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A bstract

A sharp decrease in total suspended solids (TSS) concentration has occurred in the Mekong River after the closure of the
Manwan Dam in China in 1993, the first of a planned cascade of eight dams. This paper describes the upstream developments
on the Mekong River, concentrating on the effects of hydropower dams and reservoirs. The reservoir-related changes in total
suspended solids, suspended sediment concentration (SSC), and hydrology have been analyzed, and the impacts of such

possible changes on the Lower Mekong Basin discussed. The theoretical trapping efficiency of the proposed dams has been

computed and the amount of sediment to be trapped in the reservoirs estimated. The reservoir trapping of sediments and the
changing of natural flow patterns will impact the countries downstream in this international river basin. Both positive and

negative possible effects of such impacts have been reviewed, based on the available data from the Mekong and studies on

other basins.
© 2006 E lsevier B .V. A ll rights reserved.
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1. Introduction

Dam construction has increased secure water supply by

28% globally, a figure expected to grow to 34% by 2025

(Postel et al., 1996). Currently, 2.2% of the world's
primary energy production is generated by hydropower
installations. As a consequence of dam and reservoir
consumption, the water renewal time of the world's rivers
has increased dramatically from 20 to 100 d (Golubev,
1993). The self-purification capacity of rivers has de-
creased. Pronounced environmental consequences are
expected, following profound in riverine hydrology and

ecology.

Reservoir construction currently represents the most
important influence on land–ocean sediment fluxes
(Walling and Fang, 2003). Around 70% of the world's
rivers are intercepted by large reservoirs. A notable threat
to the sustainability of reservoirs is sedimentation. It is
estimated, that 1% of the existing storage volume in the
world is lost each year. The theoretical sediment trapping

efficiency in these reservoirs are high, half of the reser-
voirs showing a local sediment trapping efficiency of 80%

or more (Vörösmarty et al., 2003). In some basins, such

as the Colorado and N ile, sediment is trapped completely
due to large size of the reservoirs and flow diversion

(Vörösmarty et al., 2003; Walling and Fang, 2003).
According to Williams and Wolman (1984) and Graf
(2005) the trapping eff iciency of large reservoirs
(VolumeN107 m3) is commonly greater than 99%,
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depending on the characteristics of the sediment, inflow,
and the reservoir. Trapping efficiency for smaller dams
ranges between 10 and 90% (Brune, 1953).

In the Mekong region, especially in countries such as
China and Thailand, rapid economic growth has increased
the pressure for greater hydropower production and other
water-related developments, such as large-scale irrigation.

In 2005, China had completed two hydropower dams on
the Mekong, and has two dams under construction and
four dam planned (Plinston and He, 1999; McCormack,
2001; Dore and Yu, 2004). Thailand, Laos, and Vietnam
have build several dams on the Mekong tributaries (e.g.
Australian Mekong Resource Centre, 2003; Mekong
River Commission, 2003), and plan more, while the

Fig. 1. The Mekong Basin and the constructed and projected dams in the mainstream and measurement stations. The locations of the dams (inset) are
not georeferenced. Source for the GIS data: Mekong River Commission (2004); source for the basin information: Meade (1996), Milliman andMeade
(1983), Mekong River Commission (1996), and Mekong River Commission (2003).

276 M. Kummu, O. Varis / Geomorphology 85 (2007) 275–293



irrigation structures in both the tributaries and the
mainstream are also increasing (Hori, 2000).

This paper focuses on the hydropower dams and their
reservoirs in the Upper Mekong, and their impacts on
the Lower Mekong Basin (LMB). It also reviews the
importance of impacts of tributary-based hydropower
developments on the Mekong Basin. The main objectives
of the paper are:

• to provide an overview of the impacts of dams and
reservoirs on sediment transportation and analyze the
existing total suspended solids (TSS) and suspended
sediment concentration (SSC) data in selected
stations in LMB;

• to estimate the theoretical trapping efficiency of the
proposed dams in Yunnan;

• to analyze potential and observed changes in sedi-
ment transportation, geomorphology, and hydrology
in the Lower Mekong River, due to construction of
hydropower dams on the Upper Mekong in south
China.

The Mekong is a transboundary river, which raises
political and economic questions among the basin's
countries. However, this paper focuses specifically on
impacts of the Yunnan hydropower development on the
environment, and does not discuss the political and eco-
nomic issues. These issues have been addressed in recent
studies (see e.g. Bakker, 1999; Plinston and He, 1999;
Öjendal, 2000; Dore and Yu, 2004; Feng et al., 2004;
Makkonen, 2005; Keskinen et al., 2007; Yu, 2003).

This paper consists of five parts. First, the Mekong
River and its basin are introduced, followed by a de-
scription of upstream hydropower dam construction in
southern China. Next the data and methodology are pre-
sented, followed by an analysis of changes in suspended
sediment concentration and hydrology. Finally, the paper
discusses the impacts of these changes to the Lower
Mekong Basin.

2. The Mekong River and its basin

With approximately 475 km3 of water that it carries
each year from a basin of 795,000 km2, the Mekong is
the world's 8th largest river (Mekong River Commis-
sion, 2003; Campbell, 2005). It is also one of the
world's most pristine large rivers. The Mekong Basin is
shared by six countries, and is usually divided into two
parts which are:

• Upper Mekong Basin (including parts of the basin in
China and Myanmar).

• Lower Mekong Basin (including parts of the basin in
Lao PDR, Thailand, Cambodia and Vietnam).

The Mekong originates in the eastern Tibetan high-
lands, at an altitude of 4970m abovemean sea level. From
Tibet, the river crosses the Chinese provinces of Qinghai
and Yunnan, flowing through narrow gorges in a very
steep topography for most of its upper course. After
leaving China, the Mekong marks the border between
Myanmar and Lao PDR. Further downstream, the river
runs through Lao PDR, Thailand, Cambodia, and
Vietnam to the South China Sea (Fig. 1).

Altogether, more than 70 million people live in the
basin, about 54.8 million in the lower Basin (Mekong
River Commission, 2003). A large part of the lower basin
population directly depends on natural ecosystems for
their livelihood. Fisheries and croplands are important
sources of food and income. For China, the Mekong is
especially important as a source of hydropower and for
transportation (Makkonen, 2005).

2.1. Hydrology of Mekong

The climate in the Mekong Basin varies from tropical
to cool temperate. On the Tibetan plateau the high peaks
are permanently snow-capped, while most of the lower
basin is tropical. Part of the dry season flow and the rise
to the wet season stage come from snowmelt. In the
lower parts of the basin, the climate is seasonal. Between
November and February the Northeast Monsoon brings
dryness and cooler temperatures, while the Southwest
Monsoon dominates the hot wet season from June to
September.

Table 1
Mekong mainstream: mean annual flows at selected locations
(modified from Plinston and He, 1999; WUP-A, 2001)

Mainstream
site

Years
of
record

Catchment
area
(103 km2)

Mean annual flow

Volume
(km3)

Discharge
(m3 s−1)

Runoff
(mm)

Xiaowan 30 113 38 1220 336
Jinghong 30 141 59 1870 418
Chinese

border
168 74 2340 440

Chiang
Saen

36 189 85 2700 450

Luang
Prabang

48 268 121 3800 450

Vientiane 84 299 143 4500 480
Nakhon

Phanom
70 373 232 7300 620

Mukdahan 71 391 251 8000 640
Pakse 73 545 318 10,000 580
Kratie 44 646 440 14,000 680
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Table 1 summarises the average annual discharges
for the Mekong River at selected stations. The locations
of each site are in Fig. 1. The tributaries in central and
southern Laos are the most important contributors to the
Mekong's flow in the lower basin (Fig. 2). The Cam-
bodian floodplains and Mekong Delta receive more than
90% of the available water resources and 95% of the
total suspended sediment flux from upstream. This part
of the basin is directly dependent on the conditions of
the Upper Mekong.

The 189,000 km2 catchment area of the Upper
Mekong Basin in China and Myanmar is 24% of the
total area, and contributes 18% (mean annual discharge
2710 m3 s−1) of the total runoff (Mekong River
Commission, 2003). Although only 18% of the flow

comes from the upper basin, it is important for the lower
basin south of the China border (WUP-A, 2001) for the
following two reasons:

▪ runoff from Yunnan, China, dominates the dry season
flow throughout much of the overall Mekong system.
Although the average yearly runoff from Yunnan is
only 16% of the total runoff, it is over 35% for April
and May. Any modification of the seasonal regime of
the upper river therefore may have significant con-
sequences as far downstream as Mekong Delta in
Vietnam (Fig. 3).

▪ proposed Lancang Cascade with 8 dams will have a
total storage capacity of over 40 km3 and an active
storage of over 23 km3.

Fig. 3. Mekong River: percentage contribution of the Upper Mekong Basin to mean monthly flow at selected sites (Adamson, 2001). Reproduced
with permission from International Water Power and Dam Construction.

Fig. 2. Mean flows at selected sites in the Mekong mainstream, and an indication of the major tributaries and their contribution in each reach.
Hydrographic data from 1960–2000 from Mekong River Commission (2004).
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2.2. Sediment transport in the Mekong River

Sediment transport rates in the Mekong are poorly
documented and there is no reliable definitive study. A
few estimates of transport have been made, without
reference to the original data or method (e.g. Milliman
andMeade, 1983;Milliman and Syvitski, 1992; Roberts,
2001). Estimates of annual sediment flux of Mekong
range from 150×109 kg to 170×109 kg (Table 2). Even
though the estimates are consistent, no reliable picture of
the total sediment flux of Mekong can be given as the
referred sources haven't mentioned the original source or
method of the estimate. The only source of data from
China (Table 2) are the studies summarized in Plinston
and He (1999).

In contrast, data from a number of measurement
stations on the Mekong mainstream are available for
suspended solid concentrations, starting from the 1960s
(Mekong River Commission, 2004). Part of this data is
presented and analyzed in this paper. Walling (2005)
gives also good overview and evaluation of the available
sediment data in Mekong.

According to Gupta and Liew (2007-this issue) most
of the sediment in the Mekong upstream of Cambodia
appears to be stored inside the channel, either on the bed
or as insets against rock-cut banks. Unlike certain other
large alluvial rivers such as the Amazon and Fly, little
sediment exchange occurs between channel and flood-
plain in the Mekong, except in the Cambodian lowlands
and the Mekong Delta in Vietnam, where the river
overtops its banks during the rainy season and also has a
laterally-shifting channel (Gupta et al., 2002; Gupta and
Liew, 2007-this issue).

No reliable data on bedload is available for the
Mekong Basin. Thus, with the current information, one
very important part of the sediment transport and impacts
of dams cannot be analyzed.

3. Dams on the Upper Mekong in Yunnan

The Lancang (as the Mekong is known in Yunnan)
Cascade of dams in Yunnan, China, is a very large engi-
neering project. Eight hydropower dams (Fig. 1) have
been planned taking the advantage of an 800 m drop over
750 km of river in the middle and lower sections of the
Yunnan stretch of the Mekong (Plinston and He, 1999).

3.1. Lancang Cascade

The first dam on theMekongwas completed in 1993 at
Manwan, China (Fig. 1). Manwan started generating
power three years later in 1996 (Dore and Yu, 2004;
Plinston and He, 1999). The second dam was completed
in October 2003 in Dachaoshan (Dore and Yu, 2004). The
total storage of the Manwan and Dachaoshan dams are
0.92 km3 and 0.89 km3 respectively (Plinston and He,
1999).

Table 2
Estimations of mean annual sediment transport rates in Mekong

Source From China
(% / ×109 kg)

Total in
Mekong
(×109 kg)

Milliman and Meade (1983) 160
Milliman and Syvitski (1992) 160
ADB (1997; ref Plinston and He, 1999) 50% 150–170
Roberts (2001) 50% 150–170
You (1998; ref Plinston and He, 1999) 84.8×109 kg
Department of Hydrology, Ministry of

Water Resources, China (1992; ref
Plinston and He, 1999)

74×109 kg

Table 3
Completed and proposed dams and reservoirs on the Upper Mekong (Lancang) River in Yunnan (adapted from Dore and Yu, 2004; McCormack,
2001; Permpongsacharoen, 2002; Plinston and He, 1999) (n/a means not available)

Dam site Elevation
asl (m)

Watershed
area (km2)

Average
inflow
(mcm)

Total
storage
(mcm)

Active
storage
(mcm)

Installed
capacity
(MW)

Annual
energy
(GWh)

Inundated
area (ha)

Dam
height
(m)

Progress

Gonguoqiao 1319 97,200 31,060 510 120 750 4060 343 130 Designed
Xiaowan 1236 113,300 38,470 14,560 9900 4200 18,990 3712 300 Building

2001–10
Manwan 994 114,500 38,790 920 257 1500 7805 415 126 Building

1986–93
Dachaoshan 895 121,000 42,260 890 367 1350 7021 826 118 Building

1996–2003
Nuozhadu 807 144,700 55,190 22,400 12,300 5500 23,777 4508 254 Designed
Jinghong 602 149,100 58,030 1233 249 1500 8059 510 118 Building

2004+
Ganlanba 533 151,800 59,290 n/a n/a 250 780 12 n/a Designed
Mengsong 519 160,000 63,700 n/a n/a 600 3380 58 n/a Designed
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China plans to build six more dams on the Mekong
mainstream (Table 3). The Xiaowan Dam, the second
largest dam in China after the Three Gorges (dam height
292 m, reservoir length 169 km), has been under con-
struction since 2001. According to CPN (2004), con-
struction of the Jinghong Dam also has started. The total
storage volume of the constructed and projected reser-
voirs in the eight-dam cascade would be around 40 km3

which is more than half of the current total annual
discharge of 73.6 km3 from the upper basin up to the
Chinese border. Hence, the reservoirs of the cascade
would be able to store more than half the current annual
discharge of the Mekong flowing out of China.

3.2. Sediment trapped by Manwan Dam

Little information is available on sediment trapping
rates by the Manwan Dam. Analysis of bathymetric
surveys at Manwan hydropower station in 1996, three
years after the closure of the dam, determined the ele-
vation of the bottom of the reservoir as 913.8 m, 30 m
higher than when it was constructed (He et al., 2004). The
same survey found that after three years, the silting rate
and loss of active storage had reached rates expected for
the 5th and 15th years of operation respectively. Themean
annual sediment deposition in the reservoir was estimated
to be 60×109 kg (He et al., 2004). This can be compared
to the total annual suspended sediment (SS) load at Gaiju
(15 km downstream from the Manwan Dam), which is
50.5×109 kg as calculated from the SSC data between
1953–1991 (He et al., 2004). These figures suggest that
the dead storage of the dam (0.662 km3) might be reached
in about 15–17 years.

If the Xiaowan Dam is not built upstream of the
Manwan and Dachaoshan dams (Fig. 1), these will fill up

with sediment relatively fast. Xiaowan, with its large
reservoir capacity of 14 km3, has a much longer life span
than the considerably smaller reservoirs of Manwan and
Dachaoshan. Thus, apart from producing hydroelectric-
ity, Xiaowan would act as a sediment buffer for down-
stream reservoirs.

3.3. Possible impacts of the dams

The hydropower potential of the Lancang River is
unquestionable, and the dams probably would have some
positive impacts downstream (Plinston and He, 1999;
Hori, 2000;Mekong River Commission, 2003). However,
strong concerns have been expressed about the negative
impacts of the dams on the lower basin and the river (e.g.
Blake, 2001; Mekong River Commission, 2003; Pearce,
2004a,c). Table 4 summarises such possible impacts.

4. Materials and methods

4.1. Data

The data used for the analysis of concentration and
fluxes of suspended sediment concentration (SSC) and
total suspended solids (TSS) in the Mekong mainstream
are from the Mekong River Commission's databases
(Mekong River Commission, 2004). The following two
databases were used:

• The MRC hydrological database (HYMOS) includes
SSC data from 1962 until 2002. Measurements are
based on the depth integrated method, with varying
sampling frequency. There are 14 stations in the
Mekong mainstream and 46 in the tributaries, all
within Thailand or Lao PDR territory.

Table 4
Possible positive and negative impacts of the hydropower projects in China on LMB (Blake, 2001; Hori, 2000; Mekong River Commission, 2003;
Pearce, 2004a,b; Plinston and He, 1999)

Action Positive impacts Negative impacts

Controlling the
flow

Increase capacity for flood control Changes in the river's natural flow pattern, and possible increase of flow fluctuation
More assured dry-season flows Increase average downstream dry-season flows; permanent flooding of important

ecosystems
Increase navigation options Decrease wet season flows
Reduce saline intrusion in Delta
(higher dry-season flow)

Shift of the flood regime, flood arrival delays, shorter flooding period

Creation of extra irrigation opportunities
Trapping of
sediments

Ease navigation in LMB, less problems
with sedimentation

Decrease flux of sediments and nutrients

Increase geomorphological changes, such as bank erosion and bed degradation
Blocking the
river

Block migration routes of fishes
Divide/fragment river ecosystems, disturb local biodiversity
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• The MRC Water Quality Monitoring Network
(WQMN) database includes TSS data from 1985
until 2000. TSS is sampled just below the water
surface once per month. There are 18 stations in the
Mekong mainstream and 37 stations in Mekong
tributaries in all four LMB countries.

The stations selected for this analysis were based on
the years when data was available and the location of the
station. Data from five HYMOS and four WQMN
stations in the Mekong mainstream were used (Table 5).
No data were available from stations in China and thus
the data summarised by Plinston and He (1999) were
used.

The datasets included daily discharge (m3 s−1) and
either the SSC (HYMOS) or TSS (WQMN) concentra-
tions (mg l−1). Analysis time was divided into the periods
before and after the Manwan Dam closure in 1993. A
complete time series of discharge were available for the
whole period (1962–2002). Amajor gap exists in the SSC
data between the mid-1970s and 1985, because of the
unstable political situation in theMekong area. Collection
of TSS samples started in 1985. The extent of the data
available from each station is presented in Table 5. The
location of each station is presented inFig. 1.

Sediment sampling for the MRC hydrological
database (HYMOS) follows the United Stated Geolog-
ical Survey procedures, with special modifications for
conditions in the Mekong (Mekong River Commission,
1992). Samples are normally taken from three vertical
sections, each representing an approximately equal
portion of the total stream discharge. Samples are taken
with USD 49, USP 46 and P 61 point integrated
samplers. The depth-integrated method is employed
whenever it can be used with a single traverse of the
vertical. If the depths are such that two or more traverses
are required to sample the complete depth, point samples

at 0.2 and 0.8 of the total depth are taken instead of
depth-integration and combined by the Straub method.
Exceptions to this rule are the samples analyzed
for particle-size determination. These are collected by
the depth-integration method, even when two or more
traverses are required (Mekong River Commission,
1992).

InMRCWater QualityMonitoringNetwork (WQMN)
database the TSS samples were collected at 0.3 m below
the water surface in the middle of the mainstream cross
section at each station. The samples were filtered (e.g.
Morris and Fan, 1998) on 0.45 μm (Millipore™) and the
sediment concentration of the sample was calculated from
the dry weights (Tin, 2004).

The HYMOS and WQMN datasets were processed
separately, as the measurement techniques and analyzed
parameterswere different. Rating curves for SSC and TSS
against the flow of the measured day were constructed for
both datasets. The Power type of rating curve was used.
TSS and SSC concentrations were calculated at selected
stations for each day of the year for which the sediment
data were available.

The SSC and TSS concentrations and fluxes were
compared before and after the Manwan Dam closure in
1993. Also, if both measurements (SSC and TSS) were
available for a station, the results have been compared
and used for mutual validation.

4.2. Computing sediment trapping efficiency of
reservoirs

The suspended sediment load trapped by the Manwan
reservoir can be compared to the theoretical amount
calculated with the following sediment retention func-
tion. The same method can be used for predicting the
total trapping efficiency of the eight-dam cascade in
Yunnan.

Table 5
Summary of the suspended sediment data availability in LMB

Database Station Pre-dam (1962–1992) Post-dam (1993–
2002)

Years Samples Years Samples

MRCS hydrological database (HYMOS) Parameter: SSC Chiang Saen 62, 68–75 414 N/A N/A
Luang Prabang 62, 85–92 270 97–02 51
Nong Khai 72–78, 81–92 588 94–02 280
Mukdahan 62–82, 84–92 1030 93–02 326
Pakse 62, 90 66 97–02 60

MRCS Water Quality Monitoring Network database (WQMN) Parameter: TSS Chiang Saen 85–92 92 93–00 96
Luang Prabang 85–92 71 93–00 87
Pakse 86–92 68 93–00 84
Kratie N/A N/A 95–00 50
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The theoretical trapping efficiency (TE) for an indi-
vidual reservoir or for a group of reservoirs is determined
by the following empirical relationship ofBrune (1953).

TE ¼ 1� 0:5
ffiffiffiffiffiffiffiffi
DsR

p ð1Þ

Where, ΔτR is the local residence time change
calculated with Eq. (2)

DsR ¼
Pnj

1
Vi

Q
ð2Þ

Where, Vi is the storage capacity of the ith reservoir
in the jth regulated sub-basin (km3) and Q the discharge
at the mouth of the jth sub-basin (km3 a−1). The Brune
method for calculating the theoretical TE is simple and
does not require any detailed data of the reservoir or
sediment. Thus, this technique can be applied for the
dams of the Lancang Cascade where available data are
extremely scarce.

This methodology was originally developed for reser-
voirs in the United States, but is widely used for other
parts of the world as well (e.g. Siyam et al., 2001). It
provides reasonable estimates of long-termmean trapping
efficiency (Morris and Fan, 1998; Vörösmarty et al.,
2003). Thus, among the available methods (e.g.USArmy
Corps of Engineers, 1989; Siyam et al., 2001) Brune's
was deemed most suitable for estimating the trapping
efficiency of the reservoirs on the Upper Mekong.

4.3. Analysing downstream morphological changes

Dams change two critical elements of the geomorphic
system: the ability of the river to transport sediment, and
the amount of sediment available for transport (e.g.
Grant et al., 2003). If the transport capacity exceeds the
available supply, the flow may become sediment-starved
and the channel can be expected to erode sediment from
its bank and/or bed. If the transport capacity is less than
the available supply, the channel can be expected to

Fig. 4. Response domain for predicted channel adjustment in relation to the fractional change in T* and S* (Grant et al., 2003). Reproduced with
permission from American Geophysical Union.

Table 6
Water discharge, SSC and TSS concentrations and fluxes in analyzed stations along the Lower Mekong River divided to pre-dam and post-dam
periods

Station Discharge HYMOS WQMN

Pre-dam Post-dam Pre-dam Post-dam Pre-dam Post-dam

Q Q SSC Flux SSC Flux TSS Flux TSS Flux

(m3 s−1) (m3 s−1) (mg l−1) (×109 kg) (mg l−1) (×109 kg) (mg l−1) (×109 kg) (mg l−1) (×109 kg)

Chiang Saen 2741 2648 449 71 484 71 215 31
Luang Prabang 3623 4300 555 133 284 71 440 93 183 48
Nong Khai 4309 4757 297 76 219 72
Mukdahan 7452 7724 196 88 247 129
Pakse 8551 9913 136 101 218 133 156 111
Kratie 13732 90 81
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accumulate sediment. Typical downstream responses are
channel bed degradation or incision, textural changes
such as coarsening or fining of surface grain-size
distribution, and lateral adjustments, including both
expansion and contraction of channel width (e.g.
Williams and Wolman, 1984; Kondolf, 1997; Brandt,
2000; Grant et al., 2003). The form and intensity of the
downstreammorphological changes due to dams depend
on the characteristics of the river, and on the pre- and
post-dam conditions in flow regimes and sediment load.

Grant et al. (2003) developed a conceptual and
analytical framework for predicting geomorphic response
of rivers to dams. Their analytical framework is based on
two dimensionless variables: ratio of sediment supply
below to above the dam (S*), and fractional change in
frequency of sediment-transporting flows (T*). Predicted
downstream effects of dams in relation to these two
variables can therefore be presented as a bivariate plot of
T* and S* (Fig. 4).

Brandt (2000) developed a classification of the geo-
morphological effects downstream of dams, based on the
balance between water discharge and sediment load.
According to this classification it is possible to estimate
the resulting cross-sectional morphology, depending on
changes in released water flow and sediment load
relative to the transport capacity of the flow.

5. Suspended sediment, the Lower Mekong

5.1. Suspended sediment load

Prior to the closure of the Manwan Dam, around
71×109 kg, or roughly 50%, of the total suspended
sediment flux of the Mekong Basin annually originated
from China. The post-Manwan Dam TSS flux is only

31×109 kg, a TSS flux drop of 56% after the closure of
the first dam in the Lancang Cascade (Fig. 6). However,
based on the analysis presented in report by Walling
(2005) the suspended sediment flux has not been
decreased in Chiang Saen after the closure of theManwan
Dam. The analysis is based on the SSC data.

Table 6 presents the average annual discharge, and SSC
and TSS concentrations and fluxes, at stations (Table 5) on
the Lower Mekong River. The first set of columns sum-
marizes the discharge data, the following two set of col-
umns the HYMOS and WQMN data. Both datasets
separate the situation before theManwan Damwas closed
(1962–92) from the conditions after 1993.

After the dam at Manwan was closed in 1993, a sharp
decline in the suspended sediment flux was seen at
Chiang Saen, the most upstream MRC gauging stations
on the Mekong, approximately 660 km downstream
from the Manwan Dam and 290 km from the China
border. The annual SS flux dropped from 71×109 kg to
31×109 kg (Fig. 6), while the TSS concentration
dropped from 484 mg l−1 to 216 mg l−1. The same
trend was seen at Luang Prabang (647 km downstream
from China) and Nong Khai (1104 km downstream from
China), next stations downstream from Chiang Saen. In
Mukdahan (1534 km downstream from China) and
Pakse (1787 km downstream from China), the HYMOS
data show an increasing trend in sediment flux after the
closure of Manwan. Interestingly, the data for Pakse in
WQMN database show a decreasing trend in sediment
concentration. Only data for post-dam period are avail-
able for Kratie (2095 km downstream from China), the
furthest downstream station considered.

The average suspended sediment fluxes from the
HYMOS and WQMN datasets, of pre- and post-dam
period, and their relative change, are presented in Fig. 5.

Fig. 5. Suspended sediment fluxes in the lower basin (LMB), before and after dam closure: averages from HYMOS and WQMN datasets.
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The biggest change is at Chiang Saen, where the sus-
pended sediment flux dropped by 56%. The changing
situation at Chiang Saen is illustrated in Fig. 6. In Fig. 7,
the SSC and TSS are plotted against the discharge, for all
stations used in the analysis. The pre- and post-dam
periods are shown separately.

The monthly average TSS flux and concentration at
Chiang Saen and Pakse are presented before and after
1993 (Fig. 8). The reduction in the TSS flux and con-
centration is clear. The greatest difference in the TSS
concentration between pre- and post-dam periods oc-
curred in August and January in Pakse and October and
June in Chiang Saen. At Chiang Saen, 86% of the total
sediment flux occurred during the wet season (July–
October), whilst in Pakse the same figure was 93%.

5.2. Computing theoretical trapping efficiency in the
upper basin

The theoretical trapping efficiency was calculated
using Brune's method as discussed earlier. The trapping
efficiency was calculated for each dam separately, using
the data of flow discharges and storages from Plinston
and He (1999). For calculations regarding the total
cascade, the volumes of active storage of individual
dams were summarized. The discharge figure used is
from the proposed Mengsong damsite, which is the most

downstream dam in the Lancang Cascade (Plinston and
He, 1999).

The theoretical values of TE (Table 7) vary from 0.61
to 0.66 for the large reservoirs (107 m3bVolumeb109 m3)
and from 0.66 to 0.92 for the very large reservoirs
(VolumeN109 m3). The classification of large and very
large reservoirs is based on Graf (2005). On completion
of the whole cascade of dams it would theoretically trap
94% of the suspended sediment load coming from China
(Table 7).

Plinston and He (1999) reported that the average
annual sediment load at Gaiju (15 km downstream from
Manwan) was 50.5×109 kg. Based on the analysis made
in this study the annual suspended sediment flux at
Chiang Saen has dropped to around 38×109 kg after the
closure of Manwan Dam which would correspond to a
trapping efficiency of 0.75. The theoretical trapping
efficiency computes to 0.68 (Table 7). However, the
possible increased bank and bed erosion between
Manwan and Chiang Saen may have had some effect
on the changes in suspended sediment flux. Nonetheless,
the result of theoretical trapping efficiency is in the same
order of magnitude and therefore can be taken to approx-
imate the real trapping efficiency.

The trapping efficiencies for the eight-dam cascade
calculated here are of the same order of magnitude as
observed for efficiencies from other regulated basins

Fig. 6. Annual SSC and TSS flux (x109 kg), SSC and TSS concentrations (mg l−1), and discharge (m3 s−1) at Chiang Saen, northern Thailand. Annual
average SSC and TSS concentrations and fluxes are presented for three periods (1968–1975, 1985–1992, and 1993–2000).
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F ig. 7. The suspended sediment concentration plotted against the discharge for selected stations.
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round the world (Vörösmarty et al., 2003; Walling and

Fang, 2003), and parallel the results of Williams and

Wolman (1984) and Graf (1999).
The profile of the cascade of dams is presented in

F ig. 10, with height, head, approximate location and

water level, and elevation of each dam. The theoretical
trapping efficiency figures for each dam (Table 7) are
also included. It must however be noted that trapping in
downstream dams is influenced by what gets trapped

upstream. For example, even though the Nuozhadu

Dam, expected to be in operation in 2017 (Permpong-
sacharoen, 2002), has a very high theoretical trapping

efficiency (92%), most probably it would not trap much

sediment, because of its most downstream location.

6. Impacts on the Lower Mekong Basin

Upstream development may have both positive and

negative downstream impacts. The operation of the
reservoirs probably would lead to an increase in the dry

season flow and a decrease in flood peaks. Furthermore, it
may shift the period of flooding earlier in the year and

increase the fluctuation of the water level in the lower
basin. The two operating reservoirs are already trapping a
significant amount of sediment and trapping will increase if
the two dams construction are closed during the next
decade. This may lead to changes in hydrology, geomor-
phology, and biological productivity in the lower basin.

6.1. Hydrological changes

The possible effects of Chinese dams to the hydrology

of the lower basin have been analyzed by Adamson

Table 7

Results of the theoretical trapping efficiency calculations for individual
dams and the cascade

Qa (km3 a−1) V b (km3) dtRc (a) Bruned (TE)

Gonguoqiao 31.1 0.51 0.016 0.61

X iaowan 38.5 14.56 0.378 0.92

Manwan 38.8 0.92 0.024 0.68

Dachaoshan 42.3 0.89 0.021 0.66

Nuozhadu 55.2 22.40 0.406 0.92

Jinghong 58.0 1.23 0.021 0.66

Cascade 63.7 40.51 0.636 0.94

a D ischarge at the dam location (Plinston and He, 1999).
b Storage volume (Plinston and He, 1999).
c Eq. (2).
d TE calculated using the original Brune's method, Eq. (1).

F ig. 8. TSS fluxes (right) and TSS concentrations (left) at Chiang Saen and Pakse (monthly averages).

F ig. 9. Potential changes to average wet and dry season flows in the
Lower Mekong channel, given 10 and 20% regulation by hydropower
dams in Yunnan (Adamson, 2001). Reproduced with permission from

International Water Power and Dam Construction.
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(2001). The impacts of the Manwan Dam has been re-
ported by Lu and Siew (2006). Adamson's (2001) results
are summarized in F ig. 9, showing the potential changes
to average wet and dry season flows in the Lower Mekong

(see also F ig. 3). The 10% and 20% regulation, used in the
analysis of Adamson (2001), represent reallocation from

the wet to the dry season at Chiang Saen of 6.8 and

13.6 km3 of discharge respectively. The long term wet
season flow volume at Chiang Saen (1960 to 1991) is
68 km3 (Adamson, 2001).

The most significant effect of the dam operation would
be seen in northern Thailand and Laos, downstream of the
Yunnan cascade of dams. As presented inFig. 9, regulation

increases the dry season flow and correspondingly
decreases the wet season flow. During the dry season, the
impacts are greater because the Chinese part of dry season

flow is proportionally much larger than during the wet
season (Fig. 3). However, the areas most sensitive to flood

level change are the major Mekong floodplains downstream

from Kratie (see Fig. 1) (e.g. Kummu et al., 2004, 2005).
Lu and Siew (2006) conclude that water discharge of

the Mekong River has been influenced by the construc-
tion of Manwan Dam, although the extent of influence
remains relatively smal l at this point. The mean

discharge and seasonal discharge regimes have remained

within the recorded range, but the frequency and magni-
tude of water level fluctuations have increased consid-
erably in the post-dam period (1993–2000).

6.1.1. Positive impacts
Increased dry season flow decreases the risk of water

shortages and increases the options for dry season irri-

gation. In the Mekong Delta in Vietnam, increasing dry
season flow may reduce saline water intrusion, benefiting

rice farming and aquaculture. H igher water levels during

the dry season may also ease navigational activities in
many places.

6.1.2. Negative impacts
Regulation by dams changes the pattern of natural flow

in rivers, with potential negative impacts on riverine
habitats. The likely increase in average downstream dry-
season flow may flood important ecosystems, while de-
creasing wet season flow may impact biological produc-
tivity of smaller floodplains. A lso, the shift of the flood

regime may result in delays in flood arrival and shorter
flood periods, both having a negative effect on ecosystem

productivity, according to Junk's (1997) studies from

Amazon.
A 20% regulation at the Yunnan cascade would result

in a 50% increase in average discharge in March at Kratie
(Adamson, 2001). Such an increase in the dry season flow

would affect the lower basin floodplains, especially the
Tonlé Sap system, where the minimum water level would
increase from 1.57 m to 1.81 m above mean sea level
according to Danish Hydraulic Institute (2004). This
increase corresponds to the 26% of the water depth, the
bottom of the lake being at an elevation of 0.6 m. This rise
in water level would increase the minimum area and

volume of the lake from 2500 km2 to 2976 km2 and from

1.62 km3 to 2.37 km3 respectively. A DB (2004) estimates
that the dry season water level in Tonle Sap would rise as
much as 0.6 m due to the reservoir construction in
Mekong mainstream and tributaries. This would mean

F ig. 10. Profile of the Lancang Cascade of dams plotted with the location, height, head, and average theoretical trapping efficiency of each reservoir
(source: Dore and Yu, 2004; McCormack, 2001; Plinston and He, 1999).

287M. Kummu, O . Varis / Geomorphology 85 (2007) 275–293



even more dramatic change on the Tonle Sap ecosystem.
Large areas of seasonally flooded forest, situated on the
shore of the present dry season lake, would become per-
manently flooded with presumable changes to the eco-
system as the forest currently offers physical shelter on the
floodplain. Important habitats in other areas maybe
flooded permanently as well, with similar negative im-
pacts on the ecosystem.

The filling of new reservoirs in the cascade may have
short-term impacts downstream, depending on the time
taken to fill. Plinston and He (1999) report unusual low

water levels during the filling of the Manwan Dam in
1992–1993. During the dry season of 2004, just after the
Dachaoshan Dam was closed, extremely low water levels
were also measured in Laos and Thailand, as reported by

Pearce (2004b) among others. However, at the same time
extremely low rainfalls were reported in China, which

also partly explains the low dry-season water level.

6.2. Geomorphological changes

6.2.1. Downstream geomorphological changes
Following the construction of Manwan Dam, the

sediment concentration in the Mekong River was reduced

downstream. Thus following completion of the cascades,
sediment transport capacity will exceed available supply in
both dry and wet seasons, especially close to the damsites
as large amount of sediment would be trapped by the dams.
This would lead to downstream impacts such as channel
bed degradation, textural changes involving coarsening of
surface grain-size distribution, and lateral expansion. The
channel bed degradation and lateral expansion (e.g. bank

erosion) may harm local ecosystems (and hamper the
human use of the river) in many ways. According toGupta
and L iew (2007-this issue) the trapping of sediments by

dams in China may eventually lead the Mekong to be a
rock-cut canyon because very little exchange of sediment
occurs between the main channel and floodplain upstream

from Cambodian lowlands.
H igher dry season flows due to the pattern of dam

operation have more capacity to transport sediment.
However, lower wet season flows also have less capacity

to transport. This impact on the geomorphology of the
river is difficult to evaluate at present.

On the other hand, Hori (2000) argues that trapping of
sediment by reservoirs may also have positive impacts on

navigation by reducing sediment in the navigable routes,
thus making it easier to keep the channels clear. A lso, in
many watersheds, increasing erosion due to land-use
changes, especially deforestation, causes problems (e.g.
Ananda and Herath, 2003). Hence, trapping of sediments
upstream might reduce such problems downstream. To

date, there is no available information in the Mekong

Basin as to whether intensive deforestation in the region,
especially in Lao PDR, Myanmar, and Thailand (e.g.
Shmueli, 1999), has increased erosion and suspended

sediment fluxes to the mainstream.

6.2.2. Grant et al. (2003) method

The analytical framework developed by Grant et al.
(2003) was applied to evaluate downstream morphological
changes in the Mekong (see Section 4.3). Table 8 shows
the ratios of sediment supply below dams to the supply
above dams (S*). The time periods analyzed are (1) pre-
and post-Manwan Dam and (2) post-Lancang Cascade.
Sediment supply above the Manwan is 50.5 × 109 kg (He
et al., 2004). The sediment supplies below the dam at
Chiang Saen and Pakse are based on the analysis made in
this study for the pre- and post-Manwan Dam time
periods. The suspended sediment rate of the post-cascade
period is based on the trapping efficiency calculations for
the cascade, with the assumption that no new sediment
supply is available downstream, i.e. bank and bed

erosions do not increase significantly.
The fractional change in frequency of sediment-trans-

porting flows (T*) in present conditions is 1.0 throughout
the river. Using the hydrological analysis made by

Adamson (2001) for the impact of the cascade, T*

would be around 0.8 at Chiang Saen and close to 0.9 at
Pakse, based on the wet season results, when most of the
discharge and sediment transport occur (F ig. 10).
Predicted downstream effects of the dams, in relation to
S* and T*, are presented as a bivariate plot for two

stations: Chiang Saen and Pakse (F ig. 11).

Table 8

Calculation of S* for the Mekong in present conditions (after Manwan Dam) and in the future (assuming that the whole cascade of dams have
completed)

Catchment
area [km2]

Post-Manwan Dam Cascade

Sediment supply [× 109 kg] Sediment supply [× 109 kg]

Pre-dam Post-dam S* (pre) S* (post) Pre-dam Post-dam S* (pre) S* (post)

Chiang Saen 189,000 71 31 1.42 0.62 71 4.26 1.42 0.09

Pakse 545,000 133 106 2.66 2.12 133 66.26 2.66 1.33
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According to the method (Fig. 4) developed by Grant
et al. (2003) the impacts of the dams on the Mekong
downstream (bed scour, armoured channel, bar and island
erosion, channel degradation and narrowing) are high
close to dams and then decrease downstream, (Fig. 11).

6.3. Brandt (2000) method

The dry and wet seasons were considered separately
for the morphological changes analysis developed by
Brandt (2000). The results of the analysis are presented in
Table 9. In dry season, the discharge increases and the
sediment load is smaller than the transport capacity, be-
cause of the trapping effect of the dams inChina. Thus, for
dry season the Brandt's Case 7 (Brandt, 2000) has been
used. During the wet season, the discharge slightly de-
creases but not enough to affect the transport capacity, and
the resulting sediment load is smaller than the transport

capacity. Hence, for the wet season, the Brandt's Case 1
(Brandt, 2000) has been used.

The peak flows, especially close to China border, may
be reduced because of the dams, and the cross-section of
the channel may decrease. The nature of the decrease in
cross sections (depth and width ratio) depends on the
local conditions. It appears that the level of the river bed
would degrade due to sediment trapping. Impact on
floodplains is difficult to predict but riffles and pools will
most probably undergo erosion.

6.4. Biodiversity and biological productivity

The dams are trapping a large portion of the sediments,
which in turn may decrease the biological productivity as
part of nutrients are attached to the sediment. Fish and
other aquatic species are adapted to sediment-rich and
turbid conditions of the Mekong. It is possible that the
feeding and spawning conditions would be disturbed and
lead to declining biodiversity and productivity (Blake,
2001). The dams could also block the natural migration
pathways as none of the finished or projected dams have a
fish ladders or diversion channels.

In floodplains, the driving force for biological pro-
ductivity is the flood pulse. Junk's (1997) flood pulse
concept, developed for the Amazon, has been widely
accepted as describing highly productive floodplain
environments and the ecology of pulsing systems in
Mekong (see, for example,Lamberts, 2001; Bonheur and
Lane, 2002; Sverdrup-Jensen, 2002). Due to regulation,
the total area of floodplains would be reduced due to the
higher dry season and lower wet season water levels. This
would have direct impact on the productivity and also on

Fig. 11. Endpoint trajectories of downstream change for Chiang Saen (CS) (left) and Pakse, pre- and post-Manwan Dam, and post-cascade conditions.
See Fig. 4 for expected morphological adjustments to the channel.

Table 9
Morphological changes in Mekong downstream due to the Chinese
dams: based on/results of using Brandt's (2000) method

Wet season (Case 1) Dry season (Case 7)

Decrease Q Increase Q

LbK LbK

Cross-section area – +
Width ± ±
Depth ± ±
Bed level 0/degradation Degradation
Terrace Formation Disappearance
Riffles Erosion Erosion/deposition
Pools Erosion/deposition Erosion

K=transport capacity, L=sediment load, and Q=water discharge.
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fish feeding, spawning and nursery grounds. It may also
decrease the area of possible agricultural activities
fertilized by the silt and nutrients provided by the seasonal
flooding of the Mekong.

7. Discussion

In many stations the TSS and SSC data are dispersed
and available data limited. Quality of the data may also
vary from one station to another, as water samples from
different stations are not analyzed in the same laboratory.
This may increase the possible error in determining the
changes in suspended sediment fluxes and comparing
the results between different stations.

Two differentmethodswere used to collect samples for
determining the concentration of suspended material in
water. The Suspended Sediment Concentrations (SSC) in
the HYMOS database were produced by measuring the
dry weight of all the sediment in a known volume of
water–sediment mixture collected as an integrated
vertical sample. The total suspended solids (TSS) data
were produced by several methods, most of which entail
measuring the dry weight of sediment from a known
volume of a subsample of the original collected from the
surface water.

If particles are uniformly distributed in both the
vertical and horizontal dimensions then the TSS and
SSC would give the same results. However, if we hypo-
thesise that particles are not uniformly distributed because
heavier particles are closer to the bed in the vertical and
particle concentrations vary with flow rate in the hori-
zontal dimension, then SSC should better represent the
flux through a channel section as it is closer to a vertically
and horizontally integrated sample of the entire channel
than TSS. The TSS is collected at only one location mid-
channel at 0.3 m below the surface. Therefore, if sediment
particles are non-uniformly distributed in the vertical
dimension, and heavier ones remain closer to the bed, then
TSS would underestimate the total sediment flux. This
underestimation may be greatest when flows are highest
and the channel deepest during the flood season (when
fluxes are also at their peak).

In general, Gray et al. (2000) concluded that SSC
values tend to increase at a greater rate than the corre-
spondingly paired TSS values and data produced by the
SSC technique are more reliable according to his study in
the United States. SSC and TSS data collected from
natural water are not comparable and should not be used
interchangeably. Thus, the two datasets were analyzed
separately in this paper.

The sediment volume of the Mekong has been esti-
mated in other studies as 150–170×109 kg (e.g.Milliman

and Meade, 1983; Milliman and Syvitski, 1992; Roberts,
2001). However, no reliable calculations or source data
have been presented. To estimate the total flux ofMekong
is difficult as after Kratie large amount of the flood water
enters the floodplain where a part of the sediment is
deposited. Thus, the amount of sediment which finally
reaches the South China Sea is less than the total sediment
carried by the Mekong. According to the results of this
study, the suspended sediment flux in Kratie was
81×109 kg between 1995 and 2000. However, this is
based only surface TSS concentration calculations and
thus, the real suspended sediment flux may be higher.
More research and field work need to be done to predict
the total sediment flux in Mekong.

So far, we have only presented and analyzed the
effect of actual and proposed mainstream dams on the
total suspended sediment flux in the Mekong River.
The effect of dams on bed load transport is even more
dramatic because it is fully trapped by reservoirs (e.g.
Kondolf, 1997). The accurate measurement of the bed
load transport is very difficult and there are no reliable
data available from China or the Lower Mekong
Basin. Also there is limited information on the
geomorphology in Lower Mekong Basin. This makes
prediction of downstream impacts of bed load intercep-
tion difficult.

Another issue, which may alter the suspended sedi-
ment flux from China, is reforestation. This is a key
element of the Chinese Government's strategy for forestry
and watershed management. The Chinese Government
launched a reforestation programme in the Mekong River
basin in 1996, with the objective of watershed protection
(Puustjärvi, 2000). The effect of reforestation programs
on the sediment transport in the Mekong downstream of
the existing mainstream dams is unknown, but it may
have further reduced the sediment flux from bank erosion
and landslides. Thus, in order to be able to analyze inmore
depth the impacts of the dams on the suspended sediment
fluxes the impact of reforestation in the upper basin needs
to be studied.

Brune's (1953) method was used for theoretical
trapping efficiency calculations. It has originally been
developed for the dams in the United States but later
appliedwith relatively good results to rivers in other areas.
According to the validation results made in this study for
Manwan Dam and Reservoir, theBrune's (1953)method
can be applied to the reservoirs on the Mekong. The
methods developed by Grant et al. (2003) and Brandt
(2000) were used to predict the possible morphological
changes in the lower basin due to upstream sediment
trapping. However, it has not been possible to validate the
results.
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8. Conclusions

The study on the possible impacts of the Lancang

Cascade in the Mekong has concentrated so far on the
hydrological effects. However, the possible changes in
sediment transportation due to the sediment trapping in
reservoirs are also very important, and along with the
hydrologic changes may have large impacts on the
downstream ecosystems.

This paper explores the potential and observed

downstream changes related to hydrology, sediment
flux, and geomorphology in the Lower Mekong Basin
due to hydropower dam construction on the Upper
Mekong, where China has completed two hydropower
dams to Mekong mainstream since 1993 and six more are
either under construction or proposed. The suspended

sediment data from seven stations along the Mekong River
downstream have been used to compare the suspended

sediment fluxes before and after the Manwan Dam. The
theoretical trapping efficiency of the reservoirs has been

calculated with Brune's (1953) method. The possible
downstream morphological changes due to dams on the
Upper Mekong are predicted by using methodologies
developed by Brandt (2000) and Grant et al. (2003).

Manwan, the first dam in the Lancang Cascade, was
closed in 1993. Following its completion, it impacted on

the sediment flux downstream along the Lower Mekong.
In Chiang Saen, 660 km downstream from the dam, the
measured annual sediment flux based on TSS data has
been more than halved from 70× 109 kg to 31 × 109 kg. In

other stations the sediment flux has changed as well after
the closure of the Manwan Dam but not statistically
significantly. In some stations sediment fluxes have even

increased in post-dam period. It should be noted that a
number of tributaries of the Mekong have dams and

reservoirs on them, but, the effects of these are not ana-
lyzed or have been excluded from this study. Thus, the
decline of the sediment fluxes in stations downstream

from Chiang Saen may also be partly explained by the
impact of these reservoirs. O ther problems are the limited

data at some stations and the variation in the quality of
data between stations.

It is possible to calculate the theoretical trapping effi-
ciency for the dam and its reservoir by using the Brune
(1953) method. Theoretical trapping efficiency for
Manwan is 68%, which correlates well with the measured

trapping efficiency of 75%. The Dachaoshan Dam, closed

in 2003, has a theoretical TE of 66%, while the bigger
dams X iaowan and Nuozhadu at present under construc-
tion, have trapping efficiencies as high as 92%, basically
trapping all the sediment. The whole cascade of eight
dams has a total theoretical trapping efficiency of 94%.

The major hydrological impacts of the these reservoirs
on the Lower Mekong are (1) increasing average down-
stream dry-season flow, (2) decreasing wet-season flow

(Adamson, 2001), and (3) increasing water level fluctua-
tions (Lu and Siew, 2006). These hydrological changes
may impact negatively on the ecosystem but at the same
time may reduce saline intrusion in delta, ease navigation,
and increase irrigation opportunities during the dry season.
F lux of sediment from the upper basin is decreasing due to
sediment trapping by dams. This will likely increase bed

and bank erosion downstream and have negative impacts
on ecosystem productivity. The changes are greater close
to the dams and reduce in scale moving downstream.

According to the technique developed by Grant et al.
(2003), the geomorphological impacts of the dams in-
clude bed scour, armouring of channel, bar and island

erosion, and channel degradation and narrowing, the in-
tensity of change decreasing in the downstream direction.
Based on the method developed by Brandt (2000) the
possible impacts are a degrading bed level and cross-
sectional changes, depending on the local condition. Im-
pact on floodplains is difficult to predict, but riffles and

pools are likely to be eroded. Grant et al. (2003) and

Brandt (2000) methods for impact estimation are highly
useful. However further studies are more than justified.
An unrestricted flow of information between the countries
of the lower and Upper Mekong Basin is urgently needed,
to enable more quantitative estimations of possible
development-related impacts.
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