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Abstract: The objectives of this study were to assess land use changes and their hydrological impacts
in the Nenjiang River Basin (NRB). The Soil and Water Assessment Tool (SWAT) model was employed
to evaluate the impacts of land use changes. The Cellular Automata-Markov model was used to
predict a land use map in 2038. Streamflow under each land use state was simulated by the SWAT
model. The results showed that there was a significant expansion of agriculture area at the expense of
large areas of grassland, wetland, and forest during 1975–2000. The land use changes during the
period of 1975 to 2000 had decreased the water yield (3.5%), surface runoff (1.7%), and baseflow (19%)
while they increased the annual evapotranspiration (2.1%). For impacts of individual land use type,
the forest proved to have reduced streamflow in the flood season (10%–28%) and increased surface
runoff in the drought season (20%–38%). Conversely, grassland, dry land, and paddy land scenarios
resulted in increase of streamflow during summer months by 7%–37% and a decrease of streamflow
in the cold seasons by 11.7%–59.7%. When the entire basin was changed to wetland, streamflow
reduced over the whole year, with the largest reduction during January to March. The 2038 land
use condition is expected to increase the annual water yield, surface runoff and wet season flow,
and reduce evapotranspiration and baseflow. These results could help to improve sustainable land
use management and water utilization in the NRB.
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1. Introduction

Converting land to other uses is one of the main forms of global change and may potentially
have significant effects on the ecosystem and climate, including local hydrology and water resources.
Therefore, investigating the processes and consequences of land use change is crucial for land managers,
ecologists, and hydrologists [1,2]. Over the past decades, the land use change impacts on hydrology
and water resources have attracted the attention of researchers across the globe [3–5]. Most have
focused on the impacts of land use change on annual mean discharge and extreme hydrological
events [6,7]. For instance, Siriwardena et al. [8] found that the clearing of forest vegetation from 83% to
38% increased the runoff by approximately 40% in Comet Catchment of Australia. Niehoff et al. [9]
conducted research on flood prediction using both the Land Use Change modelling Kit (LUCK) and a
physically based hydrological model (WaSiM-ETH), and the results indicated that land use has an
impact on storm–runoff generation especially for convective storm events. Gwate et al. [10] found
that the expansion of cultivated land (92%) and decrease of wooded land (35%) and grasslands (9.8%)
between 2004 and 2013 increased the streamflow in Quaternary Catchment, South Africa. Profound
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land use changes and their effects on the hydrological cycle and water volume in China have also been
reported in previous studies [11,12]. These changes represent a significant challenge to watershed
water resource management. Although there has been abundant research on the impacts of land use
changes on hydrology, the evidence from various studies may differ due to the variation in catchment
characteristics coupled with land use changes [13–15]. For example, Beighley et al. [16] found that
urbanization increased peak discharges and runoff volume but decreased streamflow variability and
baseflow, whereas David et al. [17] and Kim et al. [18] indicated that an increase in the impervious area
led to contrasting effects on baseflow and streamflow. Shi et al. [19] found that an increase in grassland
had a positive relationship with surface runoff in the upstream region of the Luanhe River Basin, but a
negative relationship in the downstream region.

The Nenjiang River Basin (NRB) lies in northeastern China. There are numbers of land use types
in the area, but, in particular, the NRB is a major agricultural area and one of the most important
wetland regions in China. Over the past few years, the NRB has experienced dramatic changes in land
use patterns due to global warming and intensive human activities (e.g. agriculture, urban expansion,
and water engineering construction) [20]. For example, Tang et al. [21] analyzed the land use maps and
images of the basin and concluded that the most significant land use change in the basin appeared to
be the spread of farmland, the destruction of forests, and the loss of grassland. Forests experienced the
largest decrease among all landscape types, ascending from 45,003.07 km2 in 1954 to 36,972.56 km2 in
2010, and the gaining area of farmland as 11452.68 km2 mainly transformed from forest and grassland.
Yuan et al. [22] showed that the natural wetland in the Songhua River Basin, where the NRB is located,
had declined from 6.35 × 104 km2 to 5.94 × 104 km2 between 1995 and 2008, whereas the area of
artificial wetland increased from 2.96 × 104 km2 to 3.77 × 104 km2 during the period. These studies
addressed land use change characteristics based on certain land use types or in a small part of the
basin. However, no study has investigated the transformations between different land use types in a
holistic way to identify changes across the basin.

Streamflows are critical to agricultural and ecological water demands in the NRB, and notable
variations have been revealed in streamflow across the basin [23,24]. Several studies have investigated
the spatiotemporal variability of streamflow and its driving factors in the NRB. Most of them focused
on the hydrological response to climate change rather than land use change. Therefore, this study
addressed this knowledge gap by using land use data that covered different periods of time and used a
hydrological model to predict how these changes may affect the hydrology of the NRB. The objectives
of this study were to (1) identify the changing characteristics of land use in the NRB and (2) assess how
hydrological components respond to land use changes in the basin.

2. Materials and Methods

2.1. Study Area

The source of the Nenjiang River is in the Great Khingan Mountains. It forms one of the largest
tributaries of the Songhua River in northeast China (Figure 1) and has a drainage area of 297,000 km2.
The annual precipitation and annual mean temperature during 1960–2009 of the NRB is 455 mm and
3.2 ◦C, respectively, and the annual streamflow in the basin is 2.28 billion cubic meters. The NRB
topography in the upstream rivers is significantly different from that found in the lower basin areas.
The upstream region is mostly covered by dense forest, but this transitions from mountains to plains
in the midstream region. The area in the lower basin is mainly occupied by grassland, cropland,
and wetland due to the flat terrain and fertile soil. The NRB contains numerous wetlands and
is regarded as one of the most important wetland regions in China. There are many important
wetland nature reserves (e.g., Zhalong, Xianghai, and Momoge), which sustain diverse ecosystems.
In recent decades, the NRB has experienced extensive land use changes due to the growing population,
deteriorating weather conditions, and government land use policies. All these factors may have
significant impacts on hydrology.
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Figure 1. Location of the Nenjiang River Basin. 

2.2. Data Collection 

Daily precipitation, mean, maximum and minimum temperature, wind speed, sunshine hours, 
and relative humidity data were collected from 17 meteorological stations across the NRB (Figure 1). 
All meteorological data were obtained from the China Meteorological Administration (CMA). The 
dataset covered the period 1960–2009. Monthly discharge data during the same period were also 
gathered from five hydrological gauging stations (Figure 1), which were located in the mainstream 
part of the basin. The data were provided by the Hydrology Bureaus (HBs) of Inner Mongolia, and 
Heilongjiang and Jilin Provinces. The quality of the meteorological and hydrological data was highly 
controlled by the CMA and HBs before they were released.  

In addition, the Soil and Water Assessment Tool (SWAT) model requires geographical data. In 
this study, the 1:1,000,000 Digital Elevation Model (DEM) data and soil data for the NRB (Figure 2) 
were selected and converted into 1 km × 1 km raster datasets to develop the SWAT model. The soil 
data were obtained from the Soil Database, which is supported by the Institute of Soil Science, 
Chinese Academy of Sciences (CAS). The 1 km × 1 km soil map was created from digital soil maps 
that were based on different soil particulate sizes. Land use data for 1975, 2000, and 2010 were 
provided by the CAS with a spatial resolution of 1 km × 1 km. 

Figure 1. Location of the Nenjiang River Basin.

2.2. Data Collection

Daily precipitation, mean, maximum and minimum temperature, wind speed, sunshine hours,
and relative humidity data were collected from 17 meteorological stations across the NRB (Figure 1).
All meteorological data were obtained from the China Meteorological Administration (CMA).
The dataset covered the period 1960–2009. Monthly discharge data during the same period were also
gathered from five hydrological gauging stations (Figure 1), which were located in the mainstream
part of the basin. The data were provided by the Hydrology Bureaus (HBs) of Inner Mongolia,
and Heilongjiang and Jilin Provinces. The quality of the meteorological and hydrological data was
highly controlled by the CMA and HBs before they were released.

In addition, the Soil and Water Assessment Tool (SWAT) model requires geographical data. In this
study, the 1:1,000,000 Digital Elevation Model (DEM) data and soil data for the NRB (Figure 2) were
selected and converted into 1 km × 1 km raster datasets to develop the SWAT model. The soil data
were obtained from the Soil Database, which is supported by the Institute of Soil Science, Chinese
Academy of Sciences (CAS). The 1 km × 1 km soil map was created from digital soil maps that were
based on different soil particulate sizes. Land use data for 1975, 2000, and 2010 were provided by the
CAS with a spatial resolution of 1 km × 1 km.
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Figure 2. Multiple Input data for SWAT (Soil and Water Assessment Tool) model development in
this study.

2.3. Land Use/Land Cover Prediction

In this study, Cellular Automata-Markov (CA-Markov) model was used to predict the 2038 LULC
(Land use/land cover) condition. CA-Markov is a robust model that combines the advantages of the
Markov chain and Cellular automata.

The Markov model describes the land use change from one period to another, based upon which it
predicts the future trends in the LULC change. The following formula can be used to predict the LULC:

St+i = PijSt (1)

where St and St+1 are the states of the land use structure at t and t + i, respectively, and Pij is the state
transition matrix.

Cellular automata represent a type of grid-dynamic model with strong space-computing power.
The CA-Markov model can be expressed as follows:

St+i = f (St,N) (2)

where S is a finite, discrete states set of cells; N is the cellular neighborhood; t and t + i are different
moments; and f is the cell transformation rule of the local space.

Therefore, the model can simulate the spatiotemporal LULC evolution of complex systems and
has been widely applied in many countries [25–28].

The detailed parameters and steps of the LULC prediction, using the CA-Markov model, are as
follows: (1) Data format conversion and reclassification are performed to obtain fixed land use types.
(2) The state transition probability matrix and the transfer area matrix are obtained through the Markov
module. (3) A transition suitability image set is established. (4) The CA filter and the number of
cycles is determined. (5) Assessment of the accuracies of the prediction images are according to the
actual images.

We employed the 2010 classified map as a basis LULC image and the 2000 and 2010 maps
for assembly transition probability matrix to predict the 2038 LUCC condition. The Kappa
coefficients (higher than 0.75) indicated that the model performed pretty good in simulating the
2038 LUCC condition.
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2.4. Model Description

SWAT was used to create a streamflow simulation for the NRB. It is a physically based hydrological
model [28] that has been widely used and has been proven to be effective in investigating the impacts
of climate and land use on water quantity and quality [29–32]. The SWAT was developed using various
input data, such as topography, land use, soil properties, and weather data for the basin. The DEM
was used to delineate the watershed, and then the area was divided into multiple sub-basins and
hydrological response units (HRUs). The HRU was based on the unique combinations of land features,
soil type, and slope classification within a sub-basin. Therefore, the SWAT is physically distributed
and can effectively predict runoff changes under different land use conditions. Previous empirical
analysis [7,11] was able to predict the comprehensive effects of land use change on runoff, but it was
hard to clarify the specific impact of each individual land use type. Therefore, we have used the SWAT
to address this challenge by setting up appropriate land use scenarios.

In this study, a 10% threshold for land use, soil type, and the slope was set, and the NRB was
divided into 94 sub-basins and 884 HRUs. The Penman-Monteith method was used to estimate the
evapotranspiration, and soil conservation service curve number (SCS-CN) and the Muskingum method
were used to simulate the runoff generating and routing processes, respectively, in the SWAT model.

The runoff simulation in the NRB was divided into two periods. The calibration period was fixed
as 1980–1994, and the validation period was 1995–2009. The Latin Hypercube One-Factor-at-a-Time
(LH-OAT) technique was used to identify significantly sensitive parameters. The sensitivity analysis
recognized 11 significant parameters that affected runoff. These were CN2 (Initial SCS runoff curve
number for moisture condition II), ESCO (Soil evaporation compensation factor), CH_K2 (Effective
hydraulic conductivity in main channel alluvium), SURLAG (Surface runoff lag coefficient), GW_DELAY
(Delay time for aquifer recharge), ALPHA_BF (Baseflow alpha factor), GWQMN (Threshold depth of
water in the shallow aquifer required for return flow to occur), GW_REVAP (Groundwater “revap”
coefficient), REVAPMN (Threshold depth of water in the shallow aquifer for evaporation), SOL_AWC
(Available water capacity of the soil layer), and SOL_K (Saturated hydraulic conductivity). Descriptions
of these parameters can be found in our previous publication [33]. The sensitive parameters were then
calibrated using the monthly discharge data for 1980–1994 from five hydrological gauging stations.
We used monthly data because there was a lack of daily streamflow data. The calibration was carried
out using the SUFI-2 optimization technique. Then the model was validated using the observed data
for 1995–2009. The Nash-Suttcliffe coefficient of efficiency (Ens) [34], the relative error (Er) [35], and the
coefficient of determination (R2), were used to evaluate whether the SWAT could simulate runoff in the
NRB. For detailed information please refer to [33].

Annual change rates and the transition matrix for land use types were used to identify land
use change over different periods in the NRB. In order to clarify the specific impacts of land use
changes on hydrology, nine land use scenarios were assumed, and hydrological variables, such as
evapotranspiration, surface runoff, baseflow, and total water yield, were simulated for each land use
scenario. Furthermore, a flow duration curve (FDC) was also used to investigate the land use change
impacts on streamflow regime.

3. Results and Discussion

3.1. Model Performance

Simulation outputs for the calibration period (January 1980 to December 1994) and the validation
period (January 1995 to December 2009) are shown in Figure 3. The simulated and observed discharge
data matched well. All Ens and R2 values were above 0.5, and most Er values were in the ± 10%
range (Table 1), which suggested satisfactory model performance [35]. However, there were certain
differences between the simulated and observed streamflow. This could be attributed to the fact
that many uncertainties may be involved in the calculation of recession by the model, such as
the simplification of the complex channel network and the altered outlets, as indicated by the
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underestimation of outflows. The limited amount of observed hydrometeorological data and limited
resolution (i.e., 1 km × 1 km) of regional physical geographic input (such as DEM, land use, and soil)
also decreased the accuracy of the simulation. Generally, the good match between simulation and
observation, the high Ens and R2 values, and the low absolute values for Er indicated that streamflow
can be described by the calibrated model.
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Table 1. Model evaluations for the calibration and validation periods.

Hydrological
Gauging Stations

Drainage Area
(km2)

Calibration (1980–1994) Validation (1995–2009)

Ens R2 Er Ens R2 Er

Shihuiyao 17,205 0.55 0.58 −0.73 0.53 0.56 9.43
Liujiatun 19,665 0.67 0.72 −7.60 0.73 0.74 −8.03

Tongmeng 108,029 0.73 0.77 −3.60 0.77 0.77 0.39
Jiangqiao 162,569 0.78 0.83 −1.50 0.75 0.76 8.73

Dalai 221,715 0.70 0.75 −1.88 0.68 0.72 17.81
1 Ens is the Nash-Suttcliffe coefficient of efficiency, R2 is the coefficient of determination, and Er is the relative error.

3.2. Land Use Changes in the NRB

Land use in the NRB was categorized into eight types: forest, dry land, paddy land, urban,
grassland, water, bare land, and wetland (Figure 4). Table 2 shows the total area occupied by each
land use type across the NRB in 1975, 2000 and 2010. Forest, dry land, grassland, and wetland are
the four dominant land use types, each of which accounts for more than 10% of the landscape in
1975. In general, it was found that there is an increasing human influence in the NRB through the
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development of cropland and urban area, but a decrease in forest, grassland and wetland area since
the 1970s. The land use change was more obvious during 1975–2000. Both paddy land and dry land
area showed a rapid expansion from 1975 to 2000 with an annual increasing rate of 137 km2/a and
656 km2/a, respectively. The total cropland area in the NRB increased by 23.5% during this period.
According to the analysis of land use transition (Table 3), new paddy land predominantly gained from
dry land (2078 km2) and wetland (1090 km2), but paddy land was rarely converted to other types.
Similarly, 16 400 km2 of grassland, forest, and wetland in total was converted to dry land. However,
less than 5% dry land was converted to other land uses. In contrast, although other types of land
use were converted to grassland and forest, there were significant losses in forest and grassland areas
(428 km2 and 384 km2 per year) due to their conversion to other land cover types (i.e., paddy land
and dry land). For example, grassland gained nearly 5500 km2 from forest, wetland and dry land,
but there was still a 20% reduction in total (Tables 3 and 4). Wetland area lost about 14.5%, but received
some new area from forest and grassland, which resulted in a final reduction of 9% in total (Table 4).
Both urban and bare land accounted for small portions of the total area, but they increased by 20–30%
because of their high preservation rates and conversions from dry land and grassland. The urban area
in the NRB increased from 1130 km2 in 1975 to 1840 km2 in 2000 during this period. Figure 4 shows the
spatial distribution of land use change in the NRB. From the figure we can find that large area of forest
in the upstream and grassland and wetland in the downstream was transformed into dry land during
the period of 1975–2000. It also indicated that development of the agricultural area in the catchment
was at the expense of forest area, grassland area, and wetland area, resulting in a major loss in natural
green area. Similar trends continued in the following years, but the annual rates of changes in all the
land use types decreased a lot.
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Table 2. Land use changes during the periods 1975–2000, and 2000–2010 across the Nenjiang River
Basin, northeast China.

1975 2000 2010 1975–2000 2000–2010

Area
(103 km2)

Area
Changes
(103 km2)

Annual
Rate of

Change 1

(km2/a)

Area
Changes
(103 km2)

Annual
Rate of

Change 1

(km2/a)

Paddy
land 1.88 5.31 5.80 3.43 137.20 0.49 49.00

Dry land 82.50 98.90 100.10 16.40 656.00 1.20 120.00
Forest 113.00 102.3 102.50 −10.70 −428.00 0.20 20.00

Grassland 49.10 39.50 38.70 −9.60 −384.00 −0.80 −80.00
Water 5.92 6.39 5.60 0.47 18.80 −0.79 −79.00
Urban 1.13 1.84 2.00 0.71 28.40 0.16 16.00

Bare land 9.46 11.60 11.70 2.14 85.60 0.10 10.00
Wetland 30.50 27.80 27.70 −2.70 −108.00 −0.10 −10.00

1 Annual Rate of Change (km2/a) = Area changes divided by the number of years in the period.

Table 3. Matrix of land use change in the Nenjiang River Basin from 1975 to 2000.

2000
1975 (103 km2)

Paddy Land Dry Land Forest Grassland Water Urban Bare Land Wetland Total

Paddy land 1.821 2.078 0.037 0.275 0.003 0.004 0.003 1.090 5.311
Dry land 0.052 78.480 8.029 10.350 0.057 0.01 0.047 1.888 98.920
Forest 0.000 0.350 100.300 1.453 0.000 0.001 0.002 0.224 102.300
Grassland 0.002 0.704 4.091 33.700 0.02 0.002 0.397 0.587 39.510
Water 0.002 0.034 0.009 0.101 5.758 0.000 0.045 0.443 6.392
Urban 0.004 0.500 0.034 0.160 0.003 1.111 0.009 0.022 1.843
Bare land 0.001 0.177 0.058 2.304 0.051 0.002 8.824 0.156 11.570
Wetland 0.000 0.143 0.626 0.748 0.034 0.000 0.133 26.070 27.760

Total 1.882 82.470 113.100 49.100 5.926 1.130 9.460 30.480 293.600

Table 4. Matrix of relative land use change in the Nenjiang River Basin from 1975 to 2000.

2000
1975

Paddy Land Dry Land Forest Grassland Water Urban Bare Land Wetland

Paddy land 96.76 2.52 0.03 0.56 0.05 0.35 0.03 3.58
Dry land 2.76 95.17 7.10 21.09 0.96 0.88 0.50 6.19
Forest 0.00 0.42 88.61 2.96 0.00 0.09 0.02 0.73
Grassland 0.11 0.85 3.62 68.65 0.34 0.18 4.20 1.93
Water 0.11 0.04 0.01 0.21 97.17 0.00 0.48 1.45
Urban 0.21 0.61 0.03 0.33 0.05 98.32 0.10 0.07
Bare land 0.05 0.21 0.05 4.69 0.86 0.18 93.28 0.51
Wetland 0.00 0.17 0.55 1.52 0.57 0.00 1.41 85.53

The result of this study was consistent with some previous studies, and the changes of land use
in the NRB may be largely due to local socioeconomic development and population growth [36,37].
According to [38], population and gross domestic product (GDP) have dramatically increased over the
past few years. To meet the higher requirements for food from both the local basin and other areas in
China, the Chinese government is promoting northeastern China, where NRB is located, as the major
crop production base for China in the near future. Therefore, the cropland, especially paddy land,
has greatly increased with the implementation of this policy. In addition, the results for the transition
matrix demonstrated that cropland had a high persistence at around 95–97% and gained area mainly
from grassland, forest, and wetland, which resulted in a reduction of 7%, 21.6%, and 9.8%, respectively,
in these areas between 1975 and 2000. This highly agrees with the results of Tang et al. [21], indicating
that there had been a large transition from forest to farmland between 1976 and 2000.
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Wetland is a unique ecosystem and plays important roles in both hydrology and ecology [39].
In this study, we found wetland area in the NRB has decreased between 1975 and 2000. This is in
agreement with Wang et al. [38], who reported that there had been marsh shrinkage in the Songnen
plain (lower part of the NRB), which possesses most of the wetlands in the basin. But we also found
that lost wetland was mostly transformed into cropland (1090 km2 to paddy land and 1880 km2 to
dry land). As investigated, hydropower projects were built in the basin from the 1970s to the 1990s.
This might change the natural hydrological processes and water supplies to the wetlands and accelerate
the degradation and fragmentation of the wetland [40]. In addition, the NRB experienced significant
climate warming over the past 50 years [24,41]. The warmer climate resulted in less water supply
to wetland and grassland areas, which will contribute to wetland and grassland loss, and land use
conversion from wetland to grassland or bare land [41].

3.3. Hydrological Impacts of Land Use Change in the NRB

3.3.1. Combined Hydrological Impacts of Land Use Change under the Historical Landuse Scenarios

To identify the hydrological impacts of land use changes in the NRB, the classified (1975 and 2000)
maps were used independently in the calibrated SWAT model while all other model inputs were kept
similar. The evaluation included surface runoff, baseflow, evapotranspiration, and total water yields in
the basin between 2000 and 2009.

The impacts of land use changes on the annual average surface runoff, lateral flow, groundwater
flow, water yield, and ET are provided in Table 5. Correspondingly, the increase of croplands, urban
and water areas, and the reduction of forest, grassland and wetland have resulted in the average
evapotranspiration increase from 354.4 mm for land use in 1975 to 361.8 mm for land use 2000, increased
by 2.1%. On the contrary, average annual value of water yield and surface runoff decreased by 3.5%
and 1.7%, respectively. The annual basin baseflow had a larger decrease of 19.0% from 22.5 mm for
land use in 1975 to 18.9 mm for land use in 2000.

Table 5. Changes to the annual average values of hydrological variables under the historical land use
scenarios in the Nenjiang River Basin.

Evapotranspiration (mm) Surface Runoff (mm) Baseflow (mm) Water Yield (mm)

Landuse in 1975 354.4 85.4 22.5 104.0
Landuse in 2000 361.8 84.0 18.9 100.5

The intra-annual runoff distributions were similar to each other for land use conditions of 1975
and 2000. Although the effects of land use changes on streamflow can also been observed in the
monthly average values (Figure 5). Generally, monthly streamflow decreased in almost every month
for land use in 2000 compared to that under land use in 1975. However, the reduction is greater in
dry season (i.e., November to March) streamflow (3.5–13.4%) than in wet season (i.e., July to October)
streamflow (0.2–8.5%).

Many studies have reported that land use change can significantly affect discharge by modifying
the pattern, magnitude, frequency, and quality of water runoff [3,42,43]. In this study, land use in 1975
was found to produce more surface runoff and baseflow but less evapotranspiration than land use in
2000 due to the combined effects of the increase of croplands, urban and water areas, and reduction of
forest, grassland and wetland. By comparison, increment of monthly streamflow was larger in the dry
season than in wet season. This conforms to the conclusion by Bruijnzeel [44], noting that deforestation
and cropland expansion leads to changes in soil hydro-physical conditions in tropical forests, which
subsequently results in reduced low flows due to reduced infiltration and groundwater recharge.
Other studies [45,46] also found similar results with increased dry season flows due to deforestation
and they attributed this increase to a reduction in ET.
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3.3.2. Individual Hydrological Impacts of Land Use Changes

Although the SWAT model results under historical land use conditions showed the changes in the
hydrological components, the individual impacts of land use changes need to be further determined.
Therefore, five extreme land use conditions were applied in this section (i.e., All Forest, All Grassland,
All Dry land, All Paddy land, and All Wetland) to explore the hydrological impacts of dominant land
use types in the NRB.

Simulation outputs by the SWAT model (Table 6) indicated annual evapotranspiration in the
basin did not change to any great extent under different land use scenarios. Overall, the annual
evapotranspiration values for the extreme condition scenarios were in the order: all wetland condition,
all forest condition, all grassland condition, all dry land condition, and all paddy land condition. When
all of the basin was converted to wetland, it resulted in the largest evapotranspiration probably due to
its large water area. And the all forest land use condition got larger evapotranspiration (368.2 mm)
than the rest of other scenarios; this is because vegetation in cultivated and grassland ecosystems
generally have lower leaf area indices and shallow root depths in comparison to forest landscapes,
which reduced evapotranspiration.

Table 6. Changes of the hydrological variables under the extreme land use scenarios in the Nenjiang
River Basin.

Landuse
Evapotranspiration Surface Runoff Baseflow Water Yield

(mm) (mm) (mm) (mm)

All Forest 368.2 59.2 28.8 84.4
All Grassland 352.9 92.7 11.3 98.3
All Dry land 347.0 106.9 10.5 110.9

All Paddy land 344.4 101.5 7.5 105.1
All Wetland 372.5 71.9 7.5 75.4

The surface runoff was small when the entire basin was converted to wetland (71.9 mm) or forest
(59.2 mm). It was reduced by 29.6% and 14.4%, respectively, compared to the condition of land use
in 2000. On the one hand, this may be due to the large evapotranspiration (372.5 mm and 368.2 mm,
respectively), while on the other hand, the results showed strong water storage capacity of wetland
and forest. In contrast, all the other scenarios produced surface runoff increases, especially when all of
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the basin is covered by dry land, which showed the largest surface runoff increase (27.3%) compared to
the condition of land use in 2000.

The all forest land use condition produced the largest baseflow (28.8 mm) among different
scenarios. This suggested that forests cannot only absorb water through leaves and roots, but also have
greater infiltration of rainfall into the shallow and deep aquifer. The baseflow values were smallest for
both all paddy land and wetland conditions (7.5 mm), which may be related to the large water storage
capacity of long-term saturated paddy land and wetland soils. Annual average values of baseflow for
all grassland condition and all dryland condition were respectively 11.3 mm and 10.5 mm. The results
indicated that converting more forest and grassland area to dry land in the NRB may likely lead to an
increase in surface runoff and a decrease in baseflow.

The intra-annual streamflow characteristics for the extreme scenarios were quite different from
each other (Figure 6). Compared to the condition of land use in 2000, the streamflow increased by
7–37% during summer months (June to September) when the basin was covered by grassland, dry
land, and paddy land, but streamflow in the cold seasons under these scenarios showed a dramatic
reduction. On the contrary, when all the land use was changed into forest, the streamflow in the flood
season decreased considerably, while it was increased to some extent in the dry season when comparing
with the condition of land use in 2000. In particular, the streamflow from July to September decreased
by 10–28%, whereas the streamflow from December to February increased by 20–38%. The results
properly reflected that forests can redistribute the streamflow over a year, and that they can hold water
and reduce streamflow in the flood season. In contrast, they recharge the streamflow in the dry season.
The results also showed that when the land use type for the entire basin was changed to wetland,
streamflow was reduced over the whole year, and the reduction was largest from January to March.
This indicated that although wetlands can adjust the intra-annual distribution of streamflow, they may
also sharply reduce the dry-season streamflow due to their considerable water capacity if the wetland
area is large enough.
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To further explore the impacts of land use changes on streamflow regime, the simulated monthly
discharge under the different scenarios were ranked and the respective discharge values under different
hydrological conditions were calculated (Table 7). A duration curve was generated based on these
values (Figure 7). The results showed that the all wetland scenario produced the lowest discharge
among all the extreme scenarios under the different hydrological conditions, which corresponded with
the change characteristics for the intra-annual runoff distribution. During the flood period, wetlands
can significantly retain the floods and reduce runoff because of their large water capacity. In the dry
season, when there is little rain, some precipitation or runoff may still be held by wetlands and generate
runoff. Therefore, all the discharge values under the different hydrological conditions were lowest for
all wetland scenario compared to the other scenarios.

Table 7. Discharge (m3/s) values under the different hydrological conditions in the Nenjiang River Basin.

Flow Duration
Discharge (m3/s)

All Forest All Grassland All Dry land All Paddy land All Wetland

5% 1878 2558 2757 2645 1897
25% 749 773 920 796 664
50% 430 356 418 385 316
75% 257 172 190 151 146
95% 139 85 90 69 58Forests 2019, 10, x FOR PEER REVIEW 13 of 18 
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For the other four extreme scenarios, the cultivated land (dry land and paddy land) had the largest
flow in the wet season, followed by grassland, whereas forest had the smallest flow, i.e.„ the capacity of
forest to reduce flood peak and runoff was higher than that of grassland and dry land. The increase in
canopy and litter interception, and evapotranspiration in all forest land use scenario meant that surface
runoff was small. This suggested that these processes played an important role in flood reduction.

In this study, forest proved to considerably decrease flow in the flood season but led to a small
flow increase in the dry season. This result is consistent with many previous studies. Forest canopies
can intercept water and release it through evaporation, and they have a high rate of water loss through
plant uptake. Furthermore, forests have a strong and healthy root system that can considerably
improve soil conditions and consequently enhance soil infiltration, which makes forests conducive to
storing water that can be used during the dry periods [47,48].

According to our simulation result, cropland produced the largest surface runoffs and the lowest
baseflow among all the scenarios. And there was an increase in the steepness of the FDCs for the
streamflow regime. The different effects of forest and crops on hydrologic regulation found in this
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study are similar with some previous studies [49–52], which indicated that forests generally have larger
storage capacity than shallow-root systems plants such as crops.

The NRB is a typical wetland area in China and wetland is generally experiencing shrinkage
and fragmentation [38]. Numerous studies have shown the hydrological functions of wetlands in
regulating floods and baseflow conditions [53–55]. Our results highly conform to previous studies.
Additionally, this study showed a runoff reduction in both the high and low flow periods for all
wetland condition compared to 2000 land use condition. The reduction in runoff is largest from January
to March. This may be due to the difference of soil characteristics of wetland and any of the other
land use types. The soil in the wetland is saturated if the water supply is high enough. Consequently,
a large amount of discharge was used to fulfill the water demand by the wetland and its soils, which
resulted in reduced discharge, especially in the dry season (e.g. January to March, in this study) when
the water supply is low.

3.4. Prediction of Hydrological Process under Future Land Use Condition

Cellular Automata-Markov (CA-Markov) model was applied to predict the 2038 LULC condition
based on 2000 and 2010 land use maps in the NRB (Figure 8). Compared to the land use condition in
2000, the land use in the NRB mainly remained stable, especially for forest and wetland. Grassland,
dry land, and water showed a reduction of 3.7%, 3.0%, and 9.6% in area, respectively. While paddy
land, urban, and bare land areas increased by 10.5%, 15.9%, and 35%.Forests 2019, 10, x FOR PEER REVIEW 14 of 18 
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According to the simulation of SWAT model, the average annual water yield in the NRB during
2000–2009 would increase from 100.5 mm under current land use condition (landuse in 2000) to
104.6 mm under the potential land use condition in 2038 (Table 8). The average value of annual surface
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runoff got a larger increase (4.8%) from 84.0 mm to 88.1 mm under the same meteorological conditions.
On the contrary, baseflow in NRB showed a decrease of 3.2% from 18.9 mm to 18.3 mm. This may be
potentially due to lower soil water interception of the paddy land, urban, and bare land compared to
grassland and dry land. Specifically, urbanization restricts interactions between the stream and land
while leading to increased runoff and subsequent higher peak flows, reductions in baseflows. In bare
lands, where vegetation is absent, surface runoff is always higher and groundwater flow is lower.
Meanwhile, the average annual evapotranspiration decreased from 361.8 mm to 356.1 mm due to the
decrease of grassland, dry land, and water area in 2038 land use condition. The above hydrological
process and reduction in evapotranspiration are probably the main reasons for the increase in surface
runoff and decrease in baseflow in the future.

Table 8. Comparison of hydrological components under current (2000) and potential (2038) land use
scenarios in the Nenjiang River Basin.

Evapotranspiration Surface Runoff Baseflow Water Yield

(mm) (mm) (mm) (mm)

Landuse in 2000 361.8 84.0 18.9 100.5
Landuse in 2038 356.1 88.1 18.3 104.6

The intra-annual streamflow distribution pattern under 2038 land use condition was similar with
that under 2000 land use condition (Figure 9). Compared to the streamflow under land use in 2000,
streamflow in wet season showed an increase under land use condition of 2038. While, streamflow in
dry season under these two land use conditions was close to each other, especially from November
to March.
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3.5. Limitations of this Study

The findings of this study can be used to improve land use planning and water resources
management in the basin. However, there are still some limitations and uncertainties in the current
study. First, a SWAT model was employed to help assess the hydrological response to land use
change scenarios. Although it was calibrated using the historical discharge data and is regarded
to have a reasonable accuracy level, it does not easily show whether the parameters reflect the real
hydrological conditions. Furthermore, the model output can be substantially affected by the model
inputs and methods selected for simulation, such as stream routing, calibration, and sensitivity analysis.
For example, geographical data is necessary for the model to generate watershed and distributed HRUs.



Forests 2019, 10, 476 15 of 18

In this study, the input geographical data was converted to 1 km × 1 km raster, which is somehow
coarse, in order to reduce the calculating progress. This may probably affect the accuracy of the
model. Another potential limitation is that this study implicitly assumed that the calibrated parameters
remained valid for different land use scenarios, which might not be true. However, investigating these
uncertainties in the hydrological simulation is beyond the scope of our present study. It needs to be
explored in future studies.

Hydrological alteration is usually a result of the effects of various factors, including anthropogenic
interventions such as land use changes as well as climate variability. However, this study only
considered the impacts of land use change on hydrological components in the NRB. Therefore, further
studies should incorporate both land use and climate changes into the scenarios in order to make
reliable assessments of their hydrological impacts.

4. Conclusions

This study analyzed the land use change and its hydrological effects in the NRB. The expansions
of agriculture and urban area and the reduction of forest, grassland, and wetland during the period
of 1975–2000 were observed. The land use changes had decreased the water yield, surface runoff,
and baseflow while increasing the annual evapotranspiration. Individual impacts of each land use type
on the streamflow varied considerably. Forest and wetland showed a stronger regulation of runoff,
whereas runoff appeared to be higher when grassland, dry land, or urban areas expanded. The effects
of land use changes on streamflow are very significant in both the annual and monthly average values.
Forests can reduce the peak flow in the flood season and retain the surface runoff for further utilization
during the drought season. Conversely, an increase in grassland and dry land areas may lead to a
rise in flood season discharge, but a reduction in the drought season. There will be an increase in
paddy land, urban, and bare land areas but a reduction in grassland, dry land, and water areas in 2038.
The 2038 land use condition is expected to increase the annual water yield, surface runoff and wet
season flow, and reduce evapotranspiration and baseflow. Understanding these effects can improve
future land use planning and water resources management in the basin by regulating the proper land
use to maintain the hydrological balance.
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