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next two decades are built, they will induce a decline of suspended sediment flux of 50% (47-53% 90% confidence
interval (90%Cl)) compared to current levels (99 Mt/year at the delta apex), with potentially damaging conse-
quences for local livelihoods and ecosystems.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The world's deltas are highly productive environments that support
dense populations, but their low-lying land means that they are highly
exposed to the threat of rising relative sea level (Ericson et al., 2006;
Ibafiez et al., 2014; Syvitski, 2008). Indeed, there is a growing concern
that accelerated rates of relative sea-level rise (Syvitski et al., 2009;
Tessler et al., 2018) are now leading to an existential crisis for many of
the world's deltas (Anthony et al., 2015; Day et al., 2016; Kondolf
et al., 2018; Tessler et al., 2016, 2015). In deltas, rising relative sea-
levels are driven primarily by a combination of eustatic sea-level rise
and local ground subsidence, therefore a sustainable supply of fluvial
sediment is critical to promote delta-plain sedimentation and hence
prevent, or at least delay, deltas being ‘drowned’.

A growing body of evidence indicates that the supply of fluvial sed-
iment to many of the world's deltas is being disrupted by environmental
change. A number of studies (Darby et al., 2016; Li et al,, 2018; Walling,
2008; Walling and Fang, 2003) have shown that major declines in sed-
iment loads to the coastal zone have occurred in recent decades, and a
recent global projection (Dunn et al., 2019) highlights that this trend
is likely to continue in the future. While natural climate variability can
have an impact on sediment fluxes, there is broad consensus that both
observed and projected reductions in sediment loads are a consequence
of a global boom in dam construction for hydropower development
(Grill et al., 2019; Vorosmarty et al., 2003; Zarfl et al., 2015). Impor-
tantly, the disrupted and fragmented rivers that feed many of the
world's largest and most populous deltas (e.g., Ganges-Brahmaputra,
Mekong, Nile) are often large and transhoundary. In these systems,
the major focus of dam construction may be located in nations upstream
of the host delta itself, signifying a need to evaluate the system-wide
trade-offs between the benefits of damming and the adverse impacts
that may be propagated to downstream reaches and their deltas. In ad-
dition, these large rivers also face a range of additional stresses (includ-
ing anthropogenic climate change) that manifest in variable intensities
over the wide expanse of each river's catchment. In such circumstances
it can be very challenging to attribute changes in the sediment loads
reaching large deltas correctly, which can further inhibit effective
trans-border cooperation and governance (Best, 2019).

One of the world's largest transboundary river systems is the Me-
kong. Until relatively recently, the Mekong had remained relatively
unaffected by damming (Kummu et al., 2010). However, because of
its considerable potential for hydropower generation (up to
268,000 GWh/year; Schmitt et al., 2019), several hydropower dams
have been constructed in recent decades. Others are under construc-
tion, nearing completion or planned, both on the main stem and on
tributaries (Mekong River Commission, 2010, 2009). In its natural
state the Mekong historically transported a high load of suspended
sediments (160 Mt/year; Milliman and Meade, 1983) and associated
nutrients, which together support the productive ecosystems of the
lower Mekong floodplains (Chapman and Darby, 2016) and the
world's largest freshwater fishery. The Mekong's dams are likely to
reduce the sediment supply to the Mekong delta (Kondolf et al.,
2014), with potentially damaging consequences on the agriculture,
fishery and ecosystem of the delta (Baran and Myschowoda, 2009).

With large areas of the Mekong at risk of subsiding below mean sea
level by 2100 (Minderhoud et al., 2019), continued fluvial sedimenta-
tion is key to offsetting the effects of land subsidence and sea level
rise. Therefore, it is important to understand recent and future trends

in fluvial suspended sediment flux and attribute changes to the correct
cause. Some earlier previous studies (e.g., Darby et al., 2016; Lu and
Siew, 2006; Walling, 2008) suggest that, as of the mid-2000s, the effects
of dams built on the Chinese part in the 1990s had not significantly af-
fected sediment loads in the lower part of the basin, and specifically
the flow of sediment to the delta. However, prior attempts to estimate
the impact of planned dams on the sediment load to the delta have sug-
gested that future sediment loads could be significantly affected:
Kummu et al. (2010), for example, estimated a sediment load reduction
of 51-69% if all planned dams are to be built, while Kondolf et al. (2014)
found that the reduction could be as high as 96%. However, previous
empirical studies are now outdated, while the existing projections of fu-
ture sediment loads: (i) focus exclusively on the impacts of damming;
(ii) have employed damming databases that do not always identify all
relevant infrastructure reliably, and; (iii) do not take into account
other drivers, such as anthropogenic climate change.

Given the extreme importance of the Mekong delta for the liveli-
hoods of the millions of people living there (Nguyen et al., 2019), and
the enormous anthropogenic pressure that the Mekong River has been
subject to in recent years, due to river damming and climate change, it
is essential to assess accurately the impact of natural and anthropogenic
stressors on the sediment flux of the Mekong River. In this paper we
provide a comprehensive assessment of the potential impacts of future
environmental change on future (to 2100) Suspended Sediment Flux
(SSF) to the Mekong delta. We use a dynamic, semi-distributed, catch-
ment model to identify how SSF has changed in the historical period
(1980-2020) and will change in the future (2020-2100) throughout
the Mekong's large, transboundary, basin, under the combined influ-
ence of dam construction and anthropogenic climate change. Impor-
tantly, we set the model up using the latest and most comprehensive
database of damming available for the Mekong (provided by the Me-
kong River Commission). The focus of this paper is on the assessment
of the influx of sediment to the apex of the delta, and therefore does
not consider deltaic processes such as remobilisation by tides or erosion
by sea storms.

This represents the first study in which the combined effects of cli-
matic change and dam construction on the Mekong's sediment load
have been considered. It represents a step towards understanding of
the future dynamics of the Mekong River and its delta, both of which
are controlled by the evolution of sediment supply. In addition, we
seek to attribute projected declines in sediment flux to the countries
within which dams are located in the Mekong's transnational catch-
ment, affording an opportunity to focus potential future management
interventions.

We show that recent past and future changes in SSF are driven pri-
marily by the effects of damming. Specifically, we show that:

1. Historical declines (in the period 2000 to 2020) in sediment fluxes to
the Mekong delta can be attributed dominantly to dams located in PR
China (in 2020, 47% (90% CI: [37%, 54%]) of the total trapped sedi-
ment volume is attributed to dams in PR China, mainly due to new
dams built in the 2000s and 2010s);

2. By 2040 the primary cause of the decline in the flow of suspended
sediments to the Mekong delta will switch to the numerous dams
located in PDR Lao (projected contribution to total trapped vol-
ume by 2040: 26% (90% CI: [24%, 28%])) and Cambodia (projected
contribution to total trapped volume by 2040: 18% (90% CI: [16%,
19%])).
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2. Methods
2.1. The Mekong River

The Mekong River is one of the world's largest rivers, flowing
from the Tibetan Plateau in China to the South China Sea, crossing
PR China, PDR Lao, Myanmar, Thailand, Cambodia and Vietnam on
its path. Its length is approximately 4350 km and the catchment
drainage area is approximately 800,000 km? (Fig. 1a). Fig. 1b shows
the land use of the catchment, which is dominated by grassland
and forest land in its upper part, and by agricultural land in the
lower part. The fraction of urban land is relatively small (1.5%) com-
pared to the other land uses.

The annual precipitation is around 1700 mm, but shows strong sea-
sonal variations, with strong predominance of the rainy southwest
monsoon season (Kazama et al., 2007). The upper part of the catchment
is a steep narrow valley primarily determined primarily by Himalayan
orogeny (Gupta, 2009). The intermediate part of the catchment, in
PDR Lao and Thailand, widens slightly, although it is still dominated
by mountains. Its geology is formed by pre-Tertiary metamorphosed
sedimentary rocks and intruded granites, transitioning towards Quater-
nary alluvium, mainly fine to coarse sand with some clay and gravel. The
lower basin is characterised by a flood plain filled with an alluvium of
variable thickness (Gupta, 2009).
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2.2. The INCA model

The INCA (INtegrated CAtchment) model is a semi-distributed,
physically-based, hydrological and water quality model, that was ini-
tially developed during the 1990s (Whitehead et al., 1998) and which
has been updated regularly ever since (Lazar et al., 2010; Lu et al,
2017, 2016; Nizzetto et al., 2016; Wade et al., 2002; Whitehead et al.,
2016). In its various guises INCA has been applied to hundreds of catch-
ments all over the world, including on large rivers such as the Ganges in
India/Bangladesh (Whitehead et al., 2015) and the Mekong (Whitehead
etal, 2019).

In this study, the INCA-P 1.4.11 model version was used (henceforth
INCA-P; also used in Bussi et al., 2017; Bussi et al., 2016a; Bussi et al.,
2016b). The structure of the hydrological sub-model in INCA-P is de-
scribed fully in Wade et al. (2002). In summary, the rainfall-runoff
transformation is based on a simple mass balance, dividing hydrologi-
cally effective rainfall (i.e., the fraction of rainfall that contributes to
flow) into direct runoff, soil water and groundwater, depending on
the characteristics of the soil and the aquifer. The stream flow is then
routed downstream by means of another mass balance and accounting
for the characteristics of the river channel. The catchment under consid-
eration is divided into a series of sub-catchments (for which the land
phase parameters can be characterised individually based on land
cover), so that these hydrological processes can be computed in a
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semi-distributed manner. The meteorological inputs required for the
model are rainfall and temperature. These variables are used to com-
pute the hydrologically effective rainfall and the soil moisture deficit,
which are also required by INCA, by means of another hydrological
model, PERSIST (Futter et al., 2014). PERSIST is a semi-distributed
rainfall-runoff model specifically designed to compute input series for
the INCA model. Other model inputs are topography, land use, point-
source effluents (if any), channel width and slope.

The sediment transport component of the model is described in
Jarritt and Lawrence (2006) and Lazar et al. (2010). A detailed descrip-
tion can also be found in Bussi et al. (2016a, 2016b). This sediment
transport component of the INCA model can be divided into two sub-
components: the land phase, which reproduces soil erosion and trans-
port processes from the hillslope to the river network, and the channel
phase, which simulates entrainment and storage processes within the
river channel system. The sediment generation can be triggered by
splash detachment, sheet erosion and rill erosion. Soil is eroded from a
pool of parental material through the splash detachment and sheet ero-
sion mechanisms and routed downstream to a pool of readily available
sediment, which represents the sediment that is available to be
transported to the river network. Sediment is classified into five textural
classes: clay (0-0.002 mm), silt (0.002-0.06 mm), fine sand
(0.06-0.2 mm), medium sand (0.2-0.6 mm), and coarse sand
(0.6-2 mm). The amount of sediment routed to the river network de-
pends on the availability of sediment and the overland flow transport
capacity. It should be noted that the model does not account for com-
plete depletion of parent soils (because the parent material to be eroded
is unlimited), but it does compute a balance between sediment avail-
ability and overland flow transport capacity in order to calculate the
sediment mass to be transported downstream. The representation of
the hillslope sediment cycle is therefore both transport-limited and
supply-limited. The model accounts for the characteristics of the soil,
the land use and the connectivity between slopes and channels.

Once in the main river network, sediment is routed downstream as a
function of the river transport capacity, which is computed separately
for a range of texture classes using the Bagnold (1966) stream power
equation. The transport capacity is used to split the material that enters
the river reach into deposited and suspended, and to transfer the
suspended part downstream. Depending on the size of the sediment
and the transport capacity, the material can deposit into the riverbed
and accumulate or be routed downstream. At the same time, again de-
pending on the transport capacity and on sediment availability, depos-
ited sediment can also be re-entrained. The balance between sediment
availability and river flow transport capacity is also accounted for at
the reach scale, thus providing a representation of the river sediment
cycle which is both transport-limited and supply-limited, depending
on a variety of factors such as climate, soils, land use, slope, etc. Back-
ground release of material (i.e., bank erosion) is also computed in a sim-
plified way as a non-linear function of the river flow.

The INCA model does consider sediment deposition and re-
entrainment within the river channel and allows for reproducing both
transport-limited and supply-limited sediment transport. However,
the INCA model is a catchment and river sediment model and does
not consider long-term morphological changes to the river channel
(other than sediment deposition or sediment depletion). This simplifi-
cation is usually accepted in river sediment modelling because of the
relatively short time period that is typically modelled, during which it
is assumed that any geomorphological change will be negligible com-
pared to other in-stream processes. The spatial scale is also relevant:
in large-scale applications, local geomorphological changes might be
negligible, while in small-scale application this might not be true. In
the present study, we model more than 100 years over a large area. It
can be assumed that no significant changes to the riverbed morphology
are expected aside from deposition and remobilisation within this time
frame and at this scale, especially because many previous studies point
out that many sections of the river are bedrock-constrained (Carling
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et al., 2019; Kondolf et al., 2014; Meshkova and Carling, 2012; Nie
et al., 2018; Van et al., 2012) and thus significant geomorphological
changes are expected to take much more than just a century. This
might not be true for the delta part of the river, however, as pointed
out previously, this paper focuses on the inland part of the river and es-
timates the influx of sediment at the apex of the delta.

2.3. Data, model set-up and model calibration

Daily observed precipitation and temperature data were obtained
from a network of several local stations. In particular, the Ministry of
Water Resources and Meteorology of Cambodia provided 21 daily pre-
cipitation stations and 14 monthly temperature station, the KNMI's
(Dutch met office) Climate Explorer platform another 14 precipitation
and temperature stations within or adjacent to the Mekong delta (part
of the Global Historical Climatology Network and managed by the corre-
sponding national meteorological services), and the US National Cli-
mate Data Center 17 precipitation and temperature stations in PR
China, 5 in PDR Lao and 24 in Thailand. These data were quality-
controlled and processed to obtain daily precipitation and temperature
time-series for the period from 1975 to 2016, covering the whole Me-
kong catchment. Land use data were obtained from the European
Space Agency's GlobCover product (Bontemps et al., 2011), which
maps the 2009 global land cover at 300 m resolution. The land use clas-
ses were aggregated into six classes: arable, grassland-shrubland, forest,
urban and bare. Elevation maps were obtained from the Shuttle Radar
Topography Mission (Farr et al., 2007) at a resolution of 90 m and
were used to compute river reach lengths, sub-catchment extensions
and reach slopes. Flow data used for model calibration and validation
were obtained from hydrological records archived in the Mekong
River Commission data portal. In this study, data from 1981 to 2005
were used, as in Darby et al. (2016). Daily sediment flux data for the
same period were derived from Darby et al. (2016) (Fig. 1b and d).

Daily precipitation and temperature data from a climate model were
employed to project changes in the future climate. The PRECIS Regional
Circulation Model coupled to the GFDL-CM Global Circulation Model
was employed in this study (Thuc et al., 2016; Whitehead et al.,
2019). The Representative Concentration Pathways (RCPs) 4.5 and 8.5
were used to drive the climate model (Edenhofer et al., 2014; Janes
et al,, 2019). RCP 8.5 reproduces greenhouse gas emissions rising con-
tinuously throughout the 21st century and represents a relatively chal-
lenging situation. Emissions in RCP 4.5 peak around 2040, then decline.
The results of the climate model were bias-corrected, applying a
quantile mapping correction (Lafon et al., 2013) to reproduce the ob-
served climate. These climate scenarios allow climate changes to be
projected up to the year 2100.

A database of existing and planned dams was obtained from the Me-
kong River Commission. A total of 284 dams were identified, 30 of
which are located on the main stem of the Mekong (7 of them are al-
ready in place), and the rest on tributaries (Fig. 2). This database in-
cludes information on reservoir volume and year of construction (or
planned year of construction). Around 130 dams exist at the moment,
the rest are either under construction or planned. The trapping effect
of the dams was reproduced by introducing short river reaches in the
model structure just upstream of the dam locations. In these reaches,
the model sediment transport capacity parameters were adjusted such
that the long-term ratio between the sediment volume flowing out of
the reach and the sediment volume flowing into the reach was equal
to the trap efficiency of the reservoirs within the reach, the latter as
computed according to Brune (1953). The method developed by
Brune (1953) relates the sediment trap efficiency, i.e. the ratio of the
sediment mass trapped by a dam to the total sediment mass transported
by the river to the dam, to the ratio of the reservoir volume and the an-
nual average inflow. This method also allows consideration of the be-
haviour of particles with different sizes in reservoirs. INCA is in fact set
up to reproduce five textural classes: clay (0-0.002 mm), silt
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Fig. 2. Spatial distribution of dams within the Mekong catchment.

(0.002-0.06 mm), fine sand (0.06-0.2 mm), medium sand
(0.2-0.6 mm), and coarse sand (0.6-2 mm), and a maximum
entrainable grain size is computed for each reach and each time-step
based on the transport capacity equation. In the reaches where reser-
voirs are set up, this procedure mimics the trapping mechanisms of res-
ervoirs: during low flows particles of all sizes settle, while during high
flows fine particles are only partially trapped while coarse particles
still mostly deposit. Changes in reservoir volume and hence trapping ef-
ficiency were modelled at a decadal disaggregation level, i.e., different
trap efficiency values were computed for every decade from 1980 to
2100, based on the total reservoir volume at the end of each decade
(in the case of historical decades) or the future damming scenario (in
the case of future decades).

Fig. 1b shows the location of the flow gauges used for model calibra-
tion, namely: Luang Prabang (INCA reach 6), Mukdahan (reach 11),
Pakse (reach 14), Stung Treng (reach 16) and Kratie (reach 17), with
Fig. 1c illustrating the extent of the sub-catchments employed here.
Fig. 1d shows a longitudinal profile of the river, extending from the
source (reach 1) to the river mouth. The locations of the 19 main stem
reach sections used in the INCA representation of the Mekong system
and the flow gauges are also shown (the 11 other reach sections are
set on tributaries). The coordinates and characteristics of the model
reaches and their corresponding sub-catchments are reported in
Table S6 in the Supplementary Material. The accumulated reservoir vol-
ume by INCA sub-catchment (Mm3) variation in time is shown in
Table 1.

Since INCA is not a fully distributed model, dams cannot be intro-
duced at any location, and they must coincide with the position of the

downstream section of a reach. With the aim of achieving a reasonably
simple model set-up while at the same time maximising the model per-
formance, dams with a reservoir volume smaller than 100 Mm?
(i.e., 124 dams in total) were not considered in this study. This is not a
major limitation as these 124 small dams together account for less
than 2% of the total reservoir storage volume in the Mekong cascade.
The remaining 155 dams, which have a total reservoir storage volume
of 208,000 Mm?, were assigned to a corresponding model reach based
on their geographical location. The location of the downstream sections
of the model reaches was carefully selected in order to match the loca-
tion of the largest reservoirs (see Fig. 2). While the model reach sections
of the main stem were specifically designed so that their corresponding
sub-catchments contained only one dam per reach, the tributary sub-
catchments often contained more than one dam. In these cases, an
equivalent reservoir volume was computed as the sum of all the reser-
voir volumes falling within the sub-catchment and this value was
then used to compute a sub-catchment trap efficiency by means of the
Brune (1953) method. A discussion of this assumption is reported in
the Supplementary Material.

The INCA model was calibrated by means of a Monte Carlo calibra-
tion procedure, according to the following steps. First, the most influen-
tial parameters were identified and a feasibility range for their values
was estimated, based on previous applications of the model in other
catchments. A list of the calibrated parameters is reported in Table 2, to-
gether with the corresponding feasibility range. A description of the pa-
rameters and their physical meaning is provided in Wade et al. (2002)
and Bussi et al. (20164, 2016b). Second, a large set of parameter values
(50,000) was generated randomly from uniform distributions within
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Table 1

Accumulated reservoir volume by INCA sub-catchment (Mm?) and by decade.
INCA ID Name of the reach 1950 1960 1970 1980 1990 2000 2010 2020 2030
1 Gushui 0 0 0 0 ] 0 0 4333 17,490
2 Manwan 0 0 335 494 2506 2506 23,723 24,762 24,762
3 Ban Mau 1490 1490 1490 1490 1490 3520 27,223 27,223 27,800
4 Pak Beng 0 0 0 0 0 0 4178 8825 8825
5 Luang Prabang 0 0 0 0 0 0 4168 4168 5757
6 Luang Prabang Gauge 0 0 0 0 0 0 1023 5521 5885
7 Xayabouri 0 0 0 0 ] 0 2026 2026 2026
8 Pak Lay 0 0 0 0 ] 0 473 2016 6227
9 Sanakham 0 0 0 0 0 0 0 282 282
10 Santhong-Pakchom 0 0 0 0 0 0 0 1097 1097
11 Mukdahan 0 166 686 799 799 984 1282 3604 3604
12 Ban Kum 0 0 0 0 0 0 0 2188 4298
13 Latsua 0 0 0 0 225 225 225 2302 2302
14 Pakse 0 0 0 0 0 0 0 0 0
15 Stung Treng 0 0 0 0 0 0 0 0 669
16 Stung Treng Gauge 0 0 0 0 0 0 1793 1793 1927
17 Sambor-Kratie 0 0 0 0 0 0 0 3794 3794
18 Phnom Penh 0 0 110 110 110 110 225 225 951
19 River mouth 0 0 0 0 0 0 0 0 0
20 Nam Loi 0 0 0 0 0 0 1755 3093 3823
21 Nam Suong 0 0 0 0 0 0 0 4072 4072
22 Nam Khan 0 0 0 0 ] 0 4791 4791 4791
23 Nam Ngum 0 0 4700 4700 4700 4700 8987 11,251 11,251
24 Nam Nhiep 0 0 0 0 0 0 2984 3127 3127
25 Nam Cadinh 0 0 0 0 0 0 8430 19,099 19,299
26 Se Bang Hieng 0 0 0 0 0 0 540 2238 2238
27 Nam Mun 0 4009 6451 7017 7017 7017 7017 7017 7017
28 Se Kong 0 0 0 0 3530 3530 17,663 25,458 25,956
29 Se San 0 0 0 0 1073 2122 3332 3332 5785
30 Sre Pok 0 0 0 0 0 933 1152 1152 3026

the defined feasibility ranges for each parameter. Third, the model was
run with each parameter set and results were obtained. Fourth, all the
Table2 results were analysed and the Kling-Gupta Efficiency index, or KGE

Calibrated model parameters and feasibility ranges.

Parameter Parameter name Minimum Maximum

type value value

Catchment Base Flow Index 0.6 0.95

Reach Flow a 0.02 0.1

Reach a8 (river transport capacity parameter) 0.00001 0.001

Reach a9 (river transport capacity parameter) 0.00001 0.001

Catchment Groundwater zone time constant 30 80

Catchment Rainfall excess proportion 0.05 0.2

Catchment Threshold soil zone flow 0.01 0.1

Catchment Transport capacity non-linear coefficient 0.2 0.8

Catchment Transport capacity scaling factor 0.2 0.7

Land Direct runoff time constant 1.5 25

Land Flow erosion soil erodibility parameter 0.6 24
(arable)

Land Flow erosion soil erodibility parameter 0.3 1.2
(grassland)

Land Flow erosion soil erodibility parameter 0.3 1.2
(forest)

Land Flow erosion soil erodibility parameter 0.1 05
(wetland)

Land Flow erosion soil erodibility parameter 0.1 05
(urban)

Land Flow erosion soil erodibility parameter 5 20
(bare)

Land Soil reactive zone time constant 5 9

Land Splash detachment soil erodibility 0.9 3.5
parameter (arable)

Land Splash detachment soil erodibility 0.35 1.5
parameter (grassland)

Land Splash detachment soil erodibility 0.35 1.5
parameter (forest)

Land Splash detachment soil erodibility 0.07 03
parameter (wetland)

Land Splash detachment soil erodibility 0.07 03
parameter (urban)

Land Splash detachment soil erodibility 8 35

parameter (bare)

(Gupta et al., 2009), was computed through comparison of observed
and simulated daily flow and sediment flux time series, for locations
where both flow and sediment records were available. Finally, a small
number ( 15) of parameter sets was selected based on their performance
and used to conduct the simulations described in this paper. The num-
ber of parameter sets to be used was chosen as a compromise between
parameter set performance and computational burden.

The INCA model was calibrated over the time period 1981-1989 (in-
clusive) and validated over the period 1990-2005 (inclusive). Compar-
isons of simulated and observed flows and sediment loads for all the five
gauged sections investigated here, expressed in terms of monthly flow
and monthly Suspended Sediment Flux (SSF), are shown in Fig. 3 (the
model calibration and validation was undertaken using daily flows
and SSFs, but the data reported in Fig. 3 are aggregated to monthly res-
olution for the purpose of aiding clarity of visualisation). The daily flow
and suspended sediment flux KGEs obtained by the model are shown in
Table 3.

2.4. Model scenarios

Here we investigated two climate change scenarios (corresponding
to the RCP4.5 and RCP8.5 emissions scenarios, see for example Busico
et al., 2019), and four damming scenarios: A) considering all dams
built before 2010; B) considering all dams built or under construction
before 2020; C) considering all dams planned for the near future
(i.e., from 2021 to 2030); D) considering all dams planned for the far fu-
ture (i.e., from 2031 onwards). In particular, all combinations of these
climate and damming scenario were considered, as shown in Table 4.

In all scenarios, the same ensemble of 15 model parameter sets was
used (i.e., the 15 model parameter sets that gave the best KGE values for
the daily SSF in the calibration stage), therefore obtaining a range of fu-
ture sediment transport estimates rather than a single value.
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Fig. 3. Calibration and validation results (monthly flow and monthly sediment flux) at five locations on the Mekong River (Luang Prabang, Mukdahan, Pakse, Stung Treng and Kratie).

3. Results

The results were analysed in terms of absolute value of SSF at differ-
ent sections (the gauged sections were used as reference locations,
i.e., Luang Prabang, Mukdahan, Pakse, Stung Treng and Kratie) and in
terms of SSF variations compared to the baseline scenario (baseline cli-
mate, damming scenario A). Furthermore, the sediment decline caused
by dams was attributed to different clusters of dams within each coun-
try in which they are located (including a “transboundary” cluster, for
dams that lie on the border between two countries).

The model simulations estimate that the long-term Suspended Sed-
iment Flux (SSF), as computed for the time period 1980-2009 (thus
considering damming scenario A for the historical period), is 68.3 [60,
77.9] Mt/year, 34.3 [29.7, 39.5] Mt/year, 83.9 [76.3, 90.3] Mt/year, 98.7
[93.4, 103.2] Mt/year and 98.6 [93.4, 103.2] Mt/year for the stations at
Luang Prabang, Mukdahan, Pakse, Stung Treng and Kratie, respectively
(the confidence interval indicates the 90% CI, based on the INCA
model ensemble results). However, these values vary in time, mainly
depending on climate variability and the construction of new dams, as
shown in Table 5, where the SSFs of the same five sections are reported
by decade.

Table 3

The results of the INCA model driven by future climatic scenarios are
shown in Fig. 4 (please note that what appears to be a discontinuity in
the SSF between the historical period and future period is in reality an
effect of the decadal aggregation of the model results and the fact that
between the historical and the future periods the total reservoir volume
increased greatly). Fig. 4 suggests that under RCP8.5 the increase in flow
should occur earlier in time than under RCP4.5. For example, the model
results indicate that the average flow is expected to reach 20,000 m>/s at
Kratie by the 2050s under the RCP8.5 scenario, but not until the 2070s-
2080s under the RCP4.5 scenario.

Similar increases are indicated also in terms of SSF. However, the
simulated impact of dams on sediment transport is greater than the im-
pact of climate change. The dams built in the last decade (2010-2020,
scenario B) are projected to reduce SSF to 44%, 30%, 86%, 88% and 71%
of the SSF values simulated in the 2000s (scenario A) at Luang Prabang,
Mukdahan, Pakse, Stung Treng and Kratie, respectively (with the
projected future values of SSF being 30, 13, 87, 107 and 87 Mt/year re-
spectively, computed as the average of the 2030-2060 period under
RCP4.5 emissions). The dams planned for the near future (2020-2030,
scenario C) are projected to further lower the simulated SSFs to 40%,
11%, 50%, 57% and 46% of their values in 2000 (with the projected future

Kling-Gupta Efficiency (KGE) ranges obtained by the INCA model (ensemble of 15 parameter sets) computed on daily flow and monthly suspended sediment flux for the calibration

(1980-1989) and validation ( 1990-2005) periods.

Time period Variable Luang Prabang Mukdahan Pakse Stung Treng Kratie
1980-1989 Flow 0.59-0.74 0.41-0.54 0.66-0.77 0.61-0.71 0.75-0.83
1980-1989 Suspended sediment flux 0.45-0.71 0.17-0.35 0.38-0.73 0.41-0.48 037-0.7
1990-2005 Flow 0.51-0.6 031-0.44 0.7-0.8 0.62-0.72 0.59-0.67
1990-2005 Suspended sediment flux 0.13-0.58 0.03-0.23 0.59-0.78 0.21-0.33 0.45-0.62
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Table 4
Scenarios considered in this study.
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Damming scenario

Baseline climate

Future climate (RCP4.5) Future climate (RCP8.5)

Considering all dams built before 2010
Considering all dams built or under construction before 2020
Considering all dams planned for the near future (i.e., from 2021 to 2030)

A
B
C
D) Considering all dams planned for the far future (i.e., from 2031 onwards)

Baseline A RCP45 A RCP8.5 A
Baseline B RCP45B RCP8.5B
Baseline C RCP4.5 C RCP8.5 C
Baseline D RCP45D RCP8.5D

Table 5

Suspended sediment flux (Mt/year) at five locations on the Mekong by decade. The values in the brackets show the 90% CL

Decade Reach 06 (Luang Prabang) Reach 11 (Mukdahan) Reach 14 (Pakse) Reach 16 (Stung Treng) Reach 17 (Kratie)
1980s 729(63.7,84.2] 36.1[30.3,42.2] 82.0[75.9, 87.0] 99.4 [93.6, 104.3] 99.3 [93.5,103.8]
1990s 66.8 [58.8, 76.6] 34.5[30.3, 40.0] 84.3[75.6,92.3] 96.7 [90.3, 105.5] 96.6 [90.3, 105.3]
2000s 65.1[57.4,74.2] 324[284,37.6] 85.3[77.2,94.1] 100.0[93.4, 105.1] 99.9[93.6, 105.4]

values of SSF being 27,4, 42, 57 and 45 Mt/year respectively), while the
dams planned for the far future (scenario D) reduce the SSF further still
to 38%, 7%, 49%, 57% and 44% of the levels of the 2000s (with the
projected future values of SSF being 26, 2, 41, 56 and 45 Mt/year
respectively).

Fig. 5 provides a visualisation of the variation of the annual trapped
sediment mass, and the cumulative, increase in sediment mass trapped
behind the dams, for the period from 1980 to 2100, as projected by INCA
under the RCP8.5 scenario for all constructed and planned dams
(i.e., Scenario D from Fig. 4). In this diagram the results are grouped to
show the accumulated impact of trapping behind dams located in
each of the Mekong's countries. Note that a total of 7 dams are located
on the border between two countries (PDR Lao-Cambodia or PDR Lao-
Thailand) and these are shown in the “Transboundary” category
(lower right panel in Fig. 5). For reference, Fig. 6 shows the variation
in time of the total reservoir storage per country.

4. Discussion

Although previous studies (Kondolf et al., 2014; Kummu et al., 2010)
have sought to quantify the impact of damming on the suspended sed-
iment load of the Mekong River, to date none have considered the com-
bined impacts of damming and human-induced changes in climate. In
this study we demonstrate that these two drivers of change have oppos-
ing impacts on the Mekong's future suspended sediment load. However,
although anthropogenic climate change is expected to increase river
flows and suspended sediment fluxes to the delta, the climate-driven
uplift in future sediment flux is not large enough to fully compensate
for sediment retention by dams and reservoirs.

The climatic projections used in this study indicate that mean annual
average temperature over the Mekong catchment is expected to in-
crease by between 2 (RCP4.5) and 3 (RCP8.5) degrees Celsius by the
2060s. Precipitation is also expected to increase, especially during the
rainy season, by 10% in 2030-2060 and by 26% in 2060-2090 under
the RCP4.5 scenario. The RCP8.5 projections predict a similar, but
slightly larger, increase of precipitation. The combined effect of these
changes on INCA simulated flows is an increase in the mean annual
river flow, of up to 70% compared to current values at Kratie (which is
located close to the apex of the delta), as shown in Fig. 4. Climate change
is therefore expected to increase flows towards the delta, consistent
with Wang et al. (2017), who also projected a sharp increase in flood
magnitude in the Mekong.

Regarding future fluxes of sediment, our study suggests that the
mean annual Suspended Sediment Flux (SSF) to the Mekong delta (as
computed at Kratie), has recently (1980-2009) been as high as 99
(93-103) Mt/year. This INCA-derived estimate of the near-
contemporary SSF is broadly consistent with previous estimates derived
from measurements, such as those of Darby et al. (2016) (87.4 +
28.7 Mt/year, computed also at Kratie, for the time period

1981-2005); Kummu and Varis (2007) (81 Mt/year at Kratie, over the
time period 1995-2000) and Lu et al. (2014) (113 Mt/year at Pakse,
400 km upstream of Kratie, over the time period 1993-2000).

What our study highlights, however, is that rapid changes within the
Mekong catchment have in effect rendered these prior empirical esti-
mates of SSF redundant. In particular, the rapid increase in damming in-
tensity in the first and second decades of the 21st century (the total
storage of the Mekong catchment dams was 22,200 Mm® in 2000,
46,300 Mm® in 2010 and will reach 147,000 Mm? in 2020) are reflected
in a major transition in the Mekong's SSF in the same period. Specifi-
cally, in the upper part of the catchment (Luang Prabang), SSF was 68
[60, 78] Mt/year for the period 1980-2009, but is projected to decrease
to 2623, 30] Mt/year for the 2010-2019 decade and 24 [21, 28] Mt/year
for the 2020-2029 decade, under the RCP4.5 scenario. In the long term
(2070-2099), SSF at Luang Prabang is expected to recover slightly, up to
38 [33, 43] Mt/year. At Kratie, SSF is projected to decrease from 99 [93,
103] Mt/year during the 1980-2009 period to 46 [40, 51] Mt/year for
the 2010-2019 decade and 43 [37, 47] Mt/year for 2020-2029, under
the RCP4.5 scenario (decreases of 53% and 57%, respectively, since
1980-2009).

In the long term (2070-2099), SSF at Kratie is, as the effects of an-
thropogenic climate change become relatively more pronounced as
the century progresses, expected to recover slightly to 62 [56, 68] Mt/
year, i.e. around two thirds of what it was in 1980-2009. Nevertheless,
the scale of reduction in sediment load is still substantial, reinforcing re-
cent work that highlights how the opportunity to manage the Mekong's
dam portfolio to limit the adverse potential for sediment trapping is al-
ready severely constrained (Schmitt et al.,, 2019).

As noted above, our findings also highlight that, according to the cli-
mate scenarios, SSF should recover in the longer term, although not
enough to attain the levels of the recent (1980-2009) period. At
Luang Prabang, SSF should increase by 26% (compared to 2010-2029
levels) by 2070-2099 under the RCP4.5 scenario and by 38% under the
RCP8.5 scenario. At Kratie, these figures are 27% and 31%, respectively.
Fig. 4 summarises this situation: if no more dams are built (scenario B;
unlikely), SSFs should be able to recover to past levels towards the
end of the century in the downstream part of the catchment (Pakse,
Stung Treng, Kratie), but should not be able to recover in the upstream
part (Luang Prabang, Mukdahan). However, if all planned dams are
built, the lower Mekong catchment will also experience a long-term de-
cline in sediment fluxes, with significant implications on livelihoods in
the delta.

It must be highlighted that for a comprehensive analysis of the delta
dynamics, all the component of the delta sediment balance should be
considered, including inputs from upstream, wave and tide erosion,
subsidence, etc. This paper focuses on a single component of this bal-
ance, the inflow from the river. The results of the present study certainly
contribute to the understanding of the whole sediment balance in the
delta and are fundamental for the quantification of its sediment inputs.
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Fig. 4. Flow and suspended sediment flux (SSF) projections driven by the GFDL climate model results under two RCP and three damming scenarios: B) considering all dams built before
2020 or under construction; C) considering all dams planned for the near future (i.e., up to 2030); D) considering all dams planned for the far future (i.e., after 2030). Scenario A (consid-
ering only dams built before 2010) is not projected into the future as is not feasible anymore. Note that the suspended sediment flux curves under scenarios C and D partially overlap. The

shaded areas represent the 90% CL

However, other processes occur in the delta that might play a relevant
role and were not within the scope of the present study.

5. Conclusion

In this study, the impact of sediment trapping caused by damming
and of climate change on the sediment fluxes of the Mekong River
was quantified. This paper provides the first joint damming-climate
change impact assessment for the Mekong River, filling the gaps of

previous studies. The results suggest that the rapid increase in damming
intensity in the first and second decades of the 21st century will have a
major effect on the supply of sediment transmitted through the Mekong
River. Specifically, the suspended sediment flux in the lower Mekong is
expected to change from 99 [93, 103] Mt/year to 43 [37, 47] Mt/year by
2020-2029 (57% decrease). Our simulations highlight that these de-
clines will not be recovered, despite a projected increase in runoff and
sediment transport towards the end of the century, as a consequence
of climate change.
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The major declines in suspended sediment loads and associated
problems that our INCA projections indicate have already started to
manifest in the last two decades. Our simulations highlight that these
declines will not be recovered despite a projected increase in runoff

and sediment transport by 2100 caused by climate change. Thus, they
present a major challenge for sustainable development across the Me-
kong basin. For example in the upper reaches of the Lower Mekong
Basin (at stations such as Luang Prabang and Pakse), declining sediment
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loads are likely to result in in-channel erosion, with potential adverse
impacts on riparian communities and infrastructure, as sediment
starved waters released from dams remobilise sediments stored in the
Mekong floodplains (Kondolf, 1997). Further downstream, the dramatic
decline of SSF delivered from the Lower Mekong (Kratie) presents an
existential threat to the Mekong delta. Fluvial sediment deposition on
the delta plains, is the only mechanism capable to offset the effects of
relative sea-level rise and is very likely to decline. Moreover, a deficit
in sediment deposition also threatens the sustainability of agricultural
systems and local livelihoods in the delta.

Our results highlight how these local impacts arise from the effects
of dams located in distinctive upstream jurisdictions in this transna-
tional basin. Our results show that by 2020 47% of the total retained sed-
iment mass was trapped by dams built in PR China, 13% by dams in
Cambodia and 21% by dams in PDR Lao, however these figures will
change to 35%, 19% and 27%, respectively by 2050, if all planned dams
are built. Transboundary dams, mostly built on the PDR Lao-Cambodia
and PDR Lao - Thailand borders, are projected to trap 10% of the total
trapped sediment by 2050. It is clear that efforts to mitigate severe re-
ductions in SSF will require effective cooperation and governance across
borders.
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