
system [5,8,27,66]. Open water areas in the Tonle Sap Lake have been suggested to have declined
from year 2000 and 2016 [67] (Figure 4), but studies suggest that water infrastructure development
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could increase the open water areas and rainfed habitats, while reducing the area of seasonally flooded
habitats [47]. If the current trends of economic growth continue, irrigated areas in the Mekong could
increase by 43% and 65% by 2030 and 2060, respectively [13,47,69], which will come with changes
in land use patterns and significantly alter the hydrology of the basin (see Section 4). Tonle Sap
River discharges a maximum of 10,000 m3/s from the lake toward the Mekong Delta from June to
October [47,108]. There could be a reduction in flood depth during the wet season by over 0.5 m and
an increase in water level during the dry season by 0.2-0.6 m, which could reduce the flooded areas
by 400-900 km?. Consequently, flooded areas covered by forests could be reduced by 22-100 km?,
grasslands by 50-150 km?, and rice fields by 300-630 km? [47]. Small rises in the dry-season lake water
level would permanently inundate large areas of floodplain, which would disrupt natural vegetation
cycles and negatively affect ecosystem productivity.

Reliable sediment data for the Mekong are not available, and the available data are poorly
documented [43]. Some estimates have been made [109-112] that suggest an annual sediment
flux in the range of 150 to 170 Mt but there is high uncertainty in the estimates due to a lack of
referencing to the original data and methodology [43]. In the Mekong, most of the sediment upstream
of Cambodia is stored inside the channel and, unlike in other rivers such as the Amazon, there is little
sediment exchange between channels and floodplains except in the Cambodian lowlands and Mekong
delta [43,113]. There are a number of sediment monitoring stations along the mainstem Mekong [42],
but there is a lack of basin-wide sediment monitoring network, especially for small tributaries and
headwater catchments where a multitude of factors affect sediment generation, deposition, and
transport. Studies conducted over different regions in rural Southeast Asia suggest that road networks,
especially the mountain trails, which are often associated with agricultural expansion and dam
construction, are one of the major drivers of changing sediment dynamics in the region [44,53-55,114].
These studies suggest that the rapid increase in road density in mountainous areas has resulted in
an increase in surface erosion and landslides causing loss of soil and sediments which can affect
agricultural productivity due to topsoil erosion along with severe impacts on water quality, aquatic
habitat, flood, and navigation in the downstream [44].

Along the upper catchments of the Mekong River in Yunnan, China, steep slopes below many of
the newly created roads led to a mass delivery of landslide sediments directly into the rivers, severely
impacting downstream ecosystems [44]. Sidle et al. [53] found that landslide and erosion induced
by Weixi-Shangri-La road in Yunnan region delivered 19 times more sediment to the rivers than the
remaining 99.6% of the contributing catchment. The aggressive construction of rural roads in the hilly
terrains of Southeast Asia has also likely impacted traditional cultivation methods [115] which are
expected to be further altered by the construction of new dams with associated changes in river flow
and floodplain dynamics [18]. Such alterations in sediment dynamics have often been attributed to
widespread deforestation and agricultural expansion [44].

Construction of the planned dams in the main stem and tributaries of the Mekong, which
is expected to increase the storage capacity by 10 fold, would increase the sediment trapping
efficiency from 15-18% to 51-69% [40]. In the Chinese part of the basin—the upper Mekong—existing
reservoirs have the potential to trap about 32-41 Mt of sediment annually, and if the planned cascade
dams (Figure 1) are built, the sediment trap efficiency would increase to 78-81% which would trap
approximately half of the basin-wide annual sediment load (~140 Mt) [40,43]. Recent studies that used
a combination of a quasi-2D hydrodynamic model and a cohesive sediment transport model, provide
a dire picture suggesting that if all planned dams in the Mekong are built, ~96% of the historical
sediment load of the pre-dam period would be trapped [116,117]. In some parts of the basin, the
projected rise in temperature of up to 3 °C and changes in precipitation ranging from —27% to 41%
would change sediment yield ranging from a decrease by 17% to an increase by 66% annually [49].
Shrestha et al. [49] also found a large inter-annual variability in the changes in sediment yield as well
as a large spread among the projections from different climate models. The potential impacts of future
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dams add further complexities to the already large uncertainties in estimates of the magnitude and
direction of changes in sediment yield.

Nutrient-rich sediments from the Mekong provide the critical support for the biological
productivity and floodplain agriculture in the Lower Mekong and the Tonle Sap area [41,117]. Sediment
depositions in the Mekong Delta provide more than 50% of mineral fertilizers typically applied for
rice crops in non-flooded ring dike floodplains in Vietnam [117]. Therefore, a reduction in sediment
delivery may threaten the highly productive biological and agricultural systems but sedimentation in
reservoirs may also bring positive effects by reducing the sedimentation in the Tonle Sap lake that is
believed to be rapidly filling in recent years [118]. This offsetting effect could be especially important
if the impacts of climate change cause a substantial increase in sediment yield over the basin [49].
The precise rate of the infilling of the Lake are unknown, but local reports suggest that the areas
around the edge of the lake are becoming shallower; Kummu et al. [118] suggest that the lake receives
~5 Mt and 2 Mt sediment from the Mekong and the tributaries, respectively, but only ~1.4 Mt (20%)
of it returns to the Mekong every year; the 80% of the sediment load that remains in the lake and its
floodplain is equivalent to an average accumulation of ~1.42 mm/yr of sediment over the permanent
lake area of ~2500 km?.

In addition, the Mekong delta is sinking due to human activities [119,120]. The net positive
contribution of sediment deposition in the Mekong delta at an average rate of 0.3-1.8 mm/year
is counterbalancing the sinking of the Delta and offsetting sea level rise [117]; further sinking, sea
level rise, and reduction in sediment delivery thus pose a serious threat to the Mekong Delta and
exacerbate existing problems. Manh et al. [41] found that hydropower development dominates the
changes in floodplain sediment dynamics of the Mekong Delta, while sea level rise has a smaller effect.
The floodplains of the Vietnamese Mekong Delta are much more sensitive to the changes compared to
the other subsystems of the delta. They suggested that the combination of potential maximum changes
due to all drivers can lead to nearly 90% reduction in delta sedimentation and a 95% reduction of the
sediment reaching the sea.

7. Hydrological Modeling

Understanding the hydrological processes in the Mekong basin involves distinguishing
physiographic and environmental conditions that drive both dry and wet season flows. While
observational precipitation and streamflow data can be used to understand the hydrological responses,
models are generally needed to quantify the space-time varying nature of hydrological states and
fluxes (e.g., soil moisture, streamflow, ET, TWS, and groundwater recharge). Several global-, regional-,
and local-scale hydrological models have been used for both historical analysis and future projections
in the Mekong. The primary application of most of these models has been on simulating river flows
and assessing the effects of climate change, but some studies have also examined soil moisture and ET
while others have assessed the effects of dams on streamflow and sea level rise on coastal groundwater.

Early modeling efforts date back to the 1980s when the Hydro System Seasonal Regulation
(HYSSR) model and Massachusetts Institute of Technology River Basin Model (MITSIM) were applied
to evaluate reservoir operation at specific locations [15]. The Vietnam River Systems and Plains
(VRSAP) model was also developed at a similar time to simulate water flow, tidal effects, and salinity
intrusion in the Mekong Delta. The VRSAP model has been continuously updated and improved [121].
Various other water resource models including the MRC'’s Decision Support Framework (DSF), DHI's
MIKE BASIN, and Water Utilization Program-Finnish Environment Institute (WUP-FIN) have been
used to assess water resources at basin to sub-basin levels. A detailed review of these models can be
found in Johnston and Kummu [15]. We note that most of these models employ water balance schemes
that greatly simplify the surface and sub-surface hydrological processes when applied over large
regions such as the MRB. Further, the paucity of observed data in the Mekong hinders an extensive
calibration and evaluation of these models over the entire basin.
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The semi-distributed land-use runoff process (SLURP) model was used by Kite [122] to simulate
the complete hydrological cycle of the Mekong and its tributaries. This study demonstrated that the
SLURP model can successfully simulate river flows over the entire Mekong. However, a comparative
analysis between SLURP and MIKE SHE models suggested that MIKE SHE performs better across
different climate change scenarios in the Mekong. When compared to global hydrologic models such
as Mac-PDM.09, the SLURP, MIKE SHE, and SWAT models all perform significantly better, especially
in predicting peak flows [48,123]. Disparities in simulation capabilities are likely related strongly
to difference in algorithms used to estimate potential evapotranspiration. SWAT has been found to
simulate the region’s hydrology with high accuracy, and is capable of estimating high flow periods
within 1% and low flow periods within 3% [123]. The VMOD distributed hydrological model has
also been used to: examine the likely effects of climate change and reservoir operation on Mekong
streamflow over the next 20-30 years [8], estimate the sediment load at different gauging stations
along the mainstem Mekong [42], and examine streamflow changes due to the construction of dams
from 1960 to 2004 [124]. The Shuttleworth-Wallace (5S-W) model was used by Zhou et al. [125] to
estimate potential ET (PET) over the Mekong; using the meteorological data from the Climate Research
Unit (CRU) TS 2.0 and monthly composite Normalized Difference Vegetation Index (NDVI) from
the National Oceanic and Atmospheric Administration (NOAA)-Advanced Very High Resolution
Radiometer (AVHRR), they found that the PET averaged over the Mekong ranged from 300 to 2040 mm
(average 1354 mm) from 1981 to 2000, with significant seasonal variations that can be linked to changes
in leaf area index (LAI).

Macroscale hydrological models with accurate precipitation data and streamflow routing can
generally provide accurate simulations of flows through the narrow, deep gorges of Tibetan and
Chinese portion of the Upper Mekong basin (~24% of the total basin area). However, models are
less accurate for the important Lower Mekong basin from Yunnan, China to Tonle Sap Lake in
Cambodia since the flood-season flows substantially alter the surface area of the lake [23]. Several
such large-scale models have been applied over the Mekong or some global analyses include the MRB.
The effects of irrigation water abstraction on surface water and energy fluxes were evaluated using the
Variable Infiltration Capacity (VIC) hydrologic model [73], indicating that the volume-based total net
irrigation water requirement was about 24 x 10° m3/ year for 1979-2000 [74]. Other studies have used
VIC to examine streamflow and the relative role of precipitation and soil moisture on streamflows
(e.g., [65,126]). The VIC model has also been used to simulate the inflow to the existing reservoirs and
examine the operating patterns of reservoirs using residence time and flow alteration information [127].
River-floodplain routing models have also been used in the Mekong. For example, Yamazaki et al. [128]
applied the global CaMa-Flood hydrodynamic model and highlighted the role of channel bifurcation
in realistically simulating the flow and flood patterns in the Mekong Delta. Zhao et al. [129] also used
the CaMa-Flood model for global simulations and compared the results of flood peak in the Mekong
with a number of other global hydrological models. Simulations from the YHyM model show that
Laos contributes the most to the total basin discharge with a 35% contribution, while Thailand and
Cambodia are the next largest contributors with ~18% each. Therefore, dam development in these
countries is expected to have the largest relative impact on the Mekong’s hydrologic regime [130].

The Geomorphology-Based Hydrological Model (GBHM) was coupled with a simple reservoir
operation model to assess the impacts of climate change and reservoir regulation on flood risk over the
LMRB [59]. Hanington et al. [131] evaluated the development and calibration of a fine-scaled quasi-2D
hydrodynamic model (IWRM-LXQ) for a portion of the Vietnamese Mekong Delta. The model
provided reasonable simulations of low flow and high flood events in both dry and wet seasons
where good spatial and temporal data exists, but poor data quality created issues in other areas.
Dutta et al. [132] used a model with a 1-D river flow and 2-D surface flow to simulate flood inundation,
providing a reasonable agreement with the observed water levels and discharges. By using the SWAT
model with inputs from general circulation models (GCMs) Shrestha et al. [49] simulated the effects
of climate change on sediment yield in the Nam Ou basin in northern Laos and projected increases
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in discharge and sediment flux during the wet seasons. Numerous other studies have also used
SWAT in combination with other models of water resource development (e.g., [46,123]) and 2-D and
3-D hydrodynamics models (e.g., [133]) to study the changing hydrology, sediment yield, reservoir
operation, and flooding in the Lower Mekong. Thanapakpawin et al. [134] assessed the hydrologic
effects of land use change in the Mae Chaem River; they developed three plausible forest-to-crop
expansion scenarios and a crop-to-forest reversal scenario based on the land cover transition from 1989
to 2000 and simulated the hydrologic response using the Distributed Hydrology Soil Vegetation Model
(DHSVM). They found that the expansion of highland crop fields affected annual and wet-season water
yields compared to a similar expansion in the lowland-midland zone and the downstream sections of
the river were sensitive to irrigation diversion. We note that the surface erosion and landslides caused
by expanding rural road networks, which could be substantial sources of sediment generation [53], are
not taken into account in the aforementioned studies.

8. Hydrological Impacts of Climate Change

Climate change is expected to intensify the hydrological cycle [135] by changing the rates and
patterns of precipitation and ET, consequently affecting river flows [136,137]. The MRB is characterized
by significant spatial and temporal variation in precipitation patterns (Figure 5a). As discussed in
Section 2, studies have found an increase in precipitation in the Upper Mekong during the latter
half of the 20th century but no significant increase in the Lower Mekong. Projections from climate
models suggest a significant warming across the basin by the mid and late 21st century but changes in
precipitation vary across the basin both in sign and magnitude [138]. When averaged over the entire
basin, results from 10 GCMs used in the fifth phase of the Coupled Model Intercomparison Project
(CMIP5) indicate that both precipitation and temperature will likely increase by the end of the 21st
century (Figure 5b,c).
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Figure 5. Long-term mean (1901-2010) annual precipitation (in mm/year) at 0.5° grids (a) along with
the seasonal cycle (bar chart; in mm/month) obtained from the Global Precipitation Climatology Center
(GPCC), and time series of basin-averaged annual total precipitation (b) and temperature (c) shown as
mean of 10 CMIP5 GCMs for two different representative concentration pathways: RCP4.5 and RCP8.5.

Numerous studies have evaluated hydrologic effects of climate change over the Mekong using
projections from GCMs [130,139,140]. One of the earliest studies by Nijssen et al. [141] evaluated
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climate change impacts on hydrologic sensitivity in nine large river basins in the world, including the
Mekong, based on climate projections from four GCMs. The VIC model was used to estimate changes in
streamflow, ET, and moisture storage across these basins, indicating that most mid-latitude and tropical
basins showed warmer and somewhat wetter conditions, while increases in annual flow volume were
predicted for high-latitude basins. Vastila et al. [139] reported a 4% increase in annual streamflow and
an increase in annual average temperature between 1 °C and 2 °C by the 2040s in the Mekong using
the dynamically downscaled data from the ECHAM4 climate model. Kingston et al. [142] quantified
the uncertainty in climate change projections associated with GCM structure and climate sensitivity,
as well as from hydrological model parameter specification using pattern scaled GCM scenarios fed
into a semi-distributed hydrological model (SLURP). Their results showed a non-linear response of
annual river discharge to increasing global mean temperature, ranging from a 5.4% decrease to 4.5%
increase. Changes in mean monthly river discharge are greater (from —16% to +55%, with greatest
decreases in July and August, greatest increases in May and June) due to complex and contrasting
intra-basin changes in precipitation, evaporation and snow storage and melt.

A hydrologic analysis of seven GCMs concluded that multi-model assessments are important
because of the existing differences in precipitation projections among multiple GCMs [142].
Thompson et al. [48,143] used the climate data from seven GCMs and concluded that inter-GCM
precipitation differences are a prominent source of uncertainty compared with potential ET and the
choice of hydrological models. Hasson et al. [144] revealed the higher efficacy of CMIP5 GCMs
in the Asian monsoon region including the MRB. A frequency analysis of extreme high and low
flows in the Mekong projects a reduction in the frequency and magnitude of extremely low flows
because of increased flows during dry seasons from five downscaled CMIP5 projections [145]. Further,
the multivariate drought risk assessment of Thilakarathe et al. [146] revealed an increase in drought
risks in the LMRB. Notably, the Chi-Mun subbasin may experience less drought conditions in the
future as this region is expected to experience an increase on average monthly precipitation in most
months. However, the same study suggested that the variability in magnitude of precipitation in the
LMRB requires adaptation strategies to address future drought risk.

The effects of the Lancang-Jiang cascade of hydropower dams on downstream hydrology was
assessed using a hydrological model with a reservoir optimization model [25]. They found that on
average this cascade of dams increased the December—May discharge by 34 to 155% and decreased
the July-September discharge by 29 to 36% at Chiang Saen. Analysis of the impacts of large-scale
changes in hydrological response in the LMRB [147] indicate that the majority of catchments (64%)
exhibited no apparent trends in hydrological response. Lauri et al. [8] evaluated the impact of massive
hydropower construction and climate change on the hydrology in the Mekong for the next 20-30 years
and found that the associated changes in discharge have more effect on the hydrograph than climate
change (25 to 160% higher dry season flows and 5 to 24% lower flood peaks in Kratie). Using the Japan
Meteorological Agency Atmospheric GCM (JMA AGCM) Kiem et al. [130] indicated that most of the
sub-basins of the Mekong will experience an increase in the number of wet days by the end of the 21st
century (2080-2099), which may result in increased flooding risk but a reduced likelihood of droughts
and low-flow periods. Eastham et al. [89] described how the climate and hydrology of the MRB is
likely to change by 2030, with projected increase in flood risk and food scarcity, with adverse impacts
to the productivity of fisheries.

9. Summary and Outlook

In this paper, we provide a detailed review of the existing body of literature on the hydrological,
agricultural, and ecological changes in the Mekong River Basin due to large-scale dam construction for
hydropower generation and climate change. The review highlights the importance of understanding
the coupled human, hydrologic, climate and ecological systems in the Mekong to address the growing
regional and global concerns about the adverse hydrological, agricultural, and ecological impacts
of the proposed dam construction and projected climate change. Multiple studies have examined
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the historical changes and provided future projections under different scenarios of climate change,
socio-economic development, and dam construction. Further, hydrological models have been used to
examine the changes in river flow, magnitude and timing of the flood pulse, groundwater, sediment
transport, fisheries, and agriculture. However, the emerging scenarios of land use-driven impacts are
yet to be fully understood. Importantly, the impacts of many emerging issues including changes in
land use due to the expansion of road networks associated with agricultural development and dam
construction are ignored in most previous studies. Various international development agencies and
organizations, including the Mekong River Commission (MRC) have made enormous contributions to
build the knowledge base by recognizing the water, energy and food nexus and their relationship to
water quality, sediment transport, fisheries, agriculture, and in-stream ecosystems.

The existing literature provides substantial impetus to study the effects of newly built dams
and climate change; however, there has not yet been a comprehensive and holistic analysis of the
compounded effects of the hydrologic changes in the upper portion of the basin due to climate change,
changes in sediment generation especially in rural sub-basins, operation and management of dams
in the middle reaches of the river, along with sea level rise, sediment deposition and flooding in the
delta region. We synthesize our key findings from the review into a series of questions that should be
addressed by future studies:

(1) While existing and newly built dams can augment basin storage, how do they affect freshwater
biodiversity across the basin? What are the compounded effects of expanding basin development
and climate change on a broad range of hydrological, agricultural, and ecological systems?

(2) How would the construction of all planned dams affect the high and low flows along the main
stem of the Mekong and how will that affect irrigation, downstream agriculture, and in-stream
processes? Will the altered wet- and dry-season flows due to dam regulation bring positive
benefits to the downstream reach?

(3) How will the reduction in floodplain inundation and associated changes in recharge due to
regulated flows affect groundwater systems in the Tonle Sap Lake and Mekong Delta regions?
How will coastal groundwater systems with widespread salinity intrusion fare in the future
under the dual pressure of rising sea levels due to climate change and lowering water tables due
to hydrologic changes in the upstream portions of the basin?

(4) Are there ways to develop and manage hydropower in the Mekong to minimize the adverse
impacts on the fisheries, sediment transport, and agriculture while considering the potential
effects of climate change?

Addressing these questions requires a holistic study that brings together various climatic and
human drivers of change into a consistent framework to examine the potential changes in the
water cycle, land use and land cover, water and other infrastructure, agricultural systems, food
productivity, and ecosystem services, as well as the dynamic interactions and feedback among these
intricately intertwined natural-human systems. Since the goal is to provide realistic future projections,
such a framework should employ integrated hydrological, agricultural, and ecological models driven
by climate projections from general circulation models (GCMs) and various scenarios of socio-economic
growth and water infrastructure development. It is also crucial that these integrated frameworks
be developed and applied over the entire river basin to examine the effects of distant but connected
systems. In conclusion, studies investigating the impacts of large hydropower dam projects and
climate change on the hydro-agro-ecological systems in the Mekong will be essential to effectively
manage this important river basin.
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