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Abstract: An integrated multi-model approach to predict future land cover in the Da River Basin in
Vietnam was developed to analyze future impacts of land cover change on streamflow and sediment
load. The framework applied a land cover change model and an ecological model to forecast future
land cover and leaf area index (LAI) based on the historical land cover change, and these data were
then used in a calibrated distributed hydrological model and a new sediment rating curve model to
assess hydrological changes and sediment load in the river basin. Results showed that deforestation
would likely continue, and that forest area would decrease by up to 21.3% by 2050, while croplands
and shrublands would replace forests and increase by over 11.7% and 10%, respectively. Streamflow
and sediment load would generally increase due to deforestation in the Da River Basin in the 2050s,
in both the wet and dry seasons, but especially in the wet season. In this case, the predicted annual
sediment load was expected to increase by about 9.7% at the Lai Chau station. As deforestation
increased, sediment load and reservoir siltation could likely shorten the lifespan of the recently
constructed Son La Reservoir. The applied integrated modeling approach provides a comprehensive
evaluation of land/forest cover change effects on the river discharge and sediment load, which is
essential in understanding human impacts on the river environment and in designing watershed
management policies.
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1. Introduction

Land cover change is a global phenomenon and has dramatically altered river basin environments
in the past decades [1–6]. Although land cover pattern changes certainly provide many socioeconomic
benefits, they are also a major driving force in the degradation of natural environments, local river
inundation [7], and serious soil degradation [6,8,9]. Land cover change is directly linked to the
watershed hydrological cycle, altering the balance between rainfall and evapotranspiration [2,3,5,10],
and additionally affecting flow velocity [6], whether in the form of streams or overland flows, due to
changes in slope or gradient [11]. Land cover change also modifies the overland flow resistance and
soil erodibility, and consequently impacts the sediment load in river basins.

Many studies have been carried out to evaluate impacts of the land cover change or vegetation
dynamics on streamflow [1–3,10] and sediment load [6,9,12,13] at different spatial and temporal scales.
Generally, researchers have agreed that land cover change or vegetation dynamics can alter streamflow
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or sediment load [1–7,9–12]. Many studies also agreed on the vegetation effect on streamflow, i.e.,
the streamflow should increase along with deforestation and vegetation degradation [3], or decrease
following afforestation and vegetation restoration [2]. However, a few case studies have shown that
forest/vegetation could have some positive effects on river discharge [14,15]. Although it is generally
agreed that land cover change has negative effects on river streams, its role and importance in altering
streamflow is still argued about, especially for large basins [2,5,14,16].

Deforestation or vegetation degradation is considered to be a main risk factor for riverbanks
and surface soil erosion, as it results in the increase of sediment transportation in surface runoff and
streamflow velocity [8,9]. For example, Schmidt et al., using an isotope tracer technique, concluded
that deforestation caused by agricultural expansion significantly increased the sediment yield of six
rivers in western China [6]. Moreover, the response of sediment load to land cover change appears to
be more complex than that of streamflow response [17–19]. Although streamflow and sediment load
are strongly correlated in response to land cover change [20,21], the level or severity of the land cover
change impacts on both of these parameters are still arguable [2,5,15,16,22]. Land cover change has
a big impact on the river basin’s hydrological cycle, including many environmental issues, and thus it
should be assessed as one unit for a better understanding of the overall impact to the catchment.

The Red River in the northwest of Vietnam is classified as one of the top ten rivers in terms of
sedimentation load, and it is a well-known major agricultural area in Vietnam. Rapid land development
in the upstream area and dam constrictions have changed the hydrological cycle, sediment load, and
biodiversity in the area [23]. Land cover change was recognized as the major factor to alter streamflow
and sediment flow in the upstream area of the Red River compared to climate change [21]. Satellite
observation and model simulations suggested that the decrease in historical vegetation cover raised
sediment load by 13.7% in the Red River Basin [24]. In addition, land cover change has caused
significant variations in the peak river flow and velocity, increasing flood risk in the downstream
area [23]. On the other hand, the sediment load has decreased, starting from the downstream area of
the HoaBinh Dam since the construction of the dam, indicating that HoaBinh Reservoir has trapped
half of the annual sediment [23,25]. Such a sediment load reduction and reservoir siltation issues
have caused a re-evaluation of the HoaBinh Dam life span and its flooding prevention functions [26].
This example shows how sediment load evaluation in connection to land cover change is an important
task for future dam construction design under rapidly changing conditions. Most studies have been
focused separately on historical changes in streamflow or sediment load analysis in the Red River
Basin, and few studies have combined river discharge and sediment load responses to analyses of
future land cover change. However, streamflow and sediment load responses to land cover change
are highly correlated, and it is essential to evaluate both variables simultaneously in order to provide
useful information that will optimize the use of water resources and reservoir operation in the Red
River Basin.

Defining future land cover change plays an important role in the impact assessment and it is
crucial for future analyses of streamflow and sediment load. Currently, there are many studies that
address this issue, and land use/cover change simulations based on the historical land change analysis
are widely applied and well described. Several land use/cover change models have been developed
and applied in various parts of the world, including CLUE-S [27], Dinamica EGO [28], GEOMOD [29],
and the Land Change Model (LCM) [30]. Among these, the LCM was selected; this model could
predict land cover more accurately in several sub-tropic forest-dominated areas, such as Bolivia [30],
Mexico [31], and others. Although many studies have combined such land use/cover change models
with hydrological models to predict future streamflow [1,32] or sediment load [13], only a few cases
were carried out to predict future streamflow and sediment load simultaneously [33]. It is also
important to point out that vegetation characteristics would change dynamically along with land cover
conversion [5,34], and it is crucial not to overlook vegetation dynamics in the hydrological simulation.
Hydrological response to land cover change or dynamic vegetation has therefore received increasing
attention from both field observations and model simulations in the catchment area [1–3,17–19].
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However, many studies have been focused on the individual effect of land cover change [2,13,17] or
vegetation dynamics [12,24] on the hydrological cycle. Hence, both land cover change and dynamic
vegetation impacts were considered in this research.

The main goal of this study was to evaluate the streamflow and the sediment load response to
the changes in future land cover and vegetation dynamics in the Da River Basin, one of the largest
sub-basins of the Red River Basin. We developed an integrated framework that included a land change
model and an ecological model, coupled with a calibrated distributed hydrological model and a new
sediment rating curve model. The system was applied in order to quantitatively assess future land
cover change impacts in the Da River Basin.

2. Study Area and Data Description

2.1. Study Area Description

The Da River (also known as the Black River) originates in the southeast of China and is one of
the largest tributaries of the Red River. Both the Da River and the Red River are trans-boundary rivers
shared between Vietnam and China (Figure 1). The catchment area of the Da River is approximately
55,000 km2. The upstream landscape is characterized with narrow and steep slopes with high erosion
rates [23]. Climate is dominated by tropical monsoons, with an annual average precipitation of about
1320 mm, falling in two seasons, the rainy season (May to October), with 85% of total precipitation,
and the cool dry season, with 15% of total precipitation [23,25]. The annual mean runoff from 1988 to
2004 was about 1168 m3/s at the Lai Chau station, and there was a total annual sediment load of about
40.1 × 106 ton.
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Sediment load of the river is important, as the Vietnamese government has decided to build
a cascade of five dams and hydropower facilities in the Da River Basin (DRB) (Figure 1) for hydroelectric
power, flood prevention, and agricultural irrigation. Up to now, two dams, the Son La and the HoaBinh,
were constructed in the DRB. The Son La reservoir in the DRB, with an effective storage of 16.2 km3 [23],
has just been completed in October 2012, and it has become the largest dam in Vietnam (Figure 1).
Construction of the HoaBinh dam (V = 9.5 km3), located in the downstream area of the Son La dam,
was completed in 1993 [23].
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Deforestation has been a growing concern in the region, and for the upstream area of the DRB
in particular. The region was originally dominated by forest: 70% of the entire DRB was covered by
evergreen broadleaf forests, and the remaining area mainly comprised croplands and shrublands.
The forest cover of the Chinese portion of the river basin has declined by half from 1950 to 1990 [35],
the most severe decline being in 1993 due to unbridled logging and agricultural expansion activities [36].
The past forest cover decline in Vietnam has been even more rapid over the same time period, especially
in the mountainous regions of the Sino-Vietnamese border, where forest cover had been reduced by
more than 70% of the previous forest area [37]. Since 1995, several programs for forest rehabilitation
have been established and the total forest area of Vietnam has been continuously increased; however,
the Da River Basin is still limited in terms of forest plantations due to poor accessibility [38]. Compared
with the original natural forests, young man-made forests have lower canopy density and shallower
rooting depth, and they cannot play an equal role in soil conservation. Over the last 500 years, deforestation
have raised the soil erosion rate by 15-fold, resulting in increased sediment load in the DRB [23].

2.2. Dataset Description

The hydrological and meteorological datasets for 1991–2000 were provided by the Vietnam
Academy of Science and Technology and the China Meteorological Data Sharing Service Center.
These datasets were used as inputs for hydrological modeling and sediment concentration calculations.
Daily streamflow data collected at the Lai Chau (LC) and the Ta Bu (TB) stations in the DRB (Figure 1)
were used in calibrating and validating the distributed hydrologic model. Monthly suspended sediment
concentration (SSC) data were also available at LC station. Available meteorological stations were well
distributed in the study area (Figure 1), providing daily precipitation, wind speed, relative humidity,
and hours of sunshine, as well as maximum, minimum, and mean air temperatures of the DRB. To run
the ecological model, observation data of precipitation, mean air temperature, relative humidity,
and vapor pressure were interpolated to gridded datasets using the ordinary Kriging interpolation
method [39,40]. Particularly, the altitude effect on air temperature (a lapse rate of 0.65 ◦C per 100 m)
was considered in the process of the air temperature interpolation [5].

Geographical information (e.g., topography, land use, soil type, vegetation, population density)
was used as inputs to the distributed hydrological model, the land change model, and the ecological
model. Digital elevation data (GTOPO30) with a 30-arc-second spatial resolution was obtained from the
U.S. Geological Survey (USGS) [41]. Soil type and soil properties were extracted from the FAO global
soil map [42] with a spatial resolution of 5-arc minutes. Land cover data (from 2001 and 2011) were
obtained from Moderate Resolution Imaging Spectroradiometer (MODIS) product [43]. Land cover
has been regrouped into eight categories: water body, urban, bare land, forest, cropland, grassland,
wetland, and shrublands. The global gridded population density in 2000, the global roads dataset,
and the global Human Footprint (HF), provided by the data center in NASA’s Earth Observing System
Data and Information System, the digital river network from the Vietnam Academy of Science and
Technology, and basin rainfall trends as calculated from TRMM satellite data (TRMM_3A12), were also
employed in this study (Table 1).

In addition, a 31-year long global dataset of vegetation leaf area index (LAI3g) from 1981 to 2012,
derived from the third generation GIMMS NDVI3g dataset, was introduced to reflect the current LAI
(vegetation cover), with a 1/12 degree resolution and 15-day composites [44].

Table 1. Dataset summary for different models in the study.

Models Spatial Dataset Point Dataset

Hydrological model
BTOPMC Elevation, land cover, soil map, LAI

Rainfall, streamflow
meteorological data (e.g., precipitation,

maximum/minimum air temperature, vapor pressure)

New sediment rating curve
NSRC LAI Streamflow, SSC



Forests 2018, 9, 451 5 of 19

Table 1. Cont.

Models Spatial Dataset Point Dataset

Land change model
LCM

Elevation, land cover, soil map, population
density, road and river networks, slope,

human footprint, rainfall trends

Ecological model
Biome-BGC Elevation, land cover, soil map precipitation, mean air temperature, mean air

temperature, vapor pressure

BTOPMC: Block wise use of TOPMODEL with Muskingum–Cunge routing model; LAI: Leaf Area Index;
SSC: Suspended Sediment Concentration; Biome-BGC: Biome-BioGeochemical Cycle.

3. Methodology

Four models were used to evaluate change in land cover and its impact on streamflow and
sediment load in the DRB: the LCM, Biome-BioGeochemical Cycle (Biome-BGC) Model, Block wise
use of TOPMODEL with Muskingum–Cunge routing model (BTOPMC) and New Sediment Rating
Curve (NSRC). The models were coupled in a ‘one-way’ manner framework shown on Figure 2 and
datasets used in these models were summarized in Table 1. In the initial step, the LCM was used
to forecast scenarios of future potential land cover change (LCC); simulated land cover types from
the LCM were used as inputs into the Biome-BGC to estimate future LAI. The scenarios of future
potential land use types and LAI were then used in the validated BTOPMC for future streamflow
analysis. Then, scenarios of future LAI and streamflow were used in the NSRC for future sediment load
evaluation. A feedback loop was not included, as spatial changes in land cover and temporal dynamic
changes in the LAI were reflected in the basin scale streamflow and sediment load simulations.
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3.1. Land Cover Change Model

The Land Change Model, developed at Clark University [45], is a widely-used effective tool to
simulate and forecast land cover change [46]. It allows for the determination of the transition potential
of land use from one category to a different one, taking into account static or dynamic variables that
may explain the change. For predicting the land cover change, protected areas (e.g., natural parks) that
can limit the changes are also included. Through a three-stage process, the LCM can produce potential
scenarios of future land cover changes based on an assessment of two time periods in the past [47].



Forests 2018, 9, 451 6 of 19

Key features of the LCM used in this study were: (1) Land change analysis—to assess the net
change and differences between the separated land classes; (2) Land transition potential modeling—to
identify driving factors of land cover transition possibilities between different land cover types. In this
study, the driving factors (e.g., distance to river network, distance to road, distance to urban area,
distance to protected area, annual rainfall trend, basin slopes, human footprint, and population density)
were selected in order to generate potential transition maps; and (3) Land change prediction—to
calculate transition potential by a multi-layer perception neural network (MLP) [45]. The LCM model
output was validated by quantitative comparison of the forecasted land cover map of 2011, obtained
through the LCM with the actual map from MODIS. The strength of the model was evaluated by the
kappa index (k) and mean error between simulated and observed land cover maps.

The kappa index can be used as a measure of agreement for land cover map comparisons, or to
determine whether the values contained in an error matrix represent a result that is significantly better
than random [48]. A kappa index ranging from 1 (accurate) to 0 (inaccurate) is computed as:

k =
N ∑r

i=1 xii −∑r
i=1(xi+ × x+i)

N2 −∑r
i=1(xi+ × x+i)

(1)

where N is the total number of pixels in the matrix, r is the number of rows in the matrix, xii is the
number in row i and column i, x+i is the total for row i, and xi+ is the total for column i [49]. According
to the suggestion from Monserud and Leemans [49], kappa index values that are greater than 0.85
indicate that the agreement between two maps is excellent.

In this study, actual land cover layers in 2001 and 2008 were used as inputs in assessing land
cover change in the DRB. Land cover change was first analyzed, the transition potential of eight land
classes (water body, urban area, bare land, forest, cropland, grassland, wetland, and shrublands) were
then determined, and a future land cover likelihood map was simulated by the MLP neural network.

3.2. Ecological Model (Biome-BGC)

The Biome-BGC is a biogeochemical point simulation model developed by the University
of Montana to estimate the storage and fluxes of carbon, nitrogen, and water within terrestrial
ecosystems [49]. The Biome-BGC has been employed in calculating the future LAI combined
with the LCM.

The Biome-BGC requires daily climatic data, soil types, vegetation types, site conditions, and
parameters describing the eco-physiological characteristics of the vegetation. To achieve equilibrium
conditions when the initial soil and plant compartment pools actually match the mass balance
equations, Biome-BGC needs “spin-up” simulations. Among the numerous flux and state variables
calculated by this model, the LAI was used in this study [5,21]. Ichii et al. [50] applied this model to
simulate the carbon fluxes and gross primary productivity in Amazonian, African, and Asian terrestrial
ecosystems. In order to obtain LAI values for all grids, we applied the point-based Biome-BGC model
to each grid cell, with a spatial resolution of 0.25 degrees [21]. The model has been well validated in
simulating potential LAI in the DRB [21].

3.3. Hydrological Model (BTOPMC)

The BTOPMC is a grid-based blockwise distributed model [51,52]. The model extends the
TOPMODEL concept [53] by adopting the Muskingum-Cunge method for flow routing components on
a grid basis, with sub-catchments serving as blocks [51]. This concept helps to address TOPMODEL’s
limitation in flow timing and heterogeneity for modeling large river basins in warm humid
regions [52,54]. For each grid, four vertical zones are considered: the vegetation zone, root zone,
unsaturated zone and the saturated zone [51]. The model has been validated in several river basins
with various scale resolutions using geographical data, remote sensing data, and global datasets on
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ungauged catchments, showing good performance [21,51,52,54]. For a more detailed description of the
BTOPMC model and its underlying conceptualizations and parameters, the readers are referred to [51].

In this paper, the BTOPMC was applied to predict future streamflow under future land cover
change and LAI change scenarios. The maximum water capacity of the root zone and LAI related to
land cover changes were key parameters for evaluating land cover change effects on the streamflow.
Following recommendations [55], three statistics were applied to assess the performance of the
hydrological model:

(i) Nash-Sutcliffe efficiency (NSE): NSE ranges between −∞ and 1.0 (1 inclusive), with NSE = 1
being the optimal value. Values between 0.0 and 1.0 are generally viewed as being at a satisfactory
performance level:

NSE = 1− ∑n
i=1 (Qobsi −Qsimi)

2

∑n
i=1 (Qobsi −Qobs)

2 (2)

(ii) The ratio of the root mean squared error to the observations standard deviation (RSR): RSR varies
from the optimal value of 0, which indicates perfect performance in the simulation, to a large
positive value. A lower RSR represents better the model simulation performance:

RSR =
RMSE

STDEVobs
=

√
∑n

i=1 (Qobsi −Qsimi)
2√

∑n
i=1 (Qobsi −Qobs)

2
(3)

(iii) Percent bias (PBIAS): The PBIAS value should be close to zero. Positive values indicate the model
contains underestimation bias and vice versa:

PBIAS =

∣∣∣Qsim−Qobs
∣∣∣

Qobs
× 100% (4)

where Qsim is the simulated value, Qobs is the observed value, Qsim is the average simulated
value, and Qobs is the average observed value.

An RSR less than 0.7 and a NSE greater than 0.5 suggest that there is good model performance for
both streamflow and sediment load calculations [55]. However, values of PBIAS for streamflow and
sediment load vary significantly. Moriasi [55] defined the PBIAS of less than 25% as being of satisfactory
indication for the streamflow simulation, and PBIAS results of less than 55% were considered to be
acceptable for the sediment load.

3.4. New Sediment Rating Curve (NSRC)

The calculation of sediment load (SL) requires both streamflow and sediment concentration data
in river basins. Sediment concentration data are rare since data collection requires manual individual
sampling taken at fixed temporal intervals. This type of data is still absent at most hydrological
stations, especially in developing countries. Instead, physically-based models or sediment rating
curves have been used to estimate the SSC. Physically-based models that are used to simulate the SSC
tend to suffer from problems associated with the difficulty of a huge dataset and the identifiability of
parameter values. Conversely, traditional sediment rating curves [56] generally represent a simple
power functional relationship relating the SSC to streamflow; unfortunately they do not consider the
temporal dynamic changes in vegetation cover. Vegetation cover, as discussed above, should have
an important effect on soil erosion and sediment transport capacity by slowing the flow through
friction losses [57]. Hence low intensity vegetation cover conditions should provide greater sediment
flux for the same streamflow. The NSRC with vegetation dynamics information such as normalized
difference vegetation index (NDVI) or LAI, could simulate SL well in Southeast Asia [23,58]. The SL
was calculated by:
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SL = Q × SSC (5)

SSC = a(1 −MNDVI/LAI
c)Qb (6)

MNDVI = (NDVI − NDVImin)/(NDVImax − NDVImin) (7)

MLAI = (LAI − LAImin)/(LAImax − LAImin) (8)

in which a, b, and c are model parameters for a particular stream, Q (m3/s) is streamflow, SSC (g/m3)
is suspended sediment concentration, MNDVI/LAI is standardized NDVI or LAI, and NDVImin/max and
LAImin/max are the minimum and maximum NDVI or LAI values respectively.

To estimate sediment load from the streamflow and land cover change, the NSRC was developed
based on the time series of MLAI and the streamflows from 1991 to 2000. To provide a comprehensive
assessment of this sediment model performance and to indicate the accuracy of the calculated curve,
the same statistics and evaluation rules as in the BTOPMC model were used. Based on the well-fitted
NRSC, the impact of future land cover change on sediment load was evaluated.

4. Results

4.1. Future Land Cover Change Prediction

In order to predict future land cover, historical remote sensing maps of 2001 and 2008 for land
cover change were investigated. Figure 3a presented gains and losses of the land cover between 2001
and 2008, showing that croplands, forest, shrublands, and grasslands had changed more than others.
The net land cover change (Figure 3b) indicated that gains of croplands (+4.3%) mainly transferred from
forest (−2.9%) and grassland (−1.1%) losses, other types of land cover showed less noticeable changes.
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Figure 3. (a) Gains and losses in land cover between 2001 and 2008; (b) Net land cover change between
2001 and 2008.

Results presented in Figure 4a showed consistency in spatial simulations and greater similarity
in the water, forest, croplands, and urban areas; though areas covered by shrublands had been
overestimated (14.8%) to a certain extent over the area of the grassland (−15%) (Table 2). Comparison
of the observed and simulated value showed an acceptable level of likelihood and a very high kappa
index of 0.94, which guaranteed good adjustment of the simulated map to the reference map. All these
facts assured that the LCM may provide highly agreeable results for creating the future map of land
cover in the DRB.
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Table 2. Statistical parameters between the reference map and the simulated map of 2011.

Land Cover Reference 2011
(pix)

Simulated 2011
(pix) Mean Error Percent (%) Kappa Index

Water 869 842 −27 −3.1

0.94

Forest 184,701 177,657 −7044 −3.8
Shrublands 60,433 69,411 8978 14.8
Grasslands 10,743 9126 −1617 −15.0
Wetlands 825 896 71 8.6

Croplands 58,871 58,403 −468 −0.8
Urban 1618 1725 107 6.6

Finally, the land cover map for 2050 was generated by the LCM (Figure 4b). Land cover changes
from 2001 to 2050 were found mainly in the downstream areas, with an obvious decrease in forest
and an increase in the shrublands and cropland (Table 3). Results showed an increase in croplands to
over 11.7% of the total area, as well as an increase in shrublands to almost 10%, replacing forest areas,
which decreased to about 21% of the total area.

Table 3. Potential land cover change simulated by LCM in the Da River Basin (area percent: %).

Land Cover Baseline 2001 (%) Predicted 2050 (%) Changes (%)

Water 0.06 0.05 −0.01
Forest 70.91 49.57 −21.34

Shrublands 15.5 25.47 9.97
Grasslands 0.72 0.16 −0.56
Wetlands 0.19 0.34 0.15

Croplands 12.57 24.27 11.7
Urban 0.06 0.14 0.08
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4.2. Future LAI Predictions

The Biome-BGC ecological model was driven by the current climate data from 1991 to 2000,
and future land cover change scenarios, to calculate the future leaf area index for the decade of 2046 to
2055. The model extended the future land cover change from point-in-time to the temporal dynamic
scale, as a result, the predicted future LAI stood for future vegetation cover without impacts of future
climate change. Deforestation was the main factor in decrease in LAI. Annual maximum LAI decrease
was estimated for the most grids in the DRB, especially in the middle and lower reaches with the
highest percentage change of −43% (Figure 5). The dominant land cover change was a transfer from
forest cover to croplands or shrublands, which would cause lower vegetation productivity. Seasonal
vegetation cover (LAI) changes in this case would decrease by around 30% on average during the wet
season (Figure 5), while the most drastic change, with a decrease of up to more than 60%, would happen
during dry season as it was the best season for felling operations.
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4.3. Hydrological Model and NSRC Model Simulation

In this study, the daily streamflow data for 1991–1995 were used for model calibration, and the
data for 1996–2000 were used for validation of the BTOPMC hydrological model. The statistics for
the evaluation of the BTOPMC model gave consistent results and good accuracy according to the
established criteria (Table 4). Direct comparison of the simulated and observed daily streamflow in the
baseline period showed a reasonable match within the established criteria at the Lai Chau and Ta Bu
stations (Figure 6).

The NSRC model was also calculated for the period from 1991 to 2000, as by the following
equation:

SSC = 0.41(1 −MLAI
6.5)Q1.05 (9)

Our results showed a well-noted correlation between the simulated and observed monthly SSCs
(Figure 6). For the low and medium values, the model showed very good results; the peak values
for year of 1996 and 1999 were overestimated, but overall performance was considered to be good
(Figure 6 and Table 4). In addition, the same three statistic criteria used to evaluate the new sediment
rating curve were in good agreement with the established validation technique. The high NSE (0.85),
low RSR, and PBIAS (Table 4) suggested that the NSRC could evaluate the SSC accurately at the Lai
Chau station, and it could be used to evaluate future land cover change effects on the sediment load.
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Table 4. Evaluation of BTOPMC and NSRC model simulations during the baseline period for the
catchments controlled by the Lai Chau and Ta Bu stations in the DRB.

Streamflow SSC

Lai Chau Ta Bu Lai Chau

Calibration Validation Calibration Validation Calibration Validation

NSE 0.75 0.70 0.70 0.65 0.85 0.82
RSR 0.48 0.57 0.51 0.65 0.33 0.45

PBIAS (%) 6.2 7.2 7.0 7.8 0.53 1.22
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4.4. Future Land Cover Change Impacts on Streamflow and Sediment Load

Streamflow under potential land cover change increased in both the wet season and the dry season
with different magnitudes. Annual streamflow in the Lai Chau catchment and the Ta Bu catchment
increased by 5.8% and 6.6% respectively. The future monthly streamflow changes (Figure 7a) varied
from 4.0% to 10.3%, the highest being in May (wet season). Spatial distribution of the average annual
runoff depth change at the sub-basin scale was also analyzed to explore the impacts of spatial variations
due to land cover change. As shown in Figure 7b, the annual runoff depth was expected to increase by
5–150 mm/year due to the different percentages of the changed land covers. Most of the sub-basins in
the middle and the southeast parts of the watershed showed higher increases in runoff depth, caused
by strong land cover changes from forest to croplands or shrublands (Figures 4b and 5a). Moreover,
land cover change impacts on individual water balance components, as given in Table 5, indicated
an increase in surface runoff and total runoff, but a decrease in actual evapotranspiration and ground
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water in both upstream catchments (LC) and downstream catchments (TB) in the future. A reduction
in the forest cover could decline the infiltration rate and lower the evapotranspiration rate, and so the
potential forest cover changes mentioned above were considered as the main reason for water balance
changes. Among all four water balance components, the surface runoff showed a maximum increase
of more than 10%, which was the main contribution to total runoff growth. Compared with year of
2001, the future evapotranspiration in 2050 also exhibited a distinct decrease, ranging from −5.0% to
−8.0% over different seasons and catchments. The projected evapotranspiration in the wet season
decreased more than in the dry season in the LC and TB catchments. Spatially, all four water balance
components showed higher changes in the downstream area, which agreed with the serious potential
for future deforestation in this area.
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Table 5. Water balance changes due to land cover change between year of 2001 and 2050: Precipitation
(P, mm), actual evapotranspiration (AET, mm), surface runoff (SR, mm), ground water (GW, mm), total
runoff (TR, mm).

Catchment Time Scale P AET SR GW TR

LC

wet season 2523.1
630.1→586.0 1343.3→1534.1 548.7→521.2 1892.0→2011.2

(−7.0%) (14.2%) (−5.0%) (6.3%)

dry season 540.2
135.1→128.3 241.8→273.5 161.2→156.4 403.0→423.2

(−5.0%) (13.1%) (−2.9%) (5.0%)

annual 1608.5
401.1→377.1 832.1→940.3 373.9→358.9 1206.0→1275.9

(−6.0%) (13.0%) (−4.0%) (5.8%)

TB

wet season 3202.3
796.9→733.1 1706.1→1989.3 696.9→648.1 2403.0→2573.6

(−8.0%) (16.6%) (−7.0%) (7.1%)

dry season 760.6
188.2→176.9 342.0→394.0 228.0→216.6 570.0→600.2

(−6.0%) (15.2%) (−5.0%) (5.3%)

annual 1989.1
495.3→460.7 1030.2→1192.9 462.8→435.1 1493.0→1593.0

(−7.0%) (15.8%) (−6.0%) (6.7%)

Sediment load would increase significantly in the wet season and only slightly in the dry season,
by 13.3% and 6.0%, respectively. The total annual sediment load rate was expected to increase to 9.7%
at the Lai Chau station (Figure 7a). The future sediment load change varied from 4.0% to 14.5% over
different months, with very high percentage changes from June to October. High growth rates of the
sediment load compared with streamflow changes clearly indicated that the sediment load was more
easily altered by the means of the land cover pattern changes. Overall, both streamflow and sediment
load showed a tendency to increase as an outcome of the land cover change impacts in future.
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4.5. Discussion

4.5.1. Combination of Future Land Cover and LAI Changes

In this study, the effects of future land cover changes and corresponding LAI changes were
investigated. A future land cover change scenario for 2050 was predicted by the LCM, based on the
historical trend of land cover changes from 2001 to 2008. Main variables [1,30,31,59] for land cover
predictions were included in the model, such as basin slopes, distance to the river network, distance
to urban areas, distance to protected area, human footprint, population density, rainfall trends, etc.
The model was able to produce convincing maps of future land cover in the river basin as supported
by established criteria (Table 2).

Although a series of driving factors reflecting current human activities were used to predict
potential land cover change, future changes in government policy [33] (construction of new dam,
afforestation efforts, and others) were hard to predict. It is also impossible to consider future climate
change impacts and responses to these impacts on the policy level. These limitations are quite important
and should have major impacts on the river stream operation, but they are more uncertain than factors
such as relatively moderate population growth, urbanization, and population density, which were also
used as input data for the study. There were some areas on the simulated map that were overestimated
or underestimated; these errors were hard to neglect. For example, areas covered by shrublands
were overestimated (14.8%) to a certain extent, and grasslands were underestimated (−15%) (Table 2);
predictions over a large basin with coarse resolution can produce such outcomes due to the low
resolution, the lack of government policy, and other factors. The most important factor that was also
captured well in the scenario was the change from natural forest cover to human-induced forest in
the DRB. This impact was observed as deforestation near the urban areas. In this study, the trend in
the reduction of forest cover over the basin was predicted well and it was supported by comparative
analysis. Deforestation occurred easily in areas with high population densities and a strong human
footprint [13]. In our prediction, analysis of the satellite maps showed quite clearly that a great portion
of forest cover was converted to shrublands and croplands in the downstream area of the DRB as
a response to its rapid development and population growth, while almost no changes occurred in the
middle-west portion of the basin, due to the presence of national nature reserves. Simulated maps
and real data from the MODIS satellite in 2011 matched quite well and were accepted by established
criteria. Results showed that the forest area in 2050 would decrease by 21% compared to the forest
cover of 2001 (Figure 3); meanwhile, shrublands and cropland areas were expected to increase by 10%
and 12% respectively. To improve the evaluation of the future land cover change impacts, historical
land cover change maps and LAI changes were crucial [13,32,33].

Land cover changes produce further changes in vegetation coverage [21], and many reports
have pointed that evaluation of the land cover changes on the hydrology of the basin should also
include the impact of the vegetation cover dynamics [5,21,34]. In this study, LAI was considered
to be a suitable parameter to reflect vegetation cover dynamics [5,21]. The results of the ecological
model have been validated previously and they showed a good match with satellite observed data [21].
The outcome had also pointed towards deforestation as a main cause of the LAI decreasing trends.
Such correlations were observed in the downstream area of the DRB, which was severely affected by
deforestation, where the LAI values also declined significantly. Areas with unchanged land cover have
shown positive vegetation dynamics trends. For example, the land cover in the western area of the
DRB remained mostly intact, and LAI values showed an increased trend in response to the increasing
rainfall that promoted vegetation growth [34]. The accuracy of the land cover map and LAI predictions
was important for further evaluating the impacts of land cover changes on streamflow and sediment
load [1,13,33].
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4.5.2. Impacts of Forest Cover Changes on Streamflow

Impacts of deforestation on streamflow were analyzed by the BTOPMC hydrological model
simulation. Our results have shown that both land cover and LAI have contributed to changes
in streamflow.

There have been many arguments over the impacts of forest cover on streamflow in the large
basins/regions. Though most researchers have agreed that forest degradation increases the streamflow
or water yield [5,60–62], some have argued that the same forest cover changes had weak effects on
streamflow in large basins due to their high water retention capacity [16]. Liu et al. [5] concluded
that afforestation could reduce streamflow, while deforestation could increase streamflow at both
grid and river basin scales in China. Moreover, Wang et al. [15] on the other hand indicated that
forest cover had positive impacts on runoff generation in northeast China. Our results agreed with
the mainstream view [60–62]; deforestation (21.3%) was the main reason for an increase in annual
streamflow (6.7%) and surface runoff (15.8%), along with the decrease in ET (7%) and ground water
(6%) through the whole basin. The consistency of spatial variation among runoff depth (Figure 7b),
land cover changes (Figure 4b), and LAI changes (Figure 5) supported the same opinion as the majority
of other studies [5,61].

LAI values mainly affect the ET [2,5,51,52] and the canopy interception [51,52]; the maximum
storage capacity of the root zone (Srmax) is also important as it reflects the available water in the
root zone, which is used for evapotranspiration and infiltration to the ground water [2,48,63]. In our
hydrological simulation, deforestation decreased LAI values, and this would consequentially produce
less ET [5] and canopy interception [51] on different scales. Meanwhile, Srmax was reduced from
0.05 m (forest) to 0.3 m (shrublands) or 0.2 m (croplands) respectively, which would further decrease
ET and groundwater values. All of these behaviors were caused by deforestation, affected the water
balance of the river basin, and increased streamflow in the river basin.

Additionally, many researchers [7,64] have revealed that land cover changes have significant
influences on flood discharge. An increase in the streamflow due to forest degradation would be
highly likely to increase flood risk in the Red River [64]; however, a shortage of hourly flood event
data limited detailed analysis into the flood risk in this study.

4.5.3. Impacts of Increased Sediment Load on Reservoir Lifetime

Deforestation is known for increasing soil erosion and suspended sediment transportation in
rivers of southeast Asian countries [21,23,24,65]. A decrease in LAI and an increase in streamflow due
to deforestation would further increase sediment loads [21,25]. This study indicated that the predicted
annual sediment load was expected to increase by 9.7% by the 2050s at the Lai Chau station of the
DRB. It is also well known that large reservoirs trap suspended sediment from upstream areas, and so
increasing sediment load would aggravate reservoir siltation and shorten the life span of the reservoir.
The HoaBinh Reservoir has decreased its total suspended load to almost 70% [23]. Wang et al. [21]
concluded that land cover change was the main factor for the sedimentation load in the reservoir inflow.
This effect has caused a reevaluation of the HoaBinh Dam’s operation, reducing its lifetime from more
than 100 years to about 50 years [26]. Many observers have feared that the newly constructed the Son
La Dam could suffer the same situation.

The Son La Reservoir’s sediment trapping efficiency (TE), used to estimate the siltation of the
dam, can be evaluated by the hydraulic retention time (HRT) [66,67]. The HRT allows the calculation
of the average length period of sediment compounds remaining in the reservoir; it is calculated as
a volume of the effective storage divided by the average streamflow into the reservoir. The TE is the
percentage of the sediment compounds retained by reservoir, calculated as follows [66]:

TE = 1− 0.05√
HRT

(10)
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where HRT is water residence time (year) and TE is the trapping efficiency (%). The Son La Reservoir
effective storage is equal to 16.2 km3; the calculated HRT is averaged to about 103 days, that is, 28.3%
of a year. Thus, the annual average TE of the Son La Reservoir was estimated to be equal to 90.6%.
SSC at the Lai Chau station was used to calculate sediment load into the Son La Reservoir, as SSC
was not available at the Son La Dam. The mean annual sediment settlement of the Son La Dam was
evaluated to be equal to 17 Mt/year without land cover changes, and 19 Mt/year with land cover
changes. The increase in sediment load by about 10% as a result of land cover change would reduce the
useful lifetime of the Son La Reservoir ahead of the designed time. The subsequent vital problems of
possible sedimentation in reservoirs are declines in dam lifetime, increases in flood risk, and reduction
in hydropower generation.

4.5.4. Uncertainties Analysis

Impacts of land cover change and vegetation dynamics were considered at the same time.
However, as only aggregated results were generated and there were no mechanism-based combinations,
the prediction models were also full of uncertainties. Although a series of driving factors reflecting
both human activities and climate were used to drive the land cover change model to predict potential
changes, changes in government policy were hard to oversee and predict. Overall uncertainties
may come from potential errors in input datasets and model parameters, and simplification of
ecological or hydrological process [59,60]. In addition, the future increase in CO2 concentration
was not used to simulate future dynamics of LAI changes, and this should be addressed in the
future [5]. All of the uncertainties above would bring prediction errors in land cover change and this
may cause a deceptive evaluation of impacts. Therefore, in-depth surveys of government policy and
physical-based ecohydrological processes should be investigated, in order to reduce uncertainties in
future research.

5. Conclusions

In this study, modeling hydrological appraisal of future potential land cover change and vegetation
dynamics under environmental changes was carried out. This study indicated that deforestation
pressure in the study basin would continue to rise by 2050. The forest area was expected to decrease
to about 22% of the total area by 2050, with a lower LAI during the dry season. The streamflow
and sediment yield in the DRB would generally increase in the 2050s in both the wet season and
dry season, due to deforestation. Streamflow changes in the wet season showed higher rates than
that in the dry season, and this poses flood risks in the future. The increase of the sediment load
to 2 million tons per year and the high sediment trapping efficiency of the Son La Reservoir would
likely shorten the designed reservoir operation time. It is important to analyze the impacts of the land
cover change on all characteristics of the river, including impacts on sediment load and streamflow
change, for a better understanding of this phenomenon. This information could be helpful for policy
makers and water resource managers with regards to dam operation and vegetation cover protection,
in a rapidly changing environment.

Author Contributions: This manuscript was primarily designed and written by J.W.; S.N. contributed to its model
simulation and calculation; T.K. contributed to the results analysis and polished the English writing of this draft.

Funding: This research was supported by the National Natural Science Foundation of China (Grant No. 41501029,
No. 41671022, No. 51709071, No. 51709148), the Huaihe Meteorology Research Open Foundation (HRM201703),
and the Startup Foundation for Introducing Talent of NUIST (Jie Wang).

Acknowledgments: The authors are also thankful to the Vietnam Academy of Science and Technology and the
China Meteorological Data Sharing Service Center for providing the hydro-meteorological data. We would like to
express our thanks to Hiroshi Ishidaira for his guidance in the writing process of this paper. We also express our
thanks to the academic editor and the reviewers for their useful comments.

Conflicts of Interest: The authors declare no conflict of interest.



Forests 2018, 9, 451 16 of 19

Abbreviations

The following abbreviations are used in this manuscript:

DRB Da River Basin
LCM Land Change Model
Biome-BGC Biome-BioGeochemical Cycle Model
BTOPMC Block wise use of TOPMODEL with Muskingum–Cunge routing model
NSRC New Sediment Rating Curve
SSC Suspended Sediment Concentration
SL Sediment Load
LAI Leaf Area Index
LC Lai Chau
TB Ta Bu
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