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Abstract: The quantitative attribution of changes in streamflow to climate change (CC) and land
cover change (LCC) for the Yangtze River Source Region (YRSR), China, was assessed. We used a
combination of the SWAT model along with the statistical technique one factor at a time (OFAT) and
innovative trend analysis (ITA) to achieve the study objectives. The climate and hydrology data from
1961 to 2016 and land-cover maps of 5 years’ difference from 1985 to 2015 were used. The model was
calibrated (1964–1989) using a land-cover map of 1985 and validated for 1990–2016. This validated
model was further validated for all other land-cover maps used in this study. The SWAT model
simulation showed that streamflow had been significantly influenced by CC compared to LCC using
land-cover maps of 1985–1990, 1990–1995. However, the SWAT model simulations did not result in
further changes in streamflow for land cover maps of 2000–2005, 2005–2010, and 2010–2015 because
there have not been any significant changes in land cover after 2000 while the main contributing
factor was climate change. The SWAT model simulations showed that the main driver of changes
in streamflow in the Yangtze River Source Region is climate change. This study shows that the
individual impacts are more critical than combined impacts for designing hydraulic structures, water
resources planning and management, and decision-making policies at the regional/basin scale.

Keywords: climate change; innovative trend analysis; land cover change; SWAT model; streamflow;
Yangtze River

1. Introduction

Land cover/land use and climate are two fundamental and often independent com-
ponents influencing hydrological processes in any river basin. The land-cover change
(LCC) has impacts on the flood frequency as reported by [1,2], the severity of floods [3],
annual mean discharge [4] and base flow [5,6]. On the other hand, climate change (CC) may
impact peak flows, low flows, volumes, and the time of flow routing [7]. Climate change
may impact the spatio-temporal variation in precipitation, which will eventually lead to
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changes in runoff [8–10]. In contrast, human activities can directly influence the land-cover
change which ultimately disorder the on hydrological processes [9,11,12]. There is limited
information available between CC and LCC which restricts the detailed understandings of
changes in streamflow [13]. However, changes in hydrological processes due to CC and
LCC in the source areas of a river basin will ultimately affect the water yield in the middle
and the lower reaches of the river basin.

The identification of CC and LCC impacts imposed on the streamflow variations in the
arid to semi-arid regions is always very interesting [14]. Most studies evaluated the impact
of climate change on hydrological components [15,16], and only a few studies have been
conducted in which the combined impacts of CC and LCC change on the water resources
of a river basin were evaluated [17–19]. Most studies analyze the variations in hydrological
processes at the river-basin scale using hydrological modeling [20–22]. Some studies used
hydrological models and traditional statistical methods to determine the attribution of
these variations in streamflow in a river basin [23–28].

A few researchers separated historical CC and LCC impacts on streamflow, and their
findings are different. For example, in subtropical regions, land-cover changes have a
more significant effect on streamflow change than climate change [29–33]. The changes
in runoff are significantly influenced by climate change in the Anyangcheon watershed
in Korea, and similar outcomes were reported by Chung, et al. [34] for another Korean
(urban) catchment. The CC is more influence than LCC to streamflow in the upper reaches
of the Yellow River [35]. The changes in streamflow on the Loess Plateau in China are
primarily because of land-cover changes, as concluded by [27,36]. Similar results have been
presented by [37] for the Yangtze River Delta Region. These contradictory findings showed
that different river basins have different land-cover changes, climate change patterns, and
topographical conditions, leading to varying impacts on streamflow.

The Yangtze River Basin is vital for China because of its vast dependency on agricul-
tural and industrial production. The Yangtze River Source Region (YRSR) faces climate
change impacts on water resources [38,39]. No study has been previously conducted on
the attribution of streamflow changes because of CC and LCC in the Yangtze River Source
Region (YRSR). Therefore, there is a need to investigate the contribution of CC and LCC
to streamflow changes. This study used the Soil and Water Assessment Tool (SWAT) to
simulate the streamflow for multiple land-cover change scenarios and climate change
scenarios combined with the statistical technique. The innovative trend analysis (ITA) on
the annual and monthly scale has been carried out, and the correlation between streamflow,
precipitation, and temperature has been calculated. The resulting individual impacts of CC
and LCC on YRSR streamflow will contribute to a better understanding of the downstream
flow regimes for sustainable water resources management of the Yangtze River Basin rather
than the combined impacts of climate change and land-cover change. Water resources plan-
ning and management can be tuned towards the significant driver of streamflow changes
towards a more balanced and sustainable ecosystem [40]. We assumed that as the YRSR is
located in the Qinghai Tibetan Plateau and, being hotspot of the climate change outside
the polar region [41], the main driver of attribution in changes in streamflow is climate
change rather than land cover in this region. Moreover, the quantifications of variations in
the streamflow for this region simulated by a distributed hydrological model (i.e., SWAT
model) have not been investigated so far in this region.

2. Materials and Methods
2.1. Catchment Area

The length of the Yangtze River is 6300 km making it the longest river in China
and third-longest in the world. The catchment area upstream of the Zhimenda hydro-
logical station is referred to as the Yangtze River Source Region (YRSR), located in the
middle of the Qinghai-Tibetan Plateau [41]. The average elevation of YRSR is 4500 m
above sea level, and it is located between longitudes 90◦30′ E–97◦15′ E, and latitudes
32◦30′ N–35◦50′ N. The YRSR catchment area is 137,000 km2, which is 7.6% of the total
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area of the Yangtze River Basin and it contributed 20% to the total volume of water of
Yangtze River Basin. The dominant land-cover types are natural forests, glaciers, wetlands,
natural lakes, and permanently and seasonally frozen grounds [42–47]. The catchment
area’s climate is subtropical monsoon, and historical records showed that it has been getting
warmer since 1989 due to an increase in temperature [41]. The precipitation of YRSR also
increased by a rate of 1.3 mm/year [48] during 1961–2015. The Zhimenda hydrological
station’s streamflow records are significantly more correlated with precipitation than tem-
perature [48]. The YRSR with the hydro-meteorological stations used in this study is shown
in Figure 1. Most of the soils in the area are Gleysols, Arenosols, Leptosols, and Cambisols.
According to Zhao and Wu [49], 80% of the total area of the YaRSR is covered by permafrost,
whereas the seasonally frozen ground lies on 20%.
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Figure 1. The Yangtze River Source Region (YRSR) with hydrological and meteorological stations.

2.2. Data Sources

The input datasets used in this study consists of a Digital Elevation Model (DEM),
historic land-cover maps, soil raster map, and hydro-meteorological time series. The details
of each input data are given below:

The Digital Elevation Model (DEM) was obtained from the China Archive (http:
//www.igsnrr.ac.cn (accessed on 2 July 2019)) having a scale of 1:250,000; The land-cover
raster files for the years 1985, 1990, 1995, 2000, 2005, 2010, and 2015 were obtained from
the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(http://www.igsnrr.ac.cn (accessed on 2 July 2019)) with a scale of 1:100,000.

Raster files for soil data (having a scale of 1:1,000,000) were collected from the Food and
Agriculture Organization (FAO) of the United Nations, Harmonized World Soil Database V
1.2 (HWSD), which is a 30 arc-second database (http://webarchive.iiasa.ac.at/Research/
LUC/External-World-soil-database (accessed on 2 July 2019));

The monthly streamflow data of one hydrological gauging station (Zhimenda station)
was acquired from the Yangtze River Authority from 1961–2016;

http://www.igsnrr.ac.cn
http://www.igsnrr.ac.cn
http://www.igsnrr.ac.cn
http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database
http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database
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The daily climatic variables (precipitation, maximum temperature, minimum tempera-
ture, mean temperature, wind speed, solar radiation, and relative humidity) from 1961–2016
were collected from the China Meteorological Administration (http://data.cma.cn (ac-
cessed on 18 September 2019)).

2.3. Methodology

In summary, we adopted ITA for the assessment of trends in precipitation, temperature
and streamflow time series in the YZSR and Pearson’s correlation analysis was also adopted
to analyze these parameters. Moreover, the physically based semi-distributed hydrological
model (Soil Water Assessment Tool) was used for the estimation of attribution of changes
in streamflow to CC and LCC in YRSR during the entire study period. The details of these
methods are described in subsequent sections.

2.4. Innovative Trend Analysis

ITA was introduced by Sen [50] and has been increasingly applied and gaining at-
tention across the world [51–55]. The ITA is simple to apply and a new form of trend
analysis compared to traditional Mann–Kendall trend analysis [56]. A hydrological or
meteorological time series is divided into two equal periods and arranged in ascending
order. The x-axis contains the first half of the time series (xi), whereas the second half of
the time series (yi) is located on the y-axis on a cartesian coordinate system. If the data
points are located on the 1:1 line, there is no trend in the time series, whereas the upper
(lower) region indicates increasing (decreasing) trends as presented in Figure 2. The ITA is
a non-holistic [51,54,57,58] and sophisticated compared to traditional Mann–Kendall and
linear regression. The ITA method has already been used in different regions and river
basins of China [53–55,59–61].
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Figure 2. A generalized illustration of innovative trend analysis showing different trends of any
given time series.

2.5. Soil Water Assessment Tool (SWAT)

The Soil and Water Assessment Tool (SWAT) was developed by Arnold and Fohrer [62].
It is a semi-distributed hydrological model with the capability to simulate from daily to
monthly and annual scales. The SWAT has been widely used for large and complex
river basins across the world [32,34,63–67]. The SWAT model divides a basin into small
units known as sub-basins, and these sub-basins are further divided into hydrological

http://data.cma.cn
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response units (HRUs). An HRU is a homogeneous lumped area that combines a unique
slope, soil, and land cover for which the water balance is simulated [68]. The SWAT is a
conceptual model based on the water balance approach, and its details are provided in
Abbaspour, et al. [69,70]. The SWAT-2012 version combined with Arc-GIS 10.5 was used
for streamflow simulation in the Yangtze River Source Region (YRSR).

2.6. SWAT Calibration

The purpose of calibration is to develop a robust SWAT model for the identification
of CC and LCC impacts on streamflow. The Sequential Uncertainty Fitting version 2
(SUFI-2) provided in SWAT-CUP version 2019 was used to identify sensitive parameters
for calibration. The calibration guidelines provided in Abbaspour, et al. [71] were adopted.
The monthly simulated streamflow was compared with the observed monthly streamflow
at the Zhimenda hydrological station in YRSR. For calibration, the model was run for nine
iterations with 1000 simulations for each iteration in order to obtain an acceptable value
of the objective function. The Nash-Sutcliffe efficiency (NSE) coefficient was used as an
objective function, and we stopped the calibration when NSE > 0.80, because according to
Moriasi et al. [72] this value indicates a good model performance.

NSE = 1−

N
∑

i=1

[
Qobs,i−Qsim,i

]2

N
∑

i=1

[
Qobs,i −Qobs

]2
(1)

where Qmean, Qobs,i and Qsim,i are the mean observed streamflow, observed streamflow,
and simulated streamflow, respectively, for any “i” time step while “N” is the total number
of time steps. The calibration period was 1961–1989, including three years as a model
spin-up period (1961–1963), whereas the validation period was 1990–2016.

2.7. Attribution of Changes in Streamflow

The quantitative impact of CC and LCC on streamflow should be carried out with an
appropriate method [14,73]. The SWAT model simulation results were used for the attri-
bution of changes in streamflow with the statistical technique adopted by Yang et al. [74].
Figure 3 shows the statistical technique used to quantify the contribution of each factor
(i.e., climate change and land-cover change) to streamflow changes. The climate time
series from 1964–2016 was divided into periods (i.e., 1964–1989 and 1990–2016), whereas
land cover of 1985–1990, 1990–1995, 1995–2000, 2000–2005, 2005–2010, and 2010–2015 was
used for each climate period (i.e., 1964–1989 and 1990–2016). Thus, two consecutive years’
land-cover maps with two climatic periods produced four scenarios; therefore, six pairs of
land-cover maps produced 24 SWAT model simulation scenarios (see Table 1).

∆QC =
1
2
(∆QC1 + ∆QC2) =

1
2

(
QL1

C2 −QL1
C1

)
+

(
QL2

C2 −QL2
C1

)
(2)

∆QL =
1
2
(∆QL1 + ∆QL2) =

1
2

(
QL2

C1 −QL1
C1

)
+

(
QL2

C2 −QL1
C2

)
(3)

∆Q = ∆QL + ∆QC = QL2
C2 −QL1

C1 (4)

The attribution of changes in streamflow for each SWAT simulated scenario is deter-
mined using Equations (2) and (3). ∆QC1 is the result of land cover 1 (L1) SWAT simulations,
whereas ∆QC2 is the result of land cover 2 (L2) SWAT simulations, and ∆QC is the quantifi-
cation of streamflow impacted by climate change as given in Equation (2). The impact of
land-cover change was quantified by using Equation (3), ∆QL is the streamflow impacted
by land-cover change, while ∆QL1 and ∆QL2 represent the land cover 1 (L1) and land cover
2 (L2) scenarios. Equation (4) quantifies the total change in streamflow. For example, in the
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first pair of land covers (1985–1990), the land cover of 1985 is L1 and 1990 is L2, while the
climate time series from 1964–1989 is C1 and from 1990–2016 it is C2. This model was used
for the quantification of changes in streamflow in each scenario, as shown in Table 1. The
SWAT model was calibrated from 1964–1989 (three years from 1961–1963 used for model
spin-up period) and validated from 1990–2016 for each land cover of 1985, 1990, 1995, 2000,
2005, 2010 and 2015.
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Figure 3. Schematic diagram for the quantification of impacts of climate change (a) and land-cover
change (b) streamflow. C1, C2, L1, and L2 are climate and land cover, while 1 and 2 are different
periods. ∆C and ∆L are climate change, and land-cover change in two periods. The hydrological
components (i.e., streamflow or evapotranspiration) value at point A, B, C, and D are QL1

C1, QL2
C1, QL2

C2,
and QL1

C2, respectively, modified from [74].

Table 1. Hypothetical scenarios for attribution of streamflow changes to climate change and land-
cover change.

LC (1985, 1990)
CC (1964–1989, 1990–2016)

LC (2000, 2005),
CC (1964–1989, 1990–2016)

Scenarios LCLU Climate Scenarios LCLU Climate
s1985-c1 1985 1964–1989 s2000-c1 2000 1964–1989
s1990-c1 1990 1964–1989 s2005-c1 2005 1964–1989
s1985-c2 1985 1990–2016 s2000-c2 2000 1990–2016
s1990-c2 1990 1990–2016 s2005-c2 2005 1990–2016

LC (1990, 1995)
CC (1964–1989, 1990–2016)

LC (2005, 2010)
CC (1964–1989, 1990–2016)

Scenarios LCLU Climate Scenarios LCLU Climate
s1990-c1 1990 1964–1989 s2005-c1 2005 1964–1989
s1995-c1 1995 1964–1989 s2010-c1 2010 1964–1989
s1990-c2 1990 1990–2016 s2005-c2 2005 1990–2016
s1995-c2 1995 1990–2016 s2010-c2 2010 1990–2016

LC (1995, 2000)
CC (1964–1989, 1990–2016)

LC (2010, 2015)
CC (1964–1989, 1990–2016)

Scenarios LCLU Climate Scenarios LCLU Climate
s1995-c1 1995 1964–1989 s2010-c1 2010 1964–1989
s2000-c1 2000 1964–1989 s2015-c1 2015 1964–1989
s1995-c2 1995 1990–2016 s2010-c2 2010 1990–2016
s2000-c2 2000 1990–2016 s2015-c2 2015 1990–2016
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Figure 4 describes the sequence of SWAT Model simulations for identification of
attribution of changes in streamflow due to climate change and land-cover change. The
climate data from 1964–1989 and land cover of 1985 was used to develop the Scenario-I
(i.e., s-1985-(1964–1989) and this model was calibrated using SWAT-CUP SUFI2 algorithms.
This calibrated model was validated for the other three scenarios as illustrated in Figure 4.
A similar strategy was adopted for all sets of climate and land-cover data sets in this study.
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3. Results and Discussion
3.1. Innovative Trend Analysis

Temperature, precipitation and streamflow are the essential hydrological
variables [48,75,76] and their variations in any river basin can be analyzed on an an-
nual and monthly scale using ITA. The ITA results for annual time series of temperature,
precipitation, and streamflow are presented in Figure 5. The results show that the mean
temperature is increasing monotonically in the second half of the time series (1990–2016)
as compared to the first half of the time series (1961–1989). The magnitude of this rising
trend is 0.4 ◦C/decade (Table 2). Ahmed, Wang, Booij, Oluwafemi, Hashmi, Ali and Mu-
nir [48] concluded that the temperature is increasing with a rate of 0.3 ◦C/decade using
linear regression as well as the Modified Mann-Kendall trend test. The precipitation is
also monotonically increasing in the second half (1990–2016) as compared to the first half
(1961–1989) in the YRSR, with a value of 10.6 mm/decade (Table 2). However, traditional
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linear regression methods and the modified Mann–Kendall trend test showed an increase
in precipitation with a magnitude of 13 mm/decade and 3.4 mm/decade, respectively [48].
The streamflow time series also shows an increasing magnitude of 0.23 mm/decade in the
second half of the time series (1990–2016) compared to the first half (1961–1989).
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Table 2. Annual and monthly slopes per decade using ITA test for mean temperature, precipitation
and streamflow time series.

Annual and Monthly Scale MeanTemperature (◦C) Precipitation (mm) Streamflow(mm)

Annually 0.4 10.6 0.23

Jan 0.6 0.2 0.008

Feb 0.5 0.2 0.013

Mar 0.3 0.3 0.016

Apr 0 0.4 0.02

May 0.1 2.4 0.038

Jun 0.1 4.1 0.38

Jul 0.3 −1.6 −0.02

Aug 0.3 0.7 0.35

Sep 0.4 0.4 0.07

Oct 0.4 −0.3 0.18

Nov 0.7 0.1 0.08

Dec 0.8 −0.1 0.01
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The monthly results of the ITA test are presented in Table 2. Increasing trends are
observed for the mean temperature during all months except April to June, which show no
trends (see also Figure 6). However, higher slopes are found for December, followed by
November and January (Table 2). This shows that the climate of the YRSR is getting warmer,
particularly in the winter months, as reported by Ahmed, Wang, Oluwafemi, Munir, Hu,
Shakoor and Imran [41]. Ahmed, Wang, Oluwafemi, Munir, Hu, Shakoor and Imran [41]
determined mean temperature trends and concluded that the trends were positive after
1989, which agrees with our findings using the ITA method.
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Figure 6. Monthly graphical representation of ITA results for mean temperature time series (1961–2016).

Figure 7 graphically illustrates the trends of monthly precipitation time series using
the ITA method. There is a monotonically increasing trend from January to March and
May–June, whereas the rest of the months show non-monotonically increasing/decreasing
trends and trendless behavior. A larger positive trend was found for June (4.1 mm per
decade) followed by May (2.4 mm per decade) as shown in Table 2.

The ITA results for streamflow are visualized in Figure 8, which shows that only for
July streamflow is non-monotonically decreasing; while for the other months it is increasing
with different slopes. During April, August and December, the increasing trend was non-
monotonical, however the highest increasing trends were observed in June and August
with a slope of 0.38 mm/decade and 0.35 mm/decade, respectively.



Water 2022, 14, 259 10 of 22
Water 2022, 14, x FOR PEER REVIEW 11 of 24 
 

 

 

Figure 7. Monthly graphical representation of ITA results for precipitation time series (1961–2016). 

The ITA results for streamflow are visualized in Figure 8, which shows that only for 

July streamflow is non-monotonically decreasing; while for the other months it is increas-

ing with different slopes. During April, August and December, the increasing trend was 

non-monotonical, however the highest increasing trends were observed in June and Au-

gust with a slope of 0.38 mm/decade and 0.35 mm/decade, respectively. 

Figure 7. Monthly graphical representation of ITA results for precipitation time series (1961–2016).

3.2. The Relationship among Precipitation, Temperature and Streamflow

In order to further understand the relationship between temperature, precipitation and
streamflow, Pearson correlation analysis was used and monthly results are presented in
Figure 9. In January and February temperature is positively correlated with streamflow
(0.34 and 0.39 respectively), while precipitation is negatively correlated (−0.13, and −0.17).
During April, June, July, August–October temperature and precipitation are both positively cor-
related with streamflow (Figure 9). However, during the low flow season (October/November
to March), there is a negative correlation between precipitation and temperature. These results
are different from the findings of global studies by Trenberth and Shea [77] and for Europe
as concluded by Berg, et al. [78]. In the monsoon months (July and August), both tempera-
ture and precipitation are positively correlated with each other as well as with streamflow.
The highest statistically significant correlation values between precipitation and streamflow
are found in July, August, and September (0.59, 0.57, and 0.62, respectively; p < 0.05) while
the temperature correlation is relatively weaker. This is an agreement with the findings of
Guo, et al. [79] in the upstream area of the Weihe River in China. Similar findings are also
reported by [48] for the Tuotuohe sub-basin of the Yangtze River.
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hydrological station (1961–2016).

The annual correlation between precipitation, temperature, and streamflow shows
(Table 3) that precipitation and temperature are significantly positively correlated with
streamflow while the correlation is stronger with precipitation (0.79; p < 0.05).

3.3. Land–Cover Change Detection and Spatial Distribution

The land–cover types with their percentage areal coverage for each year used in
this study are presented in Figure 10 and the relative change in each land–cover type for
each year in Figure 11. The largest areas were covered by low grassland (63,449.6 km2),
bare land (33,846.6 km2), medium grassland (26,605.7 km2), water (6812.8 km2), high
grassland (4039 km2) and wetland (3779.3 km2) in 1985. There were minor changes in
these land–cover/land-use types from 1985 to 1990. However, more considerable changes
in land–cover areas occurred from 1990–1995. For example, low grassland decreased
by 13,352.4 km2, bare land increased by 9047.9 km2, medium grassland increased by
2484.4 km2, water increased by 1390.8 km2, high grassland increased by 2328.3 km2, and
wetland decreased by 1927.1 km2. From 1995 to 2000, once again, some land-cover areas
changed remarkably while the spatial distribution of land-cover data sets is provided
in Figure 12.
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Table 3. Annual Pearson correlation between precipitation, temperature and streamflow during
1961–2016 (bold values show the significance at 95%).

Variables Precipitation Mean Temperature Streamflow

Precipitation 1

Mean Temperature 0.31 1

Streamflow 0.79 0.25 1
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3.4. SWAT Model Simulation Results for Calibration and Validation

The SWAT model was calibrated using 1985 land-cover and climatic data from 1961–1989
(including 3 years as a spin-up period) and the results are presented in Figure 13. The
model is over-estimated during low flow periods (October to March), particularly in the
validation period (1990–2016).

The optimal values of sensitive parameters are presented in Appendix A and were
determined using the SUFI-2 algorithm in SWAT-CUP using the land cover of 1985 for
the calibration period (1961–1989). All other simulations were performed using the same
parameter values. The NSE values for all land-cover data sets in the calibration and
validation periods are given in Table 4. It shows the robustness of the model for each
land-cover/land use data year (Moriasi, G. Arnold, W. Van Liew, L. Bingner, D. Harmel
and L. Veith [72]. The NSE values for 1985 land cover were 0.82 and 0.84 for calibration and
validation periods, respectively. However, the highest value (NSE = 0.93) was obtained for
the 2000 LCC. Thus, the calibrated model captured well the higher flows with changing
land-cover conditions (see Figure 13). The NSE values did not change for 2005, 2010, and
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2015 LCC data sets because there was no significant change in the land-cover types from
2000 to 2015 because of vegetation restoration programs in this region [80].

Water 2022, 14, x FOR PEER REVIEW 15 of 24 
 

 

 

Figure 11. Area difference (km2) of each land cover from 1985–2015 in the YRSR. Figure 11. Area difference (km2) of each land cover from 1985–2015 in the YRSR.

3.5. Attribution of Changes in Streamflow and Evapotranspiration to Climate Change and
Land-Cover Change

The attribution of changes in streamflow to CC and LCC using land-cover maps of
1985, 1990, 1995, 2000, 2005, 2010, and 2015, while CC data from 1964–2016 for YRSR
are shown in Table 5. The results revealed that using the LCC of 1985–1990, changes in
streamflow were mainly due to CC (11.4 mm) as compared to LCC (9.4 mm), accounting
for 54.8 % and 45.2 % of the total combined impact of 20.7 mm during 1964–2016. The
evapotranspiration (ET) increased from 273.6 mm during 1964–1989 to 279.8 mm during
1990–2016 for the LC of 1985–1990, where evapotranspiration has increased by 7.9 mm due
to CC and has decreased by 1.3 mm due to LCC. (Table 5).
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Table 4. Nash-Sutcliffe efficiency (NSE) values for each land-cover LCC map, calibration, and
validation period.

Nash-Sutcliffe Efficiency Values for Each Land Cover

Climate Data 1985 1990 1995 2000 2005 2010 2015

Cali. 1964–1989 0.82 - - - - - -

Vali. 1990–2016 0.84 0.80 0.85 0.93 0.93 0.93 0.93

Vali. 1964–1989 0.87 0.91 0.93 0.93 0.93 0.93
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Table 5. Quantification of attribution of streamflow changes due to climate change and land-cover
change for all scenarios using 1985, 1990, 1995, 2000, 2005, 2010 and 2015 land-cover data sets.

LCC1985–1990

SCENARIOS Climate Land Cover
Change (LCC)

Precipitation
(mm)

Runoff
(mm)

Runoff
Change (%)

ET
(mm)

Runoff
Change (%)

S1 1964–1989 1985 324.4 55.9 273.7

S2 1964–1989 1990 335.7 69.6 ∆Qc 11.4 54.8 270.6 ∆Qc 7.9 120.1

S3 1990–2016 1985 346.2 71.6 ∆QL 9.4 45.2 279.8 ∆QL −1.3 −20.1

S4 1990–2016 1990 352.5 76.6 ∆Q 20.7 100 280.3 ∆Q 6.6 100

LCC1990–1995

SCENARIOS Climate LCC Precipitation
(mm)

Runoff
(mm)

Runoff
Change (%) ET (mm) Runoff

Change (%)

S1 1964–1989 1990 335.7 69.6 270.6

S2 1964–1989 1995 335.7 78.2 ∆Qc 6.45 44.5 263.5 ∆Qc 10 308.2

S3 1990–2016 1990 352.5 76.6 ∆QL 8.05 55.5 280.3 ∆QL −6.8 −208.2

S4 1990–2016 1995 352.5 84.1 ∆Q 14.5 100 273.8 ∆Q 3.3 100

LCC1995–2000

SCENARIOS Climate LCC Precipitation
(mm)

Runoff
(mm)

Runoff
Change (%)

ET
(mm)

Runoff
Change (%)

S1 1964–1989 1995 335.7 78.2 263.5

S2 1964–1989 2000 335.7 78.5 ∆Qc 5.9 95.1 260.7 ∆Qc −83 46.3

S3 1990–2016 1995 352.5 84.1 ∆QL 0.3 4.9 273.8 ∆QL −96.1 53.7

S4 1990–2016 2000 352.5 84.4 ∆Q 6.2 100 84.4 ∆Q −179.1 100

LCC2000–2005

SCENARIOS Climate LCC Precipitation
(mm)

Runoff
(mm)

Runoff
Change (%) ET (mm) Runoff

Change (%)

S1 1964–1989 2000 335.7 78.5 260.7

S2 1964–1989 2005 335.7 78.5 ∆Qc 5.9 99.7 260.7 ∆Qc 10.6 100.2

S3 1990–2016 2000 352.5 84.4 ∆QL 0 0.3 271.2 ∆QL −0.1 −0.2

S4 1990–2016 2005 352.5 84.4 ∆Q 6 100 271.2 ∆Q 10.5 100

LCC2005–2010

SCENARIOS Climate LCC Precipitation
(mm)

Runoff
(mm)

Runoff
Change (%) ET (mm) Runoff

Change (%)

S1 1964–1989 2005 335.7 78.5 260.7

S2 1964–1989 2010 335.7 78.5 ∆Qc 5.9 100 260.7 ∆Qc 10.6 100

S3 1990–2016 2005 352.5 84.4 ∆QL 0 0 271.2 ∆QL 0.0 0

S4 1990–2016 2010 352.5 84.4 ∆Q 5.9 100 271.2 ∆Q 10.6 100

LCC2010–2015

SCENARIOS Climate LCC Precipitation
(mm)

Runoff
(mm)

Runoff
Change (%) ET (mm) Runoff

Change (%)

S1 1964–1989 2010 335.7 78.5 260.7

S2 1964–1989 2015 335.7 78.4 ∆Qc 5.9 100.7 260.9 ∆Qc 10.6 97.5

S3 1990–2016 2010 352.5 84.4 ∆QL 0 −0.7 271.2 ∆QL 0.3 2.5

S4 1990–2016 2015 352.5 84.4 ∆Q 5.9 100 271.5 ∆Q 10.9 100

The LCC of 1990–1995 shows that 6.4 mm change in streamflow is due to CC and
8.1 mm is due to LCC, which accounts for 44.5% and 55.5% of the results with a total
change of 14.5 mm of streamflow. CC increased ET by 10 mm while LCC decreased ET
by 6.8 mm resulting in a combined increased evapotranspiration of 3.3 mm. For the LCC
of 1995–2000, CC increased streamflow by 5.9 mm while LCC increased streamflow by
0.3 mm, which combined accounts for an increase in streamflow of 6.2 mm. For the same
LCC, the evapotranspiration is decreased by 83.1 mm (46.3 %) and 96.1 mm (53.7%) due
to CC and LCC, respectively, resulting in a combined decrease in evapotranspiration of
179.1 mm. Thus, for 1995–2000 land cover, the main contributor to streamflow changes is
climate change, as reported by Nie, et al. [81] for the Yangtze River Basin as well (Table 5).
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The simulated streamflow for land-cover maps of 2000–2005, 2005–2010, and 2010–2015
revealed no change in streamflow because there is no change in the land cover in the Yangtze
River Source Region [80] after 2000. Table 5 shows that the main driver of streamflow
changes for these land-cover data sets is climate change, and the evapotranspiration is also
slightly influenced by climate change compared to land-cover change. Similar findings
have been reported by Hu, Wang, Wang, Hong and Zheng [31] for the Yellow River
middle reaches. The findings of our study are similar to the findings of other studies
which determined the impacts of climate change and land-cover change on streamflow
for different regions in China [74,82–86]. This study quantified the impacts of climate
change and land-cover change on streamflow; however, the selection of an appropriate
hydrological model and statistical technique is very important [74].

4. Limitations and Uncertainties

The major contingency of the method used in this study is the assumption that inter-
actions among various factors were neglected while separating the effect of two factors
(CC and LCC) [81]. However, climate change and land-cover change can change the re-
gional hydrology. Additionally, the choice of hydrological models, length of the data sets
available, and hydro-meteorological data quality may also affect the results [40,81,87]. The
method used in this study is known as one-factor-at-a-time by considering the difference
between two scenarios with only one factor changed, as applied by Yang, Feng, Yin, Wen,
Si, Li and Deo [74], Nie, Zhang, Liu, Chen and Zhao [81]; this is a limitation of this study.
Moreover, another uncertainty source is the hydrological modeling (e.g., uncertainties
exist in the hydrological and meteorological time series, modeling parameters, etc.) and
SWAT is a conceptual model with high parameterization during calibration resulting in
uncertainties [88–91].

5. Conclusions

The present study describes the impacts of a changing climate and land-cover change
on streamflow in the Yangtze River Source Region using the semi-distributed SWAT model.
The climate showed a warming trend after 1989 based on an innovative trend analysis,
while precipitation and temperature also increased in the second half of the study period
(1990–2016) compared to the first half (1961–1989) of the study period. Precipitation and
temperature are positively correlated during high flow months and negatively correlated
during the winter months in the low flow season.

The SWAT model simulation showed that using LCC of 1985–1990, streamflow was
mainly impacted by climate change (11.4 mm) compared to LCC (9.4 mm with the total
combined impact of 20.7 mm. There is an increase in streamflow (6.4 mm) due to CC and
LCC contributing 8.05 mm in streamflow for land cover of 1990–1995 which accounts for
44.5% and 55.5% with a net change of 14.5 mm of streamflow. The increased ET by 10 mm
because of climate change while the change in land cover decreased ET by 6.8 mm. The
combined effect of LCC and CC increased evapotranspiration by 3.3 mm for the data set of
LCC 1990–1995.

The SWAT model simulated results of streamflow and evapotranspiration using LCC
of 1995–2000 shows increased streamflow by 5.9 mm while the land-cover change increased
streamflow by 0.3 mm, together accounting for 6.2 mm of increase in streamflow Thus,
it shows that for 1995–2000 land-cover change mainly contributes to streamflow changes
in climate. The simulated streamflow for land-cover maps of 2000–2005, 2005–2010, and
2010–2015 revealed no change in the streamflow because there is no change in the land
cover in the Yangtze River Source Region after 2000. The results of the SWAT model
simulations showed that the main driver of changes in streamflow in the Yangtze River
Source Region is climate change, while evapotranspiration is also mainly influenced by
climate change as compared to land-cover change.
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Appendix A

Table A1. Optimal values of sensitive parameters.

No. Parameters Optimal Value Min. Value Max. Value Explanation

1. r__CN2.mgt −0.5 −0.7 0.2 Moisture condition-II, SCS curve number

2. v__ALPHA_BF.gw 0.12 0 0.5 Baseflow recession constant

3. v__GW_DELAY.gw 18.13 5 25 Groundwater delay coefficient (days)

4. v__GWQMN.gw 0.86 0 2 Threshold water level in shallow aquifer
for base flow (mm)

5. v__SMTMP.bsn 1.78 0 2.5 Snow melt base temperature (◦C);

6. v__SFTMP.bsn 0.95 0 2 Snowfall temperature (◦C);

7. v__TIMP.bsn 0.72 0 1 Snowpack temp lag factor

8. v__HRU_SLP.hru 0.6 0 1 Average slope steepness

9. r__SOL_K.sol 0.12 0.5 1.5 Saturated hydraulic conductivity (mm/h)

10. r__SOL_BD.sol 1.4 0.5 1.5 Soil bulk density (g/cm−3)

11. v__SNOCOVMX.bsn 71.3 50 150 Areal snow coverage threshold at 100%

“v” and “r” at the start of each parameter represent parameter value is “replaced a given value” and “multiplied
by (1+ a given value),” respectively.
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