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Abstract: Located in the southeastern China and northern Vietnam, the Red River is an important
international trans-boundary river that has experienced rapid deforestation and environmental
changes over the past decades. We conducted attribution analysis of impacts of various environmental
changes on streamflow and sediment load. The contribution of reclassified environmental changes
to total change of the streamflow and sediment load was separated. Land cover change based on
climate-induced and human-induced indicators were defined. We found that human-induced land
cover change was the main factor affecting changes of the streamflow and sediment load. Changes of
the land cover were more pronounced in the dry season than in the wet season whereas sediment
load changed more in the wet season than in the dry season. In addition, changes in sediment load
were mainly caused by human-induced land cover change and the changes of land cover were more
influential on sediment load than on streamflow in the Red River basin.

Keywords: human activities; climate change; land cover change; separation; streamflow;
sediment load

1. Introduction

Understanding hydrological responses to catchment environmental changes is important in
watershed management worldwide [1,2]. The hydrological cycles of river basins depend on climatic
regime, land cover, geology, topography and other human activities. However, climate change has
been the main concern recently. Climate change has resulted in rise of the atmospheric temperature
and modified precipitation patterns, which has directly led to alteration in runoff [3] and thus sediment
load in the river flow [4]. Another important factor altering hydrological cycles is land cover change,
such as deforestation, farming activities, climate-induced and human-induced land cover change.
Such land cover changes are directly linked to changes to the ecosystem structure (e.g., leaf area index)
altering the evapotranspiration rates and flow velocity [5] and physical structure such as surface
roughness that can also modify soil erodibility and consequently impact the sediment load in river
basins [6]. River discharge and sediment load are affected by various environmental changes within a
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drainage basin in an integrated way [7,8].In addition, human activities such as dam construction and
agricultural irrigation, had seriously changed hydrological cycle in most river basins.

Streamflow or sediment load characteristics of a watershed are closely related to the geology,
topography, climate, land cover and human activities within the basin. While geologic and topographic
variables are fixed in the short term, long-term changes occur in climatic conditions. On the other
hand, human activities or land cover changes would produce abrupt alterations in streamflow, erosion
process and sediment load [7]. All environmental changes play an important role in altering surface
flow and sediment yield. Sun et al. [2] argued that climate change was more crucial to the hydrological
cycle changes in four Poyang Lake basins than vegetation. Wang and Ishidaira [4] suggested that
the total changes of runoff or sediment load in Red River basin was caused by climate variation and
human activities, mainly on land cover change. Nguyen Ngoc and Lung [9] concluded that if the
forest cover of the catchment is reduced from 70%–80% to 40%–50%, soil erosion will increase by 27.1%
and surface flows will increase by 33.8%. Land cover change was demonstrated as a crucial factor of
changes in water yield, sediment load and nonpoint water pollution [6–8].

Quantitative contribution of all these impacts on changes in the streamflow and sediment load has
been thoroughly investigated [4,8,10]. However, little quantitative knowledge is available on individual
impacts of the various environmental changes on streamflow and sediment load. There are two main
ways to study separating effects of the climate and the land cover change. One traditional way is a
paired catchments experiment [10]. Although this approach is the “good standard” in quantifying the
impacts of land cover changes, it is quite costly and time-consuming. Another approach is a simulation
method. Model simulation methods account for streamflow or sediment load change response to
climate variability and land cover change or human activities [4,8], with the assumption that the
total changes of runoff or sediment load is caused by climate variation and human activities or land
cover change. For instance, Zhao et al. [11] calculated different contributions of human activities and
climate change on streamflow change in the upper catchment of the Yellow River Basin using the
Geomorphology Based Hydrological Model (GBHM) and sensitivity-based method. Tang et al. [8]
evaluated separated effects of variations in land cover and climate on runoff and water quality in
the upper catchment of the Miyun Reservoir in northern China using the GBHM hydrological model.
Wang and Ishidaira [4] applied the Soil and Water Assessment Tool (SWAT) model to separate impacts
of climate change and human activities on the streamflow and sediment flow in the Red River basin
and concluded that land cover change is the main human activity to alter the streamflow and sediment
flow in this basin. Most of these studies assumed that land cover changes were caused by human
activities without separating the climate-induced land cover change from human-induced land cover
change and other human activities, and climate change only included meteorological changes (such as
precipitation, temperature changes). Climate-induced land cover change has been rarely considered as
part of climate change in assessing impacts of the climate change on water resources.

To distinguish climate/human-induced land cover change and evaluate the effects of land
cover change on the streamflow and sediment load, dynamics of land cover change should be
investigated first. While long-term time series of land cover change is not readily available, the
Normalized Difference Vegetation Index (NDVI) and Leaf Area Index (LAI) are two of the most widely
used vegetation indices to reflect dynamics of land cover degradation caused by human activities
and climate changes [12,13]. However, NDVI or LAI obtained from remote sensing data can only
explain the current vegetation cover with dual influence of climate change and human activities.
To investigate potential vegetation cover (e.g., potential LAI) under climate change scenarios excluding
human activities, ecosystem simulation models are required. Ecosystem models have additional
advantage to considering effects of not only climatic conditions but also other factors such as carbon
dioxide concentrations.

The objective of this study is to design framework to quantitatively assess the impacts of various
environment changes on the streamflow and sediment load in the Da River Basin. We used a
hydrological model and new sediment rating curve to conduct multiple scenario analysis to separate
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the individual effects of environment changes on streamflow and sediment load. Specifically, our
main focuses are: (1) to determine the period with the most drastic artificial disturbance; (2) to
determine LAI time series from Glaobal Inventory Modelling and Mapping Studies (GIMMS) to
analyze changing trends of the actual land/vegetation cover in the past years, and to model potential
LAI by an ecosystem model to describe the potential land/vegetation cover condition without human
activities; (3) to evaluate hydrological models and new sediment rating curves; (4) and to separate
environment change effects on streamflow and sediment load.

2. Study Area and Data Description

2.1. Study Area

The Da River, originated from Yunnan Province, China, is one of the largest tributaries of
the Red River representing a trans-boundary river shared between Vietnam and China (Figure 1).
The catchment area of the Da River is approximately 55,000 km2. Mountainous landscapes dominate
in the Da River Basin (DRB), with narrow and steep slopes. Mean elevation is at 1836 m, but maximal
elevation reaches 3318 m and the minimal one is of 5 m (Figure 1). The geologic substratum of the
upper basin is dominated by consolidated paleozoic sedimentary rocks of complex lithology, with
variable contributions of mesozoic silicic or carbonate rocks [3]. Soils in the upper basin are typically
Ultisols and alluvial soils with little variation spatially [14]. Mountain areas in the upstream are
tectonically active and unstable, and this, combined with intense rainfall, causes high erosion [15].

Climate is dominated by tropical monsoon with annual mean rainfall about 1320 mm,
in two seasons with the wet season (May to October) receiving 85% of total precipitation [3,8].
The annual mean runoff is about 1168 m3/s from 1988 to 2004 at the Lai Chau Station and a total
annual sediment load about is 40.1 ˆ 106 ton. The annual mean runoff is about 1660 m3/s at Hoa Binh
station, which accounts for about half of the maximum discharge in the Red River basin.

The overall sediment load of the Red River ranks ninth in the world. Sediment yield of the river is
important to investigate as the Vietnamese government has decided to build a cascade of five dams and
hydropower facilities in the DRB (Figure 1), for flood control, irrigation and hydropower generation.
Up to now, two dams, Son La and Hoa Binh have been completely finished. The Son La reservoir in
the DRB with effective storage of 16.2 km3 [3,4] has just been completed in October 2012, becoming the
largest dam in Vietnam (Figure 1). The Hoa Binh dam (V = 9.5 km3) located downstream of the Son La
dam, was completely finished in 1993 [3].

Deforestation has been a growing concern in the region and upstream of DRB in particular.
The region was originally dominated by forest: 70% of the total DRB was covered by evergreen
broadleaf forests with remaining area as croplands and shrublands. The forest coverage of the Chinese
part of the river has declined by half [16] from 1950 to 1990 and most rapidly in 1993 [17]. Vietnamese
forest cover decline has been even more rapid over the same time period replacing or felling more
than 70% of previously forest area especially in upstream mountainous regions [18]. Since 1995,
several forest rehabilitation programs have been established and overall forest area of Vietnam has
continuously increased; however, the Da River Basin still has limited forest plantations due to poor
accessibility [19]. Compared with original natural forests, young man-made forests have lower canopy
density, shallower rooting depth and had limited soil erosion function. Over the last 500 years,
deforestation had raised the soil erosion rate by 15-fold resulting in increased sediment load in the
DRB [3]. In addition, according to the observed meteorological data, both rainfall and air temperature
show an ascending trend with the average slope of 0.863 mm/year and 0.014 ˝C/year in the past
50 years. Thus, deforestation and climate change have been main factors in intensified soil erosion in
the basin.

The Da River has received increasing attention [20] for many eco-hydrological issues, such as
flooding, sediment changes and biodiversity losses. Land cover change has caused a great impact
on the streamflow and sediment yield process in the Red River basin [4]. For the streamflow of this
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river, Tuan [21] concluded that the peak discharge and the total runoff volume increased as the forest
cover area decreased because of the Hoa Binh Reservoir constructions. Ye et al. applied Mann–Kendall
and cluster technique methods to analyze the variability of the 45-year runoff series at the Manhao
station in the Red River and showed an inverse trend between annual runoff and NDVI [17]. As for
the sediment load, Ren et al. [22] analyzed annual sediment load of different periods in Yuan Jiang in
the Red River Basin, and showed that annual sediment load in the 1980s was less than in the 1990s,
and forest cover had a reverse relationship with sediment load. Dang et al. [23] detected a significant
decrease of sediment load after 1990 in the downstream of reservoir, which indicated that the Hoa
Binh dam reduced its annual sediment by half. Wang et al. [4] concluded that human activities such as
dams or land use changes are the main causes affecting the changes of sediment flow in Red River
Basin. However, it is not clear how much each environment change factor affected streamflow and
sediment load in the Red River basin.
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Figure 1. Location of the DRB and the meteorological stations.

2.2. Dataset

The hydrological and meteorological datasets covering 1960–2008 were provided by the Vietnam
Academy of Science and Technology and the China Meteorological Data Sharing Service Center and
are used as inputs for hydrological simulation and sediment load calculations. Daily streamflow data
collected from the Lai Chau (LC) and the Ta Bu (TB) stations in the DRB (Figure 1) were used in
calibrating and validating the hydrological model. Monthly suspended sediment concentration (SSC)
data are also available at the Lai Chau station. Daily meteorological data including precipitation, wind
speed, relative humidity, hours of sunshine as well as maximum, minimum, and mean air temperatures
were well distributed in the study area, reflecting the climatic characteristics of DRB.

We also used 0.25 degree gridded daily precipitation and average temperature data from
APHRODITE’s Water Resources Project [24]. In addition, 0.5 degree gridded monthly average
daily maximum and minimum temperature data from Climatic Research Unit [25] was introduced
to calculate the diurnal temperature range (DTR), which was applied to transform daily average
temperature from APHRODITE into daily maximum and minimum temperature. As for other
geographical information, elevation data with 1 km resolution was provided by Global 30 Arc-Second
Elevation (GTOPO30) from the U.S. Geological Survey [26,27]. Global Digitized Soil Map and
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effective Soil Depth of FAO-UNESCO with a spatial resolution of 1 km were used to obtain the
soil properties [28]. Global 1 km Land Cover data obtained from the USGS National Center for Earth
Resources Observation Science was employed (http://edcdaac.usgs.gov/glcc/ea_int.html), and the
land cover was reclassified into the following seven types: evergreen needle-leaf forest, evergreen
broadleaf forest, deciduous broadleaf forest, deciduous needle-leaf forest, evergreen shrubs, C3 and C4
(photosynthesis type) grassland in the study. In addition, annual mean global Carbon Dioxide (CO2)
data from Ed Dlugokencky and Pieter Tans, Earth System Research Laboratory, National Oceanic &
Atmospheric Administration (NOAA/ESRL) (www.esrl.noaa.gov/gmd/ccgg/trends/) was also used
in the ecological model. Global Data Sets of Vegetation Leaf Area Index (LAI 3 g) including a 30 year
period from 1982 to 2011 [29] was used to analyze the land cover and develop the new sediment rating
curve in our study area. All the geographic data were re-gridded into the same spatial resolution of
0.25 degree to feed with the Biome-Bio Geochemical Cycle (Biome-BGC) ecological model.

3. Methodology

3.1. Determination of Period with Human Distubances

In order to evaluate environment change effects on streamflow and sediment load, the period
of most drastic artificial disturbance should be first determined. The Pettitt mutation approach,
widely-used to detect the time of the change in time series [30], was employed to detect the time with
an abrupt change in annual streamflow in this study. When this break point was determined, the
research period could be divided into two parts: the pre-change period before this year represented as
the baseline period without strong human activities and post-change period after the abrupt year was
recognized as the most serious period of human activities effect compared with the pre-change period
(Figure 2). In addition, time series of NDVI and precipitation was also analyzed to confirm this period.
In this study, we only focus on the post-change period associating with significant human activities.

3.2. Analysis Method

The total change of streamflow or sediment load should be caused by climate change and
human activities in one period. Climate changes include climate-induced land cover change and
meteorological change, and human activities include human-induced land cover change and others.

∆Qt˝t = ∆Qcli + ∆Qhum, (1)

∆Qhum = ∆Qhum´lcc + ∆Q ˝ thers, (2)

∆Qcli = ∆Qcli´lcc + ∆Qmet, (3)

where ∆Qt˝t, ∆Qcli, ∆Qhum, ∆Qhum´lcc, ∆Qcli´lcc, ∆Qmet and ∆Q ˝ thres represent the change of
streamflow caused by all environment changes, climate variability, human activities, human-induced
land cover change, climate-induced land cover change, meteorological change and other artificial
disturbances, respectively. Calculation of sediment load changes follows the same rule with streamflow.

According to Figure 2, effects of different environmental changes on the streamflow and sediment
load were estimated as the following:

∆Qtot “ Qobs
2 ´Qobs

1 , (4)

∆Qhum “ Qobs
2 ´Qsimcli

2 , (5)

∆SLtot “ SLobs
2 ´ SLobs

1 , (6)

∆SLhum “ SLobs
2 ´ SLsimcli

2 , (7)



Forests 2016, 7, 30 6 of 18

in which ∆Qhum and ∆SLhum are the change of streamflow and sediment load due to human activities;

Qobs
1 , Qobs

2 , SLobs
1 , and SLobs

2 is the observed streamflow or sediment load in the first or second period,

respectively; and Qsimcli
2 and SLsimcli

2 are the simulated potential streamflow and sediment load only
considering climate change effect in the second period.
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Three models are used to evaluate environment changes and their impacts on streamflow and
sediment load in DRB: the Biome-BGC Model, the Block wise use of Topography hydrological model
with Muskingum–Cunge routing model (BTOPMC) and the New Sediment Rating Curve (NSRC).
The models are coupled in a “one-way” manner (Figure 3) and datasets used in these models are
summarized in Table 1. A feedback loop is not included, as spatial changes in land cover and temporal
dynamic change in LAI are reflected in the basin scale streamflow and sediment load simulation.
Biome-BGC is first used to simulate the potential LAI under climate change effect, and BTOPMC
and NSRC are validated in the pre-change period in DRB. After this, the potential LAI and actual
meteorological data in the post-change period are then inputted into the validated BTOPMC to

calculate Qsimcli
2 . Then, potential LAI and Qsimcli

2 are used to drive validated NSRC to get SLsimcli
2 .

Finally, the effect of human activities on streamflow and sediment load can be calculated by the
differences between simulated and observed value in the post-change period and the effect of climate
variability is the remaining part of the total change.
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Table 1. A summary of input datasets for parameterizing different models.

Data Temporal Scale Time Span Spatial Scale Data Source

Sreamflow Monthly 1988–2004 Point Lai Chau station
Sediment flow Monthly 1988–2004 Point Lai Chau station

CO2 Annual 1959–2014 Point NOAA/ESRL
LAI/NDVI Monthly 1982–2006 Grid (8 km) AVHRR-GIMMS(LAI3g)

Precipitation Daily 1951–2007 Grid (0.25˝) APHRODITE‘s Water Resources Project
Average Temp Daily 1951–2007 Grid (0.25˝) Same as above

Max & Min Temp Monthly 1901–2009 Grid (0.5˝) Climatic Research Unit
DEM Grid (1 km) GTOPO30 (USGS)
Soil 2000 Grid (1 km) FAO-UNESCO

Land Cover 1992 Grid (1 km) USGS

3.2.1. Hydrological Model

The BTOPMC is a blockwise grid-based distributed hydrological model developed by the
University of Yamanashi, Japan [30,31]. The model extends TOPMODEL concept [32] by adopting
the Muskingum–Cunge method for flow routing component on a grid basis and sub-catchments
served as blocks [30,31]. This concept helps to address TOPMODEL’s limitation in flow timing
and heterogeneity for modeling large river basins in the warm humid regions [31,33]. For each
grid, four vertical zones are considered for hydrological calculation: vegetation zone, root zone,
unsaturated zone and saturated zone [30,31]. The model has been validated on several river basins
with various resolutions using remote sensing data and global datasets on ungauged catchments with
good performance [30–33]. A more detailed description of the BTOPMC model and its underlying
conceptualizations and parameters is found in one reference [30].

In this paper, BTOPMC is applied to simulate streamflow controlled by environment changes
such as climate change scenario and LAI change. The maximum soil water capacity of the root zone,
the LAI for calculation of actual evapotranspiration, and canopy interception were key parameters
to evaluate land cover change effects on the streamflow. Three statistics are applied to assess the
performance of BTOPMC model [34]:

(i) Nash–Sutcliffe efficiency (NSE): NSE ranges between ´8 and 1.0 (1 inclusive), with NSE = 1
being the optimal value. Values between 0.0 and 1.0 are generally viewed as acceptable levels
of performance;

NSE “ 1´
řn

i“1 pQobsi ´Qsimiq
2

řn
i“1 pQobsi ´Qobsq

2 (8)

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

RSR “
RMSE

STDEVobs
“

b

řn
i“1 pQobsi ´Qsimiq

2

b

řn
i“1 pQobsi ´Qobsq

2
(9)

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

PBIAS “
MAE
Qobs

“

ˇ

ˇ

ˇ
Qsim´Qobs

ˇ

ˇ

ˇ

Qobs
˚ 100%, (10)

where Qsim is simulated value, Qobs is observed value, Qsim is average simulated value, Qobs is
average observed value, and MAE is mean absolute error.

When the RSR is less than 0.7 and the NSE is greater than 0.5, the model performance for both
streamflow and sediment load calculation is considered as being good [34]. However, values of PBIAS
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for streamflow and sediment load vary significantly [34]. Moriasi [34] defines PBIAS being less than
25% of a satisfactory indication for the streamflow simulation and PBIAS results less than 55% are
considered acceptable for the sediment load.

3.2.2. Ecological Model

Biome-BGC is a biogeochemical point-scale simulation model [35] to estimate the storage and
fluxes of carbon, nitrogen and water within terrestrial ecosystems. The model simulates the potential
LAI under present climate conditions without human activities, considering changes of both climatic
conditions and carbon dioxide concentrations. The model requirement includes daily climate data, CO2,
information of the general environment (i.e., soil, vegetation type and site conditions) and parameters
describing the eco-physiological characteristics of vegetation. The missing daily meteorological data,
which is not available from APHRODITE or Climate Research Unit (CRU) dataset, are estimated
by the Mountain Microclimate Simulation Model (MTCLIM) [36]. The Biome-BGC needs “spin-up”
simulations to achieve equilibrium conditions when the initial soil and plant compartment pools match
the mass balance equations [35]. Biome-BGC emphasizes leaf area index (LAI) as a key structural
output, which is calculated by multiplying carbon allocated to leaves times the specific leaf area.
Ichii et al. [37] applied this model to simulate the carbon fluxes and gross primary productivity in
Amazonian, African and Asian areas. As a result, we also used the model to simulate potential LAI
since our study basin is one part of the Asian area. In order to obtain LAI values for all grids, instead
of previous point simulation vision for DRB, we developed the grid-based Biome-BGC model with the
spatial resolution of 0.25 degree.

3.2.3. New Sediment Rating Curve

The calculation of sediment load 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. Physically-based models or sediment rating curves have been used
to estimate suspended sediment concentration (SSC). However, physically-based models universally
used to simulate SSC tend to suffer from problems associated with the difficulty of huge dataset and
the identifiability of parameter values. Conversely, traditional sediment rating curve [38] generally
represents a simple power functional relationship relating SSC to streamflow that unfortunately, does
not consider temporal dynamic changes of vegetation cover. Vegetation cover, as was discussed above,
should have important effects on soil erosion and sediment transport capacity by slowing flow through
friction losses [39]. Hence, low intensity vegetation cover condition should provide more sediment
flux for the same streamflow. The New Sediment Rating Curve (NSRC) considers vegetation cover
(NDVI or LAI) and gives better agreement in sediment simulation result in several Asian basins [40].
The sediment load (SL) is calculated by:

SSC = a(1-MLAI
c)Qb (11)

MLAI “ pLAI ´ LAIminq { pLAImax ´ LAIminq (12)

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; MLAI is standardized LAI; and LAImin{max is the minimum and
maximum LAI value.

Then, the sediment load (SL) can be calculated by:

SL = Q ˆ SSC. (13)

Considering data shortage in DRB, NSRC is developed based on time series of MLAI and
streamflow to estimate sediment load changes from the changing streamflow and land cover in
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this study. To provide comprehensive assessment of this sediment model performance and indicate
the accuracy of calculated curve, the same statistics and evaluation rules as in the BTOPMC model
are used.

4. Results and Discussion

4.1. Determination of Time Period with Human Distubances

As mentioned before, we first determined the period affected the most strongly by human
activities. According to the previous study [4], the Pettitt mutation test results indicated a change point
in annual streamflow occurring in 1993 for both Lai Chau and Ta Bu hydrologic stations, which showed
a significant upward trend in DRB. The period after 1993 was recognized as the period with the most
serious human activities impact compared with the period before 1993. In addition, we also analyzed
the change of NDVI from 1982 to 2006 and detected one obvious downward shift. Additionally, the
average NDVI before and after 1993 also indicated that vegetation cover change affected by human
activities was more serious after 1993 (Figure 4). Therefore, the period was divided into two parts: a
pre-change period (1988–1993), representing streamflow under natural conditions, and a post-change
period (1994–2004), representing streamflow under drastic human activities control. As a result, the
period from 1994 to 2004 was selected as the target period to separate impacts of different environment
changes on the streamflow and sediment load in this research.
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Figure 4. Change of annual maximum NDVI in the upstream of Laichau station (1982–2006).

4.2. Hydrological Model and NSRC Model Simulation

In this study, daily streamflow data for 1988–1993 are used for model calibration and validation of
the BTOPMC hydrological model.The statistics for evaluation of the BTOPMC model give consistent
results and good accuracy according to established criteria (Table 2).Direct comparison of the daily
simulated to observed data of the streamflow in the pre-change period shows a reasonable match with
observed data at the Lai Chau and the Ta Bu stations (Figure 5). Thus, the BTOPMC hydrological
model could simulate streamflow in DRB well.

Table 2. Evaluation of model simulation during the pre-change period for the catchments controlled
by Laichau and Tabu stations in the Da River Basin (DRB).

Laichau Tabu

Calibration Validation Calibration Validation

R2 0.92 0.88 0.94 0.89
NSE 0.93 0.89 0.90 0.87
MAE(mm) 3.76 4.49 2.96 3.71
PBIAS (%) 0.37 0.41 0.26 0.27
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Figure 5. Comparison of observed and simulated monthly streamflow in the DRB.

NSRC model is used to calculate SSC for the period from 1988 to 1993, as the following equation:

SSC = 0.41(1-MLAI
6.5)Q1.5. (14)

Results show well noted correlation between simulated and observed monthly SSC (Figure 6).
The same three statistical criteria to evaluate new sediment rating curves indicate good agreement
with established validation techniques. High NSE (0.86), low RSR and PBIAS (Table 3) suggest that
NSRC can evaluate SSC accurately at the Lai Chau station and can be applied to well simulate SSC or
sediment load in the DRB.
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Figure 6. Comparison of observed and simulated monthly SSC at the Laichau station.

Table 3. Performance of new sediment rating curve for the Laichau station.

Catchment NSE MAE (g/m3) PBIAS (%)

Laichau 0.86 3.21 0.634

4.3. Modeled Actual and Potential LAI Analysis

As mentioned above, the point-scale Biome-BGC model was used for simulating gridded basin to
evaluate land cover change under climate change. Comparing simulated and observed monthly basin
average LAI from 1982 to 1993, the simulated LAI showed a good match with the satellite observed
values (Figure 7). In addition, the high R2 value (0.772) also suggests that this ecological model is
capable of simulating LAI reasonably well. Moreover, we compared simulated and satellite annual
maximum LAI from 1982 to 2006 shown on Figure 8. It is obvious that the annual simulated LAI
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matches the observed values before 1994 well, and there is some partial difference in the post-change
period. Then, grid maximum monthly and annual potential LAI from 1994 to 2004 were generated
from the model to analyze the potential land cover conditions.
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Figure 8. Comparison between simulated and satellite annual maximum LAI.

In order to quantify land cover change in detail, satellite observed LAI was used to reflect actual
land cover change caused by combination of climate change and human activities, and simulated
potential LAI by an ecological model representing climate-induced land cover change. The difference
between the two was considered the true impacts from human-induced land cover change. Thus, the
linear trend of annual LAI from GIMMS and potential LAI from the Biome-BGC model forced by real
climate data alone were further calculated to identify these complex land cover changes (Figure 9),
which expressed some inverse trend between actual LAI and potential LAI from 1982 to 2006. Almost
all of the area in the basin showed a decreasing trend for the actual LAI whereas most grids had an
increasing trend for potential LAI. On the other hand, the maximum decreasing trend of actual LAI is
0.12, much higher than the increasing slope of 0.01, and the maximum increasing trend of potential
LAI is 0.13, much higher than the decreasing slope of 0.05. This unsymmetrical result also showed
that human actives aversely changed the trend of land cover. To quantify this type of land cover
change, LAI were then standardized according to the Equation (12). Results showed that the average
standardized potential LAI (MLAIp) was larger than the standardized actual LAI (MLAIc) for almost all
the months including the wet and dry season (Figure 10). As shown in Table 4, two statistics were used
to evaluate changes of the land cover without the effect of human activities. The changes between
MLAIp and MLAIc for the wet season, dry season, and annual average were different, which indicated
that land cover changed severely and human activities affected it stronger in the dry season in the DRB.
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Table 4. Statistic results of comparison between MLAIp and MLAIc from 1994 to 2004.

Wet Season Dry Season Annual Average

MLAIp 0.783 0.635 0.696
MLAIc 0.756 0.548 0.636
MAE 0.027 0.087 0.06

PBIAS(%) 3.57 15.88 9.43

4.4. Effects of New Reclassified Environmental Changes on Streamflow and Sediment Load

In this research, we reclassified all environmental changes related to river streamflow and
sediment load as the following: climate change including meteorological changes (such as
precipitation, temperature changes) and climate-induced land cover change; human activities including
human-induced land cover change and other human activities. According to attribution analysis
method, the total change of the streamflow (∆Qtot) was separated as ∆Qcli and ∆Qhum in different
seasons, which was listed in Table 5. Seasonal and annual changes show expected increase for both
the Lai Chau and Ta Bu with different magnitudes. Results show that human activities account for
65%, 56.0% in the wet season and the dry season for the Lai Chau catchment, and 62.5% of the total
streamflow change for the whole year, and 69.0%, 59.0% and 66.4% for the Ta Bu catchment respectively.
Climate change contribution accounts for 35.0% of the wet season, 44% of the dry season, and 37.5%
of the whole year at the Lai Chau and 31.0% of the wet season, 41.0% of the dry season, and 33.6%
of the whole year at the Ta Bu catchments. Generally, an increase of annual and seasonal streamflow
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caused by artificial disturbances is larger than the increment caused by climate change in the DRB. The
contribution ratio of human activities effect to streamflow changes is a little higher in the wet season at
the Lai Chau and Ta Bu station.

Table 5. Effects of human activities and climate change on the annual streamflow (mm) across
catchments controlled by hydrological stations in the DRB (subscript 1: 1988–1993; subscript 2:
1994–2004).

Station Time Scale Qobs
1 Qobs

2 Qsimcli
2 ∆Qt˝t ∆Qcli ∆Qhum Clim Hum

% %

LC
wet season 1726.8 1982.9 1816.4 256.1 89.6 166.5 35.0 65.0
dry season 381.5 479.5 424.6 98.0 43.1 54.9 44.0 56.0

annual 1054.2 1231.1 1120.5 176.9 66.3 110.6 37.5 62.5

TB
wet season 2235.2 2784.9 2405.6 549.7 170.4 379.3 31.0 69.0
dry season 493.8 690.6 574.5 196.8 80.7 116.1 41.0 59.0

annual 1364.6 1738.0 1490.1 373.4 125.5 247.9 33.6 66.4

(Wet season: May to October; dry season: November to April).

Table 6. Effects of human activities and climate change on the annual sediment load (106 ton/year) of
Lai Chau station (subscript 1: 1988–1993; subscript 2: 1994–2004).

Station Time Scale SLobs
1 SLobs

2 SLQsimcli
2 ∆SLt˝t ∆SLcli ∆SLhum Clim Hum

% %

LC
Wet season 65.3 79.8 69.2 14.5 3.9 10.6 26.9 73.1
Dry season 4.8 5.9 5.3 1.1 0.4 0.7 40.0 60.0

Annual 35.1 42.9 37.4 7.8 2.3 5.5 29.5 70.5

The contribution of climate change and artificial disturbance in sediment load changes is
calculated in Table 6. Similar with streamflow, sediment load also shows an obvious increase in
the post-change period for the whole year, wet season and dry season. The results show that the
proportions of artificial disturbance effect to the total change of sediment load accounts for 70.5%,
73.1% and 60.0%in the whole year, in the wet season and the dry season, and 29.5%, 26.9% and 40.0%
for climate change at the Lai Chau station.

4.5. Discussion

4.5.1. Changes of Land Cover Changes and Their Impacts

Generally, human activities and climate variability are the main factors affecting streamflow or
sediment load. Land cover changes’ effects are more challenging to diagnose and quantify since we
reclassified it in two parts in this study: climate-induced and human-induced land cover change.
Previous research confirmed climate-induced land cover change as human activities. On the contrary,
we considered its effects as a part of climate change impacts. As a result, human-induced land cover
changes were the main human activities in our research period since no other drastic human activities
were found in the DRB [4,16,17]. Although the spatial distribution of land cover is dominantly
controlled by climate on a global scale [41–43], recent studies concluded that regional land cover
change has been mainly changed by humans [44–46].Our results support that human actions are the
main factor altering the land cover changes in the DRB through analyzing differences between satellite
LAI and simulated LAI from Biome-BGC model. Deforestation was confirmed as the main land cover
change in the DRB [16,17,19]. On the other hand, potential LAI without impacts of human activities
indicated that forests would have flourished more due to the increased rainfall [42,43]. From the
view of different seasons, changes of the human-induced land cover in the dry season are strongest
because it is the best season of logging in the DRB. Climate-induced land cover changes are hardly
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to be controlled in a short time period, however, it is easy to carry out countermeasures for slowing
down streamflow and sediment load changes by reversing human-induced land cover changes.

Deforestation was demonstrated to increase river streamflow and sediment load as the main
human-induced land cover change [8,15,17,22]. Similar with this study, Wang et al. [4] concluded
that human activities (land cover changes) are the main reason to affect changes in streamflow in the
DRB. Nevertheless, a higher contribution of human activity impacts on streamflow and sediment load
(Table 7) was calculated in our study because climate-induced land cover change played a negative
role (Table 8) on the increase of streamflow and sediment load. This higher rate contribution indicated
climate-induced land cover change could weaken the increase of streamflow and sediment load in the
DRB. Although human-induced land cover changed more in the dry season than in the wet season,
the absolute change of streamflow and sediment load affected by human-induced land cover changes
was higher in the wet season (Tables 4–6). This is due to its rainy weather, which implied that a
precondition of land cover change impacts on streamflow and sediment load was the occurrence of
enough precipitation. Comparing results of streamflow and sediment load changes separation, we can
find that human-induced land cover change effect on sediment load is stronger than the streamflow
in the DRB, which argued that changes of land cover may be more sensitive to sediment load [8].
Sediment load of the Lai Chau station draining 2/3 of the area of the DRB was considered as the main
sediment flow into the Hoa Binh reservoir downstream. Therefore, due to the increased sediment flow
into the reservoir and the reservoir siltation itself, the useful lifetime of the Hoa Binh reservoir would
be shortened quickly, which would cause the risk of flood risk to increase and hydropower generation
reduction in the Red River area. Thus, countermeasures to protect land cover should be carried out to
extend useful lifetime of the reservoir.

Table 7. Comparison with previous research.

Station Results Source
Clim Hum

% %

LC(Streamflow)
A 37.5 62.5
B 46.0 54.0

TB(Streamflow)
A 33.6 66.4
B 40.0 60.0

LC(Sediment load)
A 29.5 70.5
B 36.0 64.0

Note: A: Our results; B: Results from Reference [4].

Table 8. Environmental changes and their impacts.

Type Behaviour Increase of Streamflow
and Sediment Load

Climate change Increasing rainfall Positive
Climate-Induced land cover change More frequent forest Negative
Human-induced land cover change Forest degradation Positive

4.5.2. Uncertainties Analysis

Despite the fact that well validated models gave us much information for ungauged watersheds,
uncertainties still existed in our study due to many factors: potential errors in input datasets, model
parameters and simplification of ecological or hydrological process [47–49]. For example, Li et al. found
that high uncertainty existed in various model parameters and different scale model simulations [47].
Additionally, although atmospheric CO2 concentration was considered to simulate potential LAI in
ecological models, it was not included in our hydrological and sediment simulation models [30,31,40].



Forests 2016, 7, 30 15 of 18

Other human disturbances such as agricultural irrigation water use, urban water consumption and
especially dam construction have also likely affected streamflow and sediment load [23,50].

All factors mentioned above may have led to unrealistic simulation results in our study.
To effectively reduce uncertainty in model simulations, more field observations should be done [47,48].
It was also demonstrated that ensemble techniques are helpful for uncertainty analysis. Therefore,
more field observations should be carried out and an integrated approach considering other influencing
factors should be developed in the future.

5. Conclusions

The interaction and feedback among streamflow, sediment load and land cover is complex.
Degradation of forests in DRB is caused by humans. As the main human-induced land cover changes,
especially in the dry season, deforestation could result in a bigger increase of water yield and sediment
load than climate change. Climate change would have the potential to increase vegetation greenness,
which could weaken the increase of streamflow and sediment load in the Da River Basin. Deforestation
impacts on water yield and sediment load are more pronounced in the wet season, with a stronger
influence on the sediment load due to its being doubly affected by changes of streamflow and
land cover.

Overall, the research provided a framework for attribution analyses of multiple environmental
changes on streamflow and sediment load in a mountainous basin. Since climate-induced land cover
changes may not stop in a short time period in this study region, impact analysis on the individual
contributions of human-induced land cover changes could be valuable for the local government in
decision-making. This study also could provide guidance for future similar studies in other basins
that are rarely gauged. Such information could be critically important in directing efforts in managing
land use, improving agricultural practices, flood control and soil conservation in the rapidly changed
environments in Vietnam.
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