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Abstract: The Sanggan River Basin in the loess hill and gully area is the primary water source for
the establishment of the capital water conservation function area and the ecological environment
support zone. Against the backdrop of global warming, population growth, and accelerated urban-
ization, water consumption in the Sanggan River Basin has persistently increased in recent years,
leading to a series of issues, such as river pollution, surface streamflow reduction, groundwater
over-exploitation, soil erosion, and decreased vegetation coverage. In this research, we employed
the DMC approach, SWAT model, InVEST model, and CA-Markov model to quantitatively analyze
the correlation between alterations in streamflow and sediment within this area and three influential
factors: climate variations, LUCC, and other human interventions. Furthermore, we clarified the
relative contributions of climate factor elements, land-use types, and human activities to streamflow
and sediment in this region. The findings indicate a decline in the annual streamflow and sediment
quantities observed within this region from 1960 to 2020, with reduction rates of 1.27 × 108 m3/10 a
and 129.07 × 104 t/10 a, respectively, and an abrupt change year in 1983 and 1982. Compared to the
annual streamflow, the annual sediment volume demonstrates more substantial variation. Based on
the constructed model, three scenario simulation periods: P0 (1962–1981/1982), P1 (1983/1982–1999),
and P2 (2000–2020) were set. Compared with P0, the respective contribution rates of climatic vari-
ation, land use, and other human intervention to streamflow (sediment volume) were 15.247%
(19.601%), −0.03% (−1.349%), and 84.783% (81.748%) in P1. In P2, the contribution rates of these
three factors on streamflow (sediment volume) were 9.160% (9.128%), 0.211% (3.053%), and 90.629%
(84.818%), respectively. Through a quantitative analysis of climatic factors on streamflow and sed-
iment, we found a positive correlation between precipitation and both streamflow and sediment.
Additionally, there is an inverse relationship between temperature and streamflow, but streamflow
will increase when temperature rises by 10%. Under three different future land-use scenarios, the
variations in streamflow and sediment exhibited as ecological protection scenario < urban expansion
scenario < natural development scenario. Changes in streamflow in this region are primarily caused
by human intervention that alters the underlying surface. The increase in check dams and silted land
could lead the runoff and sediment to decrease. Moreover, compared with the increase in industrial
and agricultural water consumption, the increase in urban water consumption is the main factor for
human water consumption.

Keywords: Sanggan River Basin; streamflow and sediment; SWAT; climate; LUCC; human activity

1. Introduction

With the increasing influence of climatic variation and human intervention, the global
water cycle has experienced constant alterations, leading to numerous water resource
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and water environment issues. This has significantly hindered long-term progress in
both the economy and community [1,2]. In the context of global warming, the Loess
Plateau (LP) generally presents the trend of rising temperatures and declining precipita-
tion [3,4]. Continuous climate warming and LUCC have significantly impacted water and
sediment transport processes [5]. The fragile natural ecosystem and unsuitable human
intervention have caused serious soil and water erosion in the LP, which profoundly af-
fect regional ecological conservation and high-quality economic and social progress [6].
Since the 1990s, this region has implemented numerous large-scale projects to alleviate
soil erosion, including the grain for green, afforestation, and check dams and improv-
ing agricultural practices [7,8], which improved the regional vegetation condition and
induced substantial alteration of the underlying surface in the basin. Thus, conducting
comprehensive studies on the spatio-temporal dynamic characteristics of streamflow and
sediment elements, as well as simulating streamflow and sediment processes, is crucial
for gaining an in-depth understanding of change in hydrological processes and can offer
scientific support for implementing soil and water conservation measures and managing
the basin comprehensively.

Referred to as the main factors, human actions and climatic variation are widely
acknowledged for their significant contribution to the decrease in streamflow and sediment
in the watershed [9–11]. Climatic variation affects the streamflow in the LP mainly due
to various climatic elements, including precipitation, temperature, sunshine duration,
and wind velocity [12]. Precipitation is the dominant factor affecting regional streamflow
variations [13], while temperature indirectly alters streamflow by modifying the watershed
evapotranspiration process [14,15]. Yue et al. [16] reported a positive correlation between
streamflow and precipitation variation, and the precipitation increase resulted in an increase
in streamflow, while being negatively correlated with temperature in the Lancun Station to
Fenhe Erba Station watershed of Fen River utilizing the SWAT model. Human intervention
primarily impacts streamflow and sediment yields through direct water resource utilization
and indirect underlying surface change [17]. The implementation of water conservation
measures, for example, reservoirs, check dams, and artificial water diversions, has the
potential to create a discrepancy between the availability and demand for water resources.
Additionally, it can alter the hydrological cycle pattern and have a substantial impact on
sediment–water processes within the basin [18–20]. Zhang et al. [21] analyzed the water and
sediment sequences before and after the construction of the Longyangxia Reservoir in the
upper reaches of the Yellow River Basin and found that the reservoir had a significant impact
on the correlation between water and sediment, and the negative correlation increased.
Feng et al. [22] and Yuan et al. [23] showed that the check dam not only reduced the total
amount of flood and the flood peak, but also alleviated the occurrence of flood.

Currently, the investigation into the quantitative attribution of alterations in water and
sediment primarily involves empirical methods, statistical analysis techniques, and model
simulations [24]. The empirical method cannot accurately depict the nonlinear processes
and characteristics of water and sediment changes, and the abrupt point is highly subjec-
tive. The statistical analysis method is unable to reveal the complex influencing factors in
hydrological processes, resulting in certain uncertainties. Wu et al. [25] observed signif-
icant disparities between the outcomes obtained from the statistical analysis and SWAT
when investigating the effect of climatic variation and human intervention on streamflow.
Compared to other methods, the model simulation method serves as an effective approach
for simulating, predicting, and quantitatively investigating revisions in streamflow and
sediment [26]. At present, the commonly employed distributed hydrological models at
home and abroad encompass SWAT, WEPP, EUROSEM, and so on. The SWAT model has
gained widespread application in water resource simulation and estimation owing to the
superior computational efficiency, long simulation time span, and good applicability in
data-scarce regions and has demonstrated remarkable performance and extensive adoption
across diverse basins worldwide. Ecosystem service models, such as InVEST and ARIES,
commonly incorporate the soil erosion module. The Sediment Delivery Ratio (SDR) module
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in InVEST has made up for the limitations of the RUSLE and has been widely utilized in
soil erosion simulations across diverse regions in China [27]. In recent years, extensive
model simulation studies have been conducted in the LP to address the issue of soil erosion.
Qiu et al. [28] demonstrated the applicability of SWAT in studying streamflow and sedi-
ment dynamics of the Zhifanggou in the hilly–gully area in the LP. According to the SWAT
model, Yin et al. [29] presented that LUCC accounted for 54% and 71% of the observed
streamflow decrease in the Jinghe Basin from the 1980s to the 1990s and from the 1990s to
the 2000s, respectively. Shi et al. [30] accurately forecasted soil nutrient loss in the Beiluohe
Basin. Zhai et al. [31] compared three models for estimating soil erosion in the Yanhe Basin
and concluded that the InVEST was more suitable for soil erosion calculation. The research
conducted by numerous scholars has provided technical and theoretical support for the
comprehensive management in the LP. However, conclusions derived from studies on a
single basin may not necessarily be applicable to all basins in this region, due to the vast
area, numerous water systems, complex water–sediment processes, and changing natural
environment of the LP. Therefore, it is a more effective direction to investigate soil and
water erosion control measures on small basins.

Therefore, to examine the influence of climatic variation, LUCC, and other human
interventions on streamflow and sediment variations in the LP, this study specifically fo-
cuses on the Sanggan River Basin located in the northeastern LP. This area holds significant
importance for establishing a water conservation functional zone for the capital city as
well as supporting efforts to preserve the ecological environment. There have been notable
variations in the water and sand resource pattern due to multiple factors over the past few
years. The primary aims are (1) to analyze the spatio-temporal evolution of streamflow
and sediment in 1960–2020; (2) to evaluate the effect of climatic variation, LUCC, and other
human interventions on changes in streamflow and sediment levels; a suitable SWAT model
(for streamflow) and InVEST model (for sediment) will be constructed for a quantitative
analysis; (3) to quantitatively investigate the effect of various climatic factors on streamflow
and sediment yields by establishing multiple climate scenarios; (4) to examine the impact
of different land surface conditions on streamflow and sediment variations, three scenarios
were created using the CA-Markov model: natural development, ecological conservation,
and urban expansion; (5) to analyze check dam and water consumption from 1960 to 2020
and clarify the impact of human activities on streamflow and sediment. The objective is
to provide valuable insights for future initiatives that focus on ecological restoration and
comprehensive management of soil and water conservation in the LP.

2. Materials and Methods
2.1. Study Area

The Sanggan River (Figure 1, 112◦–115◦ E, 39◦–41◦ N) is situated in the loess hill and
gully region, serves as one of the main tributaries of the Hai River, and spans the Hebei,
Shanxi, and Inner Mongolia Autonomous Regions. The main channel is approximately
506 km in length, covering an area of about 23,900 km2. The average annual temperature
in the watershed is 6.1 ◦C, with four distinct seasons. The annual precipitation is mainly
concentrated from June to September, with the annual mean rainfall of 441 mm. The surface
of the basin is primarily loose and porous loess, which easily causes soil and water loss.
The largest land-use type was farmland, accounting for approximately 46.8%, followed
by grassland at 30.7%, and then forest at 15.8%. Chestnut soil and castano-cinnamon soil
are the most abundant soils in this region, collectively accounting for 63.5%, followed by
fluvo-aquic soil (13.4%), aeolian sandy soil (11.9%), and brown earth (9.7%). The primary
industries are coal and electricity production, which have resulted in significant environ-
mental challenges, including air pollution, water scarcity, groundwater contamination, and
coal mining collapse.
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Figure 1. Specific situation of the Sanggan River Basin: (a,b) location, (c) DEM, (d) LUCC, and
(e) soil types.

2.2. Data

The main datasets primarily include meteorological, remote sensing, and statistical
datasets (Table 1). The meteorological data used for SWAT were processed into numerous
txt files adapted for SWAT model, while the meteorological data used for the invest model
were treated with Kriging gridding. The streamflow and sediment data were statistical
yearbook textual data. DEM, land use, and soil data were processed into raster data using a
consistent coordinate system and projection. The check dam and water consumption data
were Shanxi water resource bulletin textual data.

Table 1. The detailed information of datasets.

Datasets Information Type Resolution Period Sources

Meteorological data

The daily maximum temperature, minimum
temperature, precipitation, wind speed, evaporation,

relative humidity, and total radiation from 26 weather
stations within and outside the Sanggan River Basin

Txt (for SWAT) -

1960–2020 China Meteorological
Science Data CenterRaster

(for InVEST) 90 m

Streamflow and
Sediment

Monthly streamflow and annual sediment data at
Shixiali hydrological station Text - 1960–2020 Hydrological Yearbooks

of Haihe Basin

DEM SRTM (Shuttle Radar Topography Mission) data Raster 90 m - Geospatial Data Cloud

Land use/
cover date China remote sensing monitoring database Raster 90 m 1990, 2000,

2010, and 2020

Data Center for Resources
and Environmental

Sciences, CAS

Soil data China soil database (1:100,000) Raster 90 m - Soil Information System
of China

Check dam data The number of check dams and the silted land area of
check dams Text - 1984–2014 Shanxi Water

Resources Bulletin

Water
consumption data

Industrial, agricultural, urban, and total water
consumption in the Sanggan River Basin. Text - 1984–2020 Shanxi Water

Resources Bulletin
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2.3. Methods
2.3.1. Soil and Water Assessment Tool (SWAT)

SWAT is the distributed hydrological model that can predict the various effects on hy-
drological cycle processes, such as climatic variations, LUCC, water resources management
measures, and agricultural management practices [32,33]. Firstly, based on the DEM, a hy-
drological network was generated. The Shixiali hydrological station was designated as the
outlet station for the basin. The basin was partitioned into 25 sub-watersheds through river
network extraction, terrain factors, and channel parameter calculation. Then, correspond-
ing land-use types, soil types, and slope settings were overlaid to obtain 486 Hydrological
Response Units (HRUs). The model parameter sensitivity analysis and calibration were
used by the SWAT-CUP [34]. Due to the abrupt change in streamflow pattern in 1983 (see
Section 3.3.1 for details), the measured streamflows in 1973–1982 and 1983–1987 were used
for calibration and verification, respectively. The squared correlation coefficient (R2) and
Nash–Sutcliffe efficiency (Ens) are two indicators provided by the SWAT-CUP model. They
were used to assess the consistency between simulation and observation. Generally, when
both indicators are greater than 0.5, it indicates a satisfactory fitting effect [35,36].

Based on relevant research, the comprehensive impact on streamflow and sediment
in this region is said to be influenced by three key factors: climatic variation, LUCC, and
other human interventions. The scenario simulation [37] was used to differentiate the
contributions of these three drivers to changes in streamflow or sediment during periods
P0–P1 and P0–P2 (Table 2):

∆Qtotal = ∆Qclime + ∆Qlucc + ∆Qhuman = obsj + obsi, (1)

∆Qclime = Qclime(j)+lucc(i) − Qclime(i)+lucc(i), (2)

∆Qlucc = Qclime(j)+lucc(j) − Qclime(j)+lucc(i), (3)

∆Qhuman = ∆Qtotal − ∆Qclime − ∆Qlucc, (4)

where ∆Qtotal represents the total variation volume in streamflow or sediment; ∆Qclime,
∆Qlucc, and ∆Qhuman represent the extent to which climatic variation, land use, and other
human interventions affect streamflow or sediment; obsi and obsj denote the observed
values of streamflow or sediment, respectively, during periods Pi (i = 0, 1) and Pj (j = 1
or 2, with j > i); lucci and luccj indicate the land-use conditions during periods Pi and
Pj, respectively; climei and climej represent the climate conditions within periods Pi and
Pj; Qclime(j)+lucc(i) refers to simulated streamflow or sediment under the climate conditions
of period Pj (climej) combined with land-use conditions of period Pi (lucci), as obtained
through modeling.

Table 2. Relative contribution rates of different driving factors vary in different periods.

Periods ∆Qclime ∆Qlucc ∆Qtotal

P0–P1 Qclime1+lucc0 − Qclime0+lucc0 Qclime1+lucc1 − Qclime1+lucc0 Obs1 − Obs0
P0–P2 Qclime2+lucc0 − Qclime0+lucc0 Qclime2+lucc2 − Qclime2+lucc0 Obs2 − Obs0

Note: The study established three climate modes and three land-use modes: clime0 (1963–1982), clime1 (1983–1999),
and clime2 (2000–2017) and lucc0 (1990), lucc1 (2000), and lucc2 (2010).

2.3.2. Integrated Valuation of Ecosystem Services and Tradeoffs (InVESTs)

InVEST was used to describe the spatial processes of slope soil erosion and watershed
sediment transport at the pixel scale [38]. The primary algorithm of the model is as
follows [39]:

SEDRETx = Rx · Kx · LSx · (1 − Px − Cx) + SEDRx, (5)

SEDRx = SExΣx−1
y=1USLEyΠx−1

z=y+1
(
1 − SEy

)
, (6)

RKLSx = Rx · Kx · LSx, (7)
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USLEx = Rx · Kx · LSx · Cx · Px (8)

where SEDRx and SEDRETx represent the sediment and soil retention (t) of grid x, re-
spectively. RKLSx and USLEx denote the potential and actual soil erosion (t) for grid
x, respectively. USLEy signifies the actual soil erosion amount (t) for the uphill grid y.
SEx refers to the sediment retention efficiency. Rx represents the precipitation erosivity
factor (MJ mm hm−2 h−1 a−1), which is calculated based on monthly and annual pre-
cipitation [40]. Kx denotes the soil erodibility factor (t h MJ−1 mm−1), determined by
employing the formula established by Williams et al. [41]. LSx represents the slope length
factor without dimensions. Cx and Px (Table 3) embody the vegetation and management
factors and water and soil conservation measures, respectively, which were assigned to
the relevant research findings in the Haihe Basin [42]. By using the above algorithm and
formula, the key parameters were obtained: the soil erodibility factor (K), rainfall erosivity
factor (R), topographic factor (LS), soil and water conservation measure factor (P), vegeta-
tion cover and management factor (C), and confluence area threshold. Due to the abrupt
change in sediment pattern in 1982 (see Section 3.3.1 for details), the measured sediment in
1973–1981 and 1982–1987 was used for calibration and verification, respectively. The pre-
pared parameters were inputted into the Sediment Delivery Ratio (SDR) module of the
InVEST model for sediment simulation. A good fit of the model was achieved by adjust-
ing and debugging Threshold Flow Accumulation repeatedly. The squared correlation
coefficient (R2) and Nash–Sutcliffe efficiency (Ens) were selected to assess the simulation ac-
curacy of the InVEST model, and the contribution rate was also quantitatively differentiated
through scenario simulation.

Table 3. The relative C and P for various land-use types.

Land-Use Types Farmland Forest Grassland Water Construction Land Unused Land

C 0.08 0.003 0.04 0 0.001 1
P 1 1 1 0 0.001 1

2.3.3. CA-Markov Model

The CA-Markov model effectively combines the intricate spatial system evolution
of the CA model with the strength of the Markov model in long-term prediction and can
accurately simulate land-use change [43,44].

Three scenarios based on the model were set to investigate LUCC of Sanggan River
Basin in 2030: (1) Natural development scenario: LUCC maintains the same land transition
trend between 1990 and 2010 and is not affected by external factors such as economic,
political, and societal factors; (2) Ecological protection scenario: Strictly adhering to national
guidelines for maintaining vegetation coverage of forest, the basic red line of farmland, and
prohibiting the conversion of water bodies to any land types. The probability of converting
farmland to forest is increased by 5%, while the probability of converting farmland, forest,
grass, and unused land to construction land is reduced by 4%, 2%, 1%, and 1%, respectively;
(3) Urban expansion scenario: It was established based on the current trend of construction
land development; the construction land change was adjusted according to the main railway
and highway networks, and the probability of converting unused land and farmland into
construction land is increased.

3. Results
3.1. Model Evaluation

The streamflow and sediment data collected from 1973 to 1987 in the Sanggan River
Basin were employed for model calibration and validation. Because 1983 marked an
abrupt change year in streamflow, the monthly streamflow during 1973–1982 was used
for the model calibration, while the monthly streamflow from 1983 to 1987 served for the
model validation. Thirteen sensitivity parameters were selected for calibration (Table S1
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in the Supplementary Materials). The ultimate results show that the simulated monthly
streamflow by SWAT was in good accordance with the measured monthly streamflow
data (Figure 2), with R2 = 0.83 and Ens = 0.73 in the calibration phase and R2 = 0.73 and
Ens = 0.62 during the validation phase. The suitability of the SWAT for simulating stream-
flow in the Sanggan River Basin is evident.

Figure 2. Evaluating simulated and observed monthly streamflow and annual sediment at Shixiali
hydrological station for different periods.

The InVEST model was employed for the calibration and validation of annual sediment
data. According to the abrupt change time of sediment in the region (1982), the annual
sediment data from 1973 to 1981 were taken for model calibration. And the sediment data
from 1982 to 1987, collected on an annual basis, were employed for the purpose of validating
the model. R2 and Ens were selected to assess the simulation accuracy of the InVEST model.
The simulated sediment transport demonstrated satisfactory agreement with the measured
sediment transport (Figure 2), with R2 = 0.79 and Ens = 0.60 in the calibration period and
R2 = 0.64 and Ens = 0.58 during the validation period. The suitability of the InVEST model’s
sediment simulation for the Sanggan River Basin was demonstrated, and the outcomes
provide valuable insights into water and soil loss as well as soil conservation.

3.2. Evolutionary Characteristics of Streamflow and Sediment
3.2.1. Temporal Variation

The Shixiali hydrological station functions as the discharge point for the Sanggan River
Basin. According to the interannual variation curves observed at this station (Figure 3), it
can be inferred that there is a declining pattern in both the streamflow and sediment levels
within this area. The annual average streamflow in the region was 2.88 × 108 m3 during
1960–2020, with a reduction rate of 1.27 × 108 m3/10 a. Similarly, the annual average
sediment volume was 172.04 × 104 t, exhibiting a decline rate of 129.07 × 104 t/10 a. The
annual streamflow and sediment exhibited a coefficient of variation of 1.09 and 1.76,
respectively, indicating the significant fluctuation in both variables, with the latter exhibiting
the more dramatic change.

3.2.2. Spatial Pattern

The depiction of the spatial pattern for the average annual streamflow and sediment
within the region can be observed in Figure 4. The southern region experiences a significant
increase in streamflow, while the northern region witnesses a comparatively lower level.
The high streamflow area (>150 mm) constitutes 21.80%, which is mainly situated in the
southwest region (Shuozhou City). The river flows through the mountainous areas at the
north and south and the flat Datong Basin in the central area, with relatively low elevation,
large water catchment, and numerous tributaries, including the Hui River, Yuanzi River,
Huangshui River, and Hun River. The medium streamflow area (90–150 mm) is primarily
situated in the eastern region, accounting for 37.32%. The low streamflow area (<90 mm) is
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primarily distributed in the central area, constituting 40.88% of the watershed, which may
be associated with the higher latitude and elevation. The distribution pattern of sediment
in space exhibits a general resemblance to the streamflow pattern. The high sediment
area (>240 t/km2) constitutes approximately 7.56%, which is essentially consistent with
the distribution of high streamflow, indicating the higher the streamflow, the higher the
sediment transport volume. The medium sediment area (60–240 t/km2) is primarily
situated in the eastern part, accounting for 11.92%. The low sediment area (<60 t/km2) is
primarily distributed in the central region and accounts for 80.52% of the watershed.

Figure 3. Temporal evolution of streamflow and sediment.

Figure 4. Spatial pattern of (a) streamflow and (b) sediment.

3.3. Calculation of Streamflow and Sediment Contribution Rates by Multiple Factors
3.3.1. Calculation of the Relative Contribution Rate Utilizing the DMC

The precipitation vs. streamflow and sediment double-mass curves (DMCs) experi-
enced significant shifts in the Sanggan River Basin, with one occurring around 1983/1982
and another around 1999, within the period of 1960–2020 (Figure 5). Combined with
previous studies in this region [45], the results of the cumulative anomaly curve and sliding
t-test (Table S2, Figures S1 and S2 in the Supplementary Material) indicate that 1983 was
the abrupt point of streamflow and 1982 was the abrupt year of sediment. So, the entire
period was split into the base phase (1960–1982/1981, denoted as P0) and the change phase
(1983/1982–2020), which was further divided into P1 (1983/1982–1999), and P2 (2000–2020).
The gradients of the streamflow and sediment regression lines during the P0, P1, and
P2 were 0.012 (0.828), 0.004 (0.221), and 0.002 (0.013), respectively, suggesting a gradual
reduction in sediment and streamflow.
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Figure 5. Double-mass curve of precipitation vs. streamflow and sediment.

In the change phase, the annual streamflow was influenced by climatic variation and
human intervention, with a respective impact of 0.57 × 108 m3 and 3.21 × 108 m3 during
the period of 1983–1999 (Table 4). Climatic change accounted for 15.01% of the total con-
tribution, while human intervention accounted for 84.99%. From 2000 to 2020, the impact
of the two factors on the annual streamflow was 0.23 × 108 m3 and 4.54 × 108 m3, respec-
tively, contributing 4.73% and 95.27%, respectively. At the same time, the influence of the
two factors on the annual sediment volume amounted to 37.50 × 104 t and 237.78 × 104 t,
respectively, from 1982 to 1999, contributing 13.62% and 86.38%, respectively. In 2000–2020,
the respective influence amounts were 25.00 × 104 t and 362.98 × 104 t, accounting for
6.44% and 93.56%, respectively. The findings indicate that the period from 2000 to 2020
witnessed a greater influence of human intervention on streamflow and sediment com-
pared to the years from 1983/1982 to 1999 due to the initiation of the Grain for Green
Project (GFGP) in 1999. In general, the primary factors contributing to the streamflow
and sediment reductions were predominantly attributed to human intervention, which
exerted a significantly greater influence compared to climatic variation. However, the DMC
method has certain limitations and uncertainties when it comes to determining the sole
contribution rate of influencing factors. In order to more accurately differentiate the extent
of impact from various human interventions (LUCC and other human interventions), the
scenario simulation of streamflow and sediment changes was conducted based on SWAT
and InVEST models, respectively.

Table 4. Contributions of two driving factors in different phases.

Hydrological
Elements Period

Climate Change Human Intervention
∆Qtotal

∆Qclime Contribution (%) ∆Qhuman Contribution (%)

streamflow/108 m3 P0–P1 −0.5667 15.007 −3.2098 84.993 −3.7765
P0–P2 −0.2251 4.726 −4.5383 95.274 −4.7635

sediment/104 t
P0–P1 −37.503 13.623 −237.782 86.377 −275.284
P0–P2 −24.997 6.443 −362.977 93.557 −387.973

3.3.2. Calculation of Relative Contribution Rate Using the Model

Table 5 presents the relative contributions of three drivers to streamflow and sediment
variations in P0–P1 and P0–P2. In general, while climatic variation plays a secondary role,
other human interventions have predominantly contributed to the decline in streamflow
and sediment, finally followed by LUCC. The alteration in streamflow is as follows: Com-
pared with the base period (1960–1982), streamflow decreased by 3.78 × 108 m3 from 1983
to 1999, with the contribution rates of three factors being 15.25%, −0.03%, and 84.78%,
respectively. From 2000 to 2020, streamflow decreased by 4.76 × 108 m3, with the three
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influencing factors contributing at rates of 9.16%, 0.21%, and 90.63%, respectively. Com-
pared with the base period (1960–1981), sediment volume decreased by 275.28 × 104 t
during 1982–1999, with climatic variation, LUCC, and other human interventions account-
ing for 19.60%, −1.35%, and 81.75% of the overall contribution rates, respectively. During
2000–2020, the sediment volume further declined by 387.97 × 104 t, with the contribution
rates of the three influencing factors being 9.13%, 3.05%, and 87.82%, respectively.

Table 5. Contributions of three drivers in different phases.

Hydrological
Elements Period

Climate Change LUCC Other Human Interventions
∆Qtotal

∆Qclime Contribution (%) ∆Qlucc Contribution (%) ∆Qhuman Contribution (%)

streamflow/108 m3 P0–P1 −0.5758 15.247 0.0011 −0.03 −3.2018 84.783 −3.7765
P0–P2 −0.4363 9.160 −0.0101 0.211 −4.3171 90.629 −4.7635

sediment/104 t
P0–P1 −53.9592 19.601 3.7132 −1.349 −225.038 81.748 −275.284
P0–P2 −35.4158 9.128 −11.8457 3.053 −340.7115 87.818 −387.973

4. Discussion
4.1. Impact of Climatic Factors on Streamflow and Sediment

With land-use conditions unchanged and the average climate conditions n during the
research period as the basis, precipitation and temperature were adjusted by ±30% and
±10%, respectively. Figure 6 illustrates how climate factors influence the streamflow and
sediment. Under the constant temperature condition, the variation in streamflow is 89.66%
and −66.31% due to a precipitation variation of ±30%, and streamflow changed 30.15%
and −23.41% due to precipitation fluctuations of ±10%. The findings indicate that the
increase in precipitation resulted in a proportional increase in streamflow, with a greater
increase observed as precipitation levels increased. Under constant precipitation conditions,
temperature variations of ±30% and ±10% resulted in streamflow changes of −11.01% and
17.59% and 30.15% and 7.12%, respectively. The general decreasing trend of streamflow
was observed with increasing temperature, except for the slight increase in streamflow
when the temperature increased by 10%. With the increase in precipitation, the total water
volume in the basin increased, and streamflow increased accordingly. However, a high
temperature increased evaporation and plant transpiration in the basin, which in turn
led to a streamflow reduction. Overall, as the variation in streamflow caused by changes
in precipitation is more pronounced compared to changes in temperature, the effect of
precipitation on streamflow is more evident than that of temperature. The relationship
between precipitation changes, and sediment is easily understood as the two factors show
a strong positive correlation (r ≈ 1, p < 0.01). An increase in precipitation led to an increase
in sediment volume, with every 10% increment (decrement) in rainfall resulting in a
10.28 t/km2 increase (decrease) in sediment transport.

Figure 6. Impacts of climate drivers on streamflow and sediment.
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4.2. Impact of LUCC on Streamflow and Sediment

Scenario simulation can simulate changes in land use, streamflow, and sediment under
different development conditions (natural development, ecological protection, and urban
expansion). From a land-use perspective (Figure 7 and Table 6), the Sanggan River Basin
is primarily composed of farmland, forest, and grassland, accounting for approximately
94%. The population growth triggered significant urbanization, which was reflected in
the expansion of construction land, increasing by 326 km2 during 1990–2020. At the same
time, the ‘grain for green’ initiative resulted in a reduction in farmland by 434 km2 and
an increase in forest by 118 km2. Under the scenario of natural development in 2030,
there has been a significant increase in construction land, while farmland is experiencing a
considerable decrease compared to the year 2020. In the ecological protection scenario, there
is a significant reduction in the construction land expansion, while forests, grasslands, and
bodies of water are experiencing substantial growth. This results in an overall improvement
of the ecological environment. In the urban expansion scenario, the construction land
expands rapidly, accompanied by a substantial decrease in farmland and modest growth of
other land types. On the whole, the basin still presents the mosaic distribution pattern of
farmland, grassland, and forest.

Figure 7. Spatial distribution of (a1,b1,c1) LUCC, (a2,b2,c2) streamflow, and (a3,b3,c3) sediment
under (a) natural development, (b) ecological, (c) protection, and urban expansion scenarios in 2030.

The spatial arrangement of sediment and streamflow in this area by 2030 is illustrated
in Figure 7, considering three different scenarios. The streamflow is high under the natural
development scenario (113.19 mm), followed by the urban expansion scenario (113.10 mm),
and then the ecological protection scenario (109.03 mm). Compared to the 1990s, stream-
flow increases in varying degrees under both natural development and urban expansion
scenarios in 2030, while it decreases under the ecological protection scenario. The augmen-
tation of vegetation coverage enhances soil infiltration and reduces regional streamflow. The
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spatial distribution of streamflow demonstrates an escalating trend from the north to south.
The sediment transport presents a natural development scenario (190.37 t/km2) > urban
expansion scenario (187.14 t/km2) > ecological conservation scenario (169.07 t/km2), and
the spatial distribution pattern remains relatively consistent.

Table 6. Land-use changes in 1990, 2020, and 2030 under different scenarios.

Land-Use Types
Area/103 km2

1990 2020 Natural Development
Scenario in 2030

Ecological Protection
Scenario in 2030

Urban Expansion
Scenario in 2030

Farmland 11.50 11.07 10.5 10.49 10.47
Forest 3.65 3.77 3.87 3.89 3.87

Grassland 7.31 7.29 7.49 7.49 7.48
Water 0.46 0.40 0.48 0.49 0.48

Construction land 0.8 1.13 1.38 1.36 1.42
Unused land 0.18 0.24 0.18 0.18 0.18

4.3. Impact of Human Activities on Streamflow and Sediment

The research results show that human activities exerted a substantial influence on
runoff and sediment reductions in the Sanggan River Basin, followed by climate change
and then land-use change. Human activities, especially water conservation projects, play
a dominant role in reducing runoff and sediment loads. By analyzing the data of check
dams and human water consumption in the Sanggan River Basin after the abrupt year
(1983), the year in which check dams increased rapidly was basically consistent with the
years when the runoff and sediment loads sharply decreased (Figure 8). During P2, a total
of 77 check dams were constructed, constituting 75% of the overall project. During P1
(1984–2000), two check dams were added each year, with an average silted land increase
of 6.64 ha, and there was an average annual increase of five check dams and 4.28 ha
in silted land area in P2 (2000–2014). The annual average total water consumption was
9.674 × 108 m3 in 1984–2020, with industrial, agricultural, and urban water contributing
21.58%, 68.21%, and 10.21%, respectively (Figure 9). The average annual water consumption
was 9.448 × 108 m3 in 1984–1999, with a decreasing trend of −0.019 × 108 m3/a. The
average annual water consumption was 9.846 × 108 m3 in 2000–2020, with a rising trend of
0.028 × 108 m3/a. Compared with 1984–1999, the industrial water of 2000–2020 significantly
decreased by 6.61% (−0.143 × 108 m3), and agricultural water decreased slightly by 3.32%
(−0.223 × 108 m3), while urban water significantly increased by 138.27% (0.765 × 108 m3).
Human activities (except land-use change) reduced runoff and sediment by 1.115 × 108 m3

and 118.185 × 104 t during the P1–P2, with the contribution rates of 113% and 105%,
respectively.

Figure 8. The check dam number and the silted land during 1984–2014.
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Figure 9. The annual human water consumption during 1984–2020.

5. Conclusions

By constructing a SWAT model and an InVEST model applicable to the Sanggan
River Basin, the study aimed to clarify the variations in streamflow and sediment over
space and time, while assessing the impact of climatic variation, LUCC, and other human
interventions on the streamflow and sediment. The Sanggan River Basin experienced an
annual average streamflow of 2.88 × 108 m3 and sediment deposition of 172.04 × 104 t
from 1960 to 2020 and demonstrated a downward trend, with sediment fluctuating more
drastically. The investigation period was divided into two distinct phases, namely the base
phase and the change phase, determined by the abrupt point. Through scenario simulation
analysis in the SWAT model and the InVEST model, the contributions of other human
interventions to streamflow and sediment variations in the P1 (1983/1982–1999) and P2
(1999–2020) periods were 84.783% (81.748%) and 90.629% (84.818%), respectively, followed
by the impact of climatic variation with 15.247% (19.601%) and 9.160% (9.128%), and finally
land-use changes with −0.03% (−1.349%) and 0.211% (3.053%), respectively. The findings
are generally consistent with the results obtained from the DMC method, which can be
mutually verified. Climate change and LUCC are the primary drivers of streamflow and
sediment variations. By quantifying the role of climatic factors on streamflow and sediment,
indicating that a precipitation increase resulted in streamflow and sediment increases, while
a high temperature led to a streamflow reduction, except when the temperature increased
by 10%. However, land-use change presents a relative weak effect, and streamflow and
sediment volumes will increase under the three scenarios, with the ecological protection
scenario < urban expansion scenario < natural development scenario. Human activities
are the dominant factors affecting runoff and sediment variations. Water conservation
projects, such as check dams, could reduce runoff and sediment. In addition, the main
factor leading to a water consumption increase relating to human activities is the increase
in urban water consumption.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su16041475/s1, Figure S1: Sliding t-test diagram of annual runoff
and sediment in Sanggan River basin. Figure S2: Cumulative deviation curve of annual runoff and
sediment in Sanggan River Basin. Table S1: Sensitivity analysis and parameter calibration of SWAT
model at Shixiali station. Table S2: Mutation test of annual runoff and sediment at Shixiali station of
Sanggan River Basin.
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