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Abstract: Climate change and human activities were identified as the primary drivers of streamflow
in arid alpine regions. However, limitations in observational data have resulted in a limited under-
standing of streamflow changes in these water sources, which hinders efforts to adapt to ongoing
climate change and to formulate effective streamflow management policies. Here, we use the four
main tributaries in the upper reach of the Shiyang River in China as a case study to investigate
the long-term trends in streamflow within arid alpine water sources, quantifying the individual
contributions of climate change and human activities to these changes. The findings revealed that
temperatures and precipitation in arid alpine regions have risen over the past 40 years. Although
the warming trend has been significant, it has slowed in recent years. Nevertheless, three-quarters
of the rivers are experiencing a decline in streamflow. The land types within the watershed remain
relatively stable, with land use and cover change (LUCC) primarily occurring in the Gulang River
watershed. Climate change has significantly affected streamflow change in high and rugged terrains,
with an influence exceeding 70%. For example, Jingta River showed an impact of 118.79%, Zamu
River 84.00%, and Huangyang River 71.43%. Human-driven LUCC, such as the expansion of culti-
vated and urban land, have led to increased water consumption, resulting in reduced streamflow.
This effect is particularly pronounced in the low-lying and gently undulating areas of the Gulang
River, where LUCC account for 78.68% of the change in streamflow. As human activities intensify
and temperatures continue to rise, further declines in streamflow are projected, highlighting the
urgent need for effective water resource management. These insights highlight the urgent need for
targeted mitigation and adaptation strategies to confront the water scarcity challenges faced by these
vulnerable regions.

Keywords: streamflow; climate change; land use and cover change; SWAT model; arid alpine water
source regions

1. Introduction

Climate change and human activities have significantly impacted terrestrial stream-
flow [1-3]. Climate change brought about changes in key meteorological factors such as
temperature, precipitation, and evapotranspiration, which inevitably affected streamflow
patterns [4-6]. Additionally, human activities—including land use and land cover change
(LUCC), dam management, and groundwater extraction—also played a crucial role in
reshaping these dynamics [7-9]. Over the past five years, global streamflow generally
remained below normal levels, with 2023 recognized as the driest year for rivers worldwide
in over thirty years [10]. The rising frequency of extreme weather events (e.g., droughts
and heavy precipitation) has worsened hydrological extremes globally, leading to increased
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water scarcity and tension [10]. This situation underscores the urgent need for adaptive
management strategies for streamflow to tackle ongoing challenges stemming from climate
change and human activities.

Understanding how climate change and human activities contribute to streamflow
is essential for effective management [11]. Recently, there has been considerable interest
and funding in the management of streamflow. However, debates persist regarding trends
and the driving factors behind changes in streamflow. For instance, Zhang et al. found
that changes in vegetation cover due to climate change would further amplify the effects
of climate change on streamflow, and the cumulative effects of climate change should be
emphasized in studies [4]. Tan et al., using the Budyko framework to analyze 96 watersheds
in Canada, concluded that human activities have a more significant impact on streamflow
than climate change [5]. Sadra et al., in their study of the Ferson Creek watershed in the
United States, found that the streamflow in this watershed is particularly sensitive to land
use changes, especially forest cover changes [7]. Furthermore, some studies suggest that
the negative effects of climate change—especially from potential evapotranspiration—have
led to a more severe decline in streamflow than previously thought [11-13], while others
argue that human land use changes might increase streamflow [6,14,15]. A review of the
existing research reveals considerable divergence in discussions about the driving factors of
streamflow change. These disagreements often arise from differences in data resolution [12],
inadequate measurement tools, short or inconsistent flow records [13], and restrictive data-
sharing policies [16], which hinder a complete understanding of streamflow change.

Clarifying historical changes in streamflow is vital for grasping its dynamics and
improving the accuracy of future predictions [17]. The formation of streamflow involves
complex processes, such as precipitation infiltration, water movement in the unsaturated
zone, and groundwater contributions. Mathematical statistics, chemical tracing, and
hydrological models are commonly used methods to study the impact of climate change
and human activities on streamflow in arid and alpine regions [18]. However, the formation
process of streamflow is inherently complex and nonlinear, and a single mathematical
statistical method is insufficient to reveal the complex relationship between streamflow
and multiple driving factors [6]. Chemical tracing methods to observe base flow can be
time-consuming and labor-intensive, making large-scale studies in extreme environments
(e.g., cold and arid regions) particularly challenging [17]. Hydrological models typically
simplify streamflow processes [18-20]. The Soil and Water Assessment Tool (SWAT) model
is capable of handling different climate and LUCC scenarios and has gained popularity for
its accuracy in simulating regional precipitation/streamflow processes [21-26].

Arid alpine regions are crucial water sources in global drylands, playing a crucial role
in regulating the hydrological cycle and sustaining ecological balance [1-3]. These water
sources are sensitive to both climate change and human activities, yet our understanding of
how factors like precipitation and evapotranspiration affect streamflow is still limited [2,27].
This gap in knowledge hinders effective streamflow management and socio-economic
development in these areas [28,29]. Currently, there is an urgent need to study the hydro-
logical processes in arid alpine regions. Therefore, we have chosen the four main tributaries
in the upper reach of the Shiyang River as a case study to develop targeted strategies that
address water shortages.

The specific objectives of this study were to (1) analyze long-term changes in stream-
flow from water sources in arid alpine regions; (2) determine the contributions of climate
change and human activities to streamflow in these areas; and (3) develop adaptive stream-
flow management policies for arid alpine water sources. The findings are expected to
provide valuable insights for managing streamflow in these critical regions.

2. Methods and Materials
2.1. Study Area

To investigate changes in streamflow in arid alpine water sources, we selected four
major tributaries of the Shiyang River in northwestern China as case studies: the Jinta
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(JT) River, the Zamu (ZM) River, the Huangyang (HY) River, and the Gulang (GL) River
(Figure 1). This region lies at the edge of the Tibetan Plateau, with elevations ranging from
1870 m to 4859 m. The average annual temperature varied between 2 °C and 8 °C, while
annual evaporation levels ranged from 2000 mm to 3000 mm, and the long-term average
precipitation fluctuated between 237 mm and 628 mm. The study area encompasses four
hydrological stations: Nanyingshuiku (NYSK), Zamusi (ZMS), Jinshatai (JST), and Gulang
(GL). Precipitation data are collected at Nanyingshuiku (NYSK), Maozangsi (MZS), Haxi
(HX), and Longgou (LG), which correspond to the streamflow and precipitation measure-
ments for the JT River, ZM River, HY River, and GL River, respectively. Additionally, the
meteorological stations include Nanyingshuiku (NYSK), Menyuan (MY), Wuwei (WW),
and Wushaoling (WSL).
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Figure 1. Location of the study area. (a) The geographical position of the watershed in China. (b) The
environmental background. The abbreviations featured in the figure are listed in Supplementary
Material Table S1.

The watershed experienced escalating conflicts over water resources due to climate
change and human activities, resulting in heightened water scarcity and uneven temporal
and spatial distribution, which worsened ecological issues in the area [30]. Consequently,
we chose this region to explore streamflow change in similar environments, aiming to
identify the impacts of climate change and human activities on watershed water resources.
This research ultimately provides critical insights for the scientific management of water
resources in arid alpine regions.

2.2. Methods
2.2.1. Research Framework

This study developed a quantitative analysis framework to assess the changes in
streamflow in arid alpine regions under various climate change scenarios and human
activities. By inputting different climate and LUCC combination scenarios into the SWAT
model to simulate runoff, and using the formula proposed by Yang et al. [31], we quantified
the differences in the impacts of climate change and human disturbances on streamflow,
identified the key influencing factors, and proposed corresponding adaptive management
strategies (Figure 2).
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Figure 2. Research framework on the effects of climate change and human activities on streamflow.

2.2.2. Trend Analysis Method

Sen’s slope method is used to quantify the magnitude of hydrometeorological change
trends. It is less affected by missing data or outliers and is not influenced by the evenness
or oddness of the data. This makes it highly adaptable for reflecting trends in data changes.
As a result, Sen’s slope is commonly used to study hydrological change.

The Mann-Kendall (M-K) trend test is used to analyze the characteristics and signif-
icance of hydrometeorological changes within the watershed. This method determines
the significance of climate change trends by calculating the z-value. When |z | > 1.96, the
trend is considered significant at the 95% confidence level, and when [zl > 2.58, the trend
is considered significant at the 99% confidence level.

The detailed calculation process for Sen’s slope method and the M-K test is provided
in the literature [32,33].

2.2.3. Pearson Correlation Coefficient

The linear relationship between two variables, x and y, can be expressed as the ratio
of the covariance between the two variables to the product of their standard deviations,
which is known as the Pearson correlation coefficient [34]. The formulation is as follows:

po i =%y -y 1)
Vi —02 -7

The Pearson correlation coefficient ranges from —1 to 1, with larger absolute values
indicating a stronger correlation.
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2.2.4. Analysis of LUCC

The LUCC dataset we used consists of 30 m resolution remote sensing imagery
provided by the Data Center for Resources and Environmental Sciences of the Chinese
Academy of Sciences, visit the website http://www.resdc.cn, accessed on 20 June 2022.
This dataset includes land use monitoring data from 1990 and 2010, based on Landsat
remote sensing image interpretation. We categorize LUCC types into eight main cate-
gories, which include cultivated land (CL), forest land (FL), water body (WB), urban land
(UrL), unutilized land (UnL), high-coverage grassland (HCG), medium-coverage grassland
(MCG), and low-coverage grassland (LCG). We applied the land use dynamic degree and
the land use transition matrix to reveal the LUCC dynamics within the watershed [35,36].
The land use dynamic degree includes the single land use dynamic degree (K) and the
comprehensive land use dynamic degree (LC), which indicate the extent of change in land
use types over a specific period. A higher value reflects a more significant LUCC. The
formulation is as follows:

u-u, 1
K=-"2_22« _ x100% 2
A X T X 100% (2)
n
Y. ALU; .
LC= |5 — | x = X 100% 3)
2y ALU;
i=1
Si1 Si2 Sin
Sop S» -+ Sy
Sij = : : : : (4)
Snl SnZ e Snn

where U, and Uy, represent the area of land use type U at the beginning (a) and the end (b)
of the study period, respectively; T represents the study period (years); LU; represents the
area of land use type i at the beginning of the study; ALU;; represents the absolute value of
the area converted from land use type i to type j; S represents the area (km?); 1 represents
the total number of LUCC types; and 7 and j correspond to the LUCC types at the start and
conclusion of the study period, respectively.

2.2.5. SWAT Model Construction and Calibration

The SWAT (Version 10.2) model was used to simulate streamflow in watersheds [24].
This model is built on the water balance equation and is known for requiring fewer input
parameters, providing superior spatial visualization, and yielding more reliable simulation
results compared to other hydrological models [24,37]. The water balance equation used in
the SWAT model is as follows:

SWi = SWp — SW; )
t
SWs = Z (Rduy - qurf —E;,— Wseep - ng) (6)
i=1

where SW; represents the soil’s water content at the end of the period, while SW, denotes
the soil’s water content at the start of the period. SW; signifies the cumulative value of the
differences among precipitation (Rg,,), surface streamflow (Qs,,s), evapotranspiration (E,),
soil profile infiltration into the vadose zone (Wseep), and groundwater regression flow (Qgw)

over the time period ¢. All these physical quantities are measured in millimeters (mm).

During the calibration of the model, we employed the SUFI-2 within the SWAT Cup.
For the JT River, ZM River, and HY River, we defined the calibration period as 1985 to 2000
and the validation period as 2001 to 2016. As for the GL River, the calibration period was
set from 1989 to 2000, with the validation period extending from 2001 to 2006.

Through sensitivity analysis, the parameters significantly affecting streamflow for
the four rivers were identified for calibration (Table S2). To comprehensively assess the
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simulation performance of the model, we employed a suite of metrics to evaluate the
accuracy of the simulation, including: the Nash-Sutcliffe Efficiency (NSE) to assess the
model’s goodness of fit, the Coefficient of Determination (R?) to measure the model’s
ability to explain the variability in the data, the Kling-Gupta Efficiency (KGE), which takes
into account bias, variance, and correlation, and the Percentage Bias (PBIAS) to gauge
the degree of deviation between the model’s predictions and observed values. Further
details regarding the parameter settings and verification processes can be found in the
Supplementary Materials (Test S1 and Table S2).

2.2.6. Setting of Simulation Scenarios

To effectively isolate the impacts of climate change and LUCC on streamflow in the
study area, we considered the hydrological variations within the watershed. Based on two
historical periods, 1985-2000 and 2001-2016, and corresponding LUCC data from 1990 and
2010, four scenarios were established for simulating streamflow using the SWAT model, as
outlined in Table 1.

Table 1. Scenario setting and basis.

Scenario Description Climate LUCC Symbol
S0 Basic scenario 1985-2000 1990 Q!
S1 Climate scenario 2001-2016 1990 Qll2
S2 LUCC scenario 1985-2000 2010 szl
s3 Comprehensive 2001-2016 2010 Qe
scenario 2

Note: Due to the lack of long-term streamflow measurement data for GLR, climate change is divided into two
periods: 1989-2000 and 2001-2006.

50: Utilizes meteorological data from 1985 to 2000 and LUCC data from 1990, serving as
the baseline period for the study.

51: Only the meteorological data are changed by using data from 2001 to 2016. This scenario
isolates the effect of climate change on streamflow.

52: Only the LUCC data are modified by using the 2010 LUCC data to assess the impact of
LUCC on streamflow.

53: Simultaneously alters both climate and LUCC data by using 2001-2016 meteorological
data and 2010 LUCC data, aiming to study the combined effects of LUCC and climate
change on streamflow.

2.2.7. Analytical Approaches for Attributing Streamflow Change

To elucidate the intricate nonlinear relationship arising from the interaction between
LUCC and climate change, we adopted the method proposed by Yang et al. (2017) [31]
to estimate the contribution of each factor to change in streamflow, distinguishing the
individual contributions of LUCC and climate change, followed by attribution analysis.
The method utilized the following formulas:

8Qe =5 [(Qi -~ af) + (@it - )] )
8Qi = 5 [(Q — Q) + (i - )] ®
AQ; = AQqi + AQy; = Qfift — Qff 9)
8 = 5[ (i - o) + (0 — Qi) (10)
Q. = 2% (11)

AQ;
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_ AQii

AQ;
where AQ); represents the contribution of LUCC to streamflow, AQ,; denotes the contri-
bution of climate change to streamflow, and AQ); indicates the combined contribution of
LUCC and climate change to streamflow. Here, AQ); reflects the specific contribution of
both LUCC and climate change to streamflow. The indices 7 and i + 1 correspond to the
data for the current and previous periods, respectively.

Qui (12)

2.3. Data Sources

The data for this study primarily comprised remote sensing imagery, reanalysis prod-
ucts, and hydrological station observations and were used for LUCC and streamflow
simulations. The measured precipitation and streamflow data are sourced from the afore-
mentioned hydrological and precipitation stations. Daily temperature data were obtained
from the Daily Values of the China Surface Climatological Data Dataset V3.0, and the
dataset is publicly accessible at https://data.cma.cn/, accessed on 10 June 2022. Compre-
hensive information regarding data sources and preprocessing methodologies is available
in the Supplementary Materials (Table S3).

3. Results
3.1. Streamflow Simulation Verification

In the SWAT model, we input hydrometeorological and LUCC data to calibrate pa-
rameters. Specifically, we collected daily Tmax and T data from meteorological stations
(NYSK, MY, WW, and WSL) and daily precipitation data from precipitation stations (NYSK,
MZS, HX, and LG). Monthly data from four hydrological stations (NYSK, ZMS, JST, and GL)
were used to simulate streamflow, representing the flow of the JT, ZM, HY, and GL Rivers,
respectively. For meteorological parameters such as relative humidity, solar radiation, and
wind speed, we relied on the built-in meteorological database (CFSR Global Weather Data)
in the SWAT model for simulation. The calibration period for the JT, ZM, and HY Rivers
was 1985-2000, with validation from 2001 to 2015. For the GL River, data were available
only from 1989 to 2006, leading to a calibration from 1989 to 2000 and validation from 2001
to 2006.

The simulation results showed that modeled streamflow closely matched observed
values, particularly for baseflow (Figure 3). The JT and ZM Rivers showed a good agree-
ment between simulated and observed data in both periods, confirming reliability. The HY
River had satisfactory calibration results, but validation was less favorable. Conversely,
the GL River performed slightly worse due to its shorter simulation period. The perfor-
mance assessment for both the simulation and calibration periods is shown in Table 2.
Overall, it can be concluded that the model demonstrates satisfactory performance in
simulating streamflow, indicating that the SWAT model is applicable in arid alpine water
source regions.

Table 2. Performance evaluation for simulation and calibration periods.

Name Calibration Validation
R? NSE PBIAS (%) KGE R? NSE PBIAS (%) KGE
JT River 0.81 0.81 6.4 0.84 0.73 0.72 —34 0.84
ZM River 0.82 0.80 5.0 0.89 0.74 0.70 10.3 0.81
HY River 0.79 0.78 -6.9 0.84 0.67 0.65 9.0 0.78
GL River 0.68 0.66 9.7 0.76 0.66 0.65 0.9 0.79
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Figure 3. Comparison of streamflow simulated by SWAT model with monthly observation data of
hydrologic stations during 19802016 in the JTR (a), ZMR (b), HYR (c), and GLR (d).

3.2. Analysis of LUCC Dynamics

Forest land and grassland dominated the study area, making up 28.8% and 40.6% of
the land cover, respectively. Among the grasslands, high-coverage grassland accounted
for 16.1%, medium-coverage grassland for 20.0%, and low-coverage grassland for 4.7%.
Unused land represented 10.3%, while water body and urban land comprised 2.7% and
5.1%. Sub-basin analysis (Figure 4a,b) indicated that forest land was primarily located in
the high-altitude areas of the ZM, HY, and GL Basin. In contrast, grassland was mainly
found in the JT and ZM Basins. Cultivated land and urban land were concentrated at lower
elevations near water bodies in the HY and GL Basins, while cultivated land was largely
found in the upstream junctions of the JT and ZM Basins.

From 1990 to 2010, there was little change in LUCC and the single land use dynamic
degree (Figure 4c) remained below 3.5%. Significant changes occurred in the water body
and urban land categories, with the GL River Basin showing the highest dynamics, followed
by the JT Basin. Overall, the comprehensive land use dynamic degree is generally lower
than 0.05%, and the highest is not more than 3%, indicating stability in the watersheds
(Figure 4d). According to the land use transfer matrix (Figure 5), changes included a loss
of 75.6 km? of medium-coverage grassland in the JT Basin, with 39.6% transitioning to
low-coverage grassland. The ZM Basin experienced a reduction of 50.7 km? of medium-
coverage grassland, primarily converting to forest land. The HY Basin saw a decline of
36.9 km? of medium-coverage grassland, with 22.6% shifting to unutilized land. In the
GL Basin, the most substantial change involved cultivated land, with 58.9 km? converted,
41.1% of which became medium-covered grassland.

Compared to 1990, the land types experiencing significant LUCC in the JT Basin in
2010 were unutilized land and medium-coverage grassland, with area changes of 2.35 km?
and —2.21 km?, respectively. In the ZM Basin, the changes in unutilized land and cultivated
land were 2.35 km? and —1.61 km?, respectively. The changes in other LUCC types, such
as forest land, water body, urban land, and high-coverage grassland, were less than 1 km?2.
In the HY Basin, the total LUCC area change was under 11 km?, with the highest increase
in high-coverage grassland at 0.67 km?. In comparison to the other three sub-basins, the
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GL Basin showed substantial changes in LUCC area, with grassland, cultivated, forest, and
unutilized land changing by —2.49 km?2, 1.78 km?2, 1.93 km?2, and 1.08 km?, respectively.

(a)1990 (6)2010 < .
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Figure 4. LUCC from 1990 to 2010. (a) and (b) represent the LUCC of the four basins for 1990
and 2010, respectively. (c) indicates the land use dynamic degree of the four basins. (d) refers to
the comprehensive land use dynamic degree of the four basins. Note: The abbreviations CL, FL,
WB, UrL, UnL, HCG, MCG, and LCG represent cultivated land, forest land, water body, urban
land, unutilized land, high-coverage grassland, medium-coverage grassland, and low-coverage
grassland, respectively.
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Figure 5. The 1990-2010 land use transition matrix in the JTR (a), ZMR (b), HYR (c), and GLR (d).
The unit of LUCC transfer area is km?.

3.3. Characteristics of Climate and Hydrological Factors

The study period was divided into two phases, T1 (1985-2000) and T2 (2001-2016),
using 2000 as the dividing point to analyze meteorological and hydrological changes. Dur-
ing this time, annual average temperature and precipitation in the watershed exhibited
different upward trends (Figure 6). Sen’s slope for annual temperatures was positive,
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entire period 1980-2009 (per decade). The single asterisk (“*”) and two asterisks (“**”), represent
statistical significance levels of p < 0.1and p < 0.05, respectively.

Seasonal trends (Figure 7) show that monthly precipitation typically declines in spring
but increases in autumn and winter, while streamflow decreases in summer and rises
in autumn. Temperature data indicate consistent monthly increases for MY and WW,
with significant rises in MY from June to August and in WW during March, May to
August, and November. NYSK experiences slight declines in January and December but
significant increases from March to April and June to November, while WSL declines in
December but rises significantly in June. JT River shows increased precipitation in January-
February, July—October, and December, with ZM River increasing in January, April, and
July-December. HY River has declines in March, May, July, and December. ZM River’s
streamflow decreases from February to September, with ZM and HY Rivers showing
reductions from May to August but increases in other months. Overall, temperature
trends are rising, and while precipitation shows slight declines in spring and summer, the
overall trend is upward, aligning with annual averages. In contrast, JT and GL Rivers have
more months of decreasing streamflow, while ZM River shows more months of significant
increases, resulting in an upward trend in annual streamflow.
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Figure 7. Sen’s slope of temperature (a), precipitation (b), and streamflow (c). Note: The single
asterisks (“*”), two asterisks ("**”), and three asterisks (”***”) represent statistical significance levels
of p< 0.1, p <0.05, and p < 0.01, respectively.
3.4. Hydrological Responses to Climate Change and LUCC
The SWAT model simulation results under the different scenarios show that the
impacts of climate change and LUCC (S3) projected an increase in future streamflow for
ZM River (Table 3b). Decreasing trends were noted for JT (Table 3a), HY (Table 3c), and GL
Rivers (Table 3d). ZM River experienced an increase of 0.25 m3/s, accounting for 3.85%
of total streamflow, while JT, HY, and GL Rivers decreased by 0.29 m3/s, 0.07 m3/s, and
0.68 m3/s, contributing 7.34%, 2.25%, and 31.05%, respectively.
Table 3. Annual streamflow change in JTR (a), ZMR (b), HYR (c) and GLR (d) Basins under basic
scenario (S0), climate scenario (S1), LUCC scenario (S2), and comprehensive scenario (S3).
(a) JT River streamflow change
Scenario Sig Climate LUCC p (mm) Str(ig}fsl;)w Sig. Value Proportion
SO Q;ll 1985-2000 1990s 484.61 3.95
S1 sz 2001-2016 1990s 492.72 3.64 Qc —0.35 118.97%
S2 Qs 1985-2000 2010s 484.61 4.04 Q 0.06 —18.97%
S3 Qt22 2001-2016 2010s 492.72 3.66 AQ —0.29
)
(b) ZM River streamflow change
SO Q;]l 1985-2000 1990s 523.24 6.49
S1 sz 2001-2016 1990s 530.82 6.69 Qc 0.21 84.00%
S2 Qi 1985-2000 2010s 528.85 6.52 Q 0.04 16.00%
S3 QL22 2001-2016 2010s 535.46 6.73 AQ 0.25
)
(c) HY River streamflow change
SO Q;]l 1985-2000 1990s 400.9 3.11
S1 sz 2001-2016 1990s 402.46 3.07 Qc —0.05 71.43%
S2 Qf 1985-2000 2010s 400.9 3.1 Q —0.02 28.57%
S3 QLZZ 2001-2016 2010s 402.46 3.04 AQ —0.07
[
(d) GL River streamflow change
SO Q;l 1989-2000 1990s 373.49 2.19
S1 Qiz 2001-2006 1990s 378.61 2.18 Qc —0.15 21.32%
S2 Qfl 1989-2000 2010s 373.49 1.79 Q —0.53 78.68%
S3 Q;Zz 2001-2006 2010s 378.61 1.51 AQ —0.68

In the climate change-only scenario (S1), ZM River streamflow was projected to rise
by 0.21 m3/s, contributing 84.00%. In contrast, JT, HY, and GL Rivers were expected to
decline by 0.35 m3/s, 0.05 m3/s, and 0.15 m3 /s, with contributions of 118.9%, 71.43%, and
21.32%. Under the LUCC-only scenario (S2), ZM River streamflow increased by 0.04 m3/s,
contributing 16.00%, while JT, HY, and GL Rivers decreased by 0.06 m3/s, 0.07 m3/s,
and 0.53 m3/s, with contributions of —18.97%, 28.57%, and 78.68%. From the annual
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streamflow perspective, the streamflow changes in JT River, ZM River, and HY River are
primarily attributed to climate change, while the streamflow changes in GL River are
mainly attributed to human activities.

Monthly analyses indicated (Figure 8) that LUCC had minimal impact on the monthly
streamflow of JT, ZM, and HY Rivers, with fluctuations not exceeding 0.3 m3/s. ZM
River displayed stable monthly variations between —0.06 m3/s and 0.04 m3/s. Significant
changes for JT River occurred from April to June, while HY River showed notable fluctua-
tions in April and May. GL River’s monthly change due to LUCC ranged from —0.69 m®/s
to —0.28 m3/s, indicating a stronger impact compared to climate change. Overall, climate
change primarily affects the monthly streamflow of JT, ZM, and HY Rivers during the
summer and autumn seasons, while LUCC has a more significant impact on the monthly
streamflow of GL River, particularly during the summer, autumn, and winter seasons.

[] LUCC change [C]Climate change

Figure 8. Changes in monthly streamflow impacted by climate change and LUCC in the JTR (a),
ZMR (b), HYR (c), and GLR (d).

4. Discussion
4.1. Causes of Climate Change Impact on Streamflow

We proposed a research framework based on the SWAT model to quantify the impacts
of climate change and human activities on streamflow, which helps to explain, to some
extent, the driving mechanisms behind streamflow variation. Compared to studies that
focus on a single variable [24,38-40], we considered both climate change and LUCC as the
two primary hydrological drivers, enabling a more comprehensive attribution analysis of
the complex, nonlinear streamflow variations. Our findings suggest that climate change
accounts for approximately three-quarters of the streamflow variations in arid alpine
regions, with temperature and precipitation serving as the primary climatic drivers. These
factors contribute to shifts in streamflow distribution and an increase in hydrological
variability [38,41]. Over the past 40 years, the annual average temperature and precipitation
in the study area have increased to varying degrees, aligning with the climate change trends
observed by Zeng et al. [39,42] in Northwest China at the end of the 20th century. This
indicates an intensification of warming and wetting trends in the region. However, most
river streamflow shows a declining trend, which corresponds to the findings of Zhao et al.
and other scholars in arid plateau regions [33,38]. These phenomena may indicate a global
climate shift towards arid conditions [43].

In arid alpine regions, changes in streamflow are predominantly linked to climate
change. Yang et al. [31] found that climate change was responsible for more than 80%
of the change in streamflow in the Heihe River, while Zeng et al. [44] identified climate
change as the dominant factor affecting the Jialing River and Jinsha River. Similarly, our
study also revealed that climate change contributes to more than 70% of the streamflow
change in most rivers within the study area (e.g., JTR, ZMR, and HYR). Additionally, our
results indicate that the contribution of climate change to streamflow change increases with
elevation. This vertical zonation likely explains the differing impacts of climate change on
streamflow, as its influence diminishes significantly in lower-altitude, flatter basins, a trend
also observed in regions like the Himalayan Basin [45].

Precipitation shows a significant positive correlation with streamflow in these contexts
(Table 4), indicating that in arid alpine regions, precipitation is the primary driver of change
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in streamflow. However, the influence of temperature on streamflow is more complex.
In the study area, streamflow mainly originates from precipitation and glacial melt [23].
Temperature affects streamflow through increased evaporation and changes in glacier melt
dynamics [45]. Notably, as temperatures rise, streamflow tends to decrease after glacier
melt peaks. This suggests that before peak melt, temperature and streamflow are positively
correlated, but this relationship reverses afterward. This conclusion is supported by
extensive data from the inland river in Northwest China [40,46]. Therefore, the significant
increase in temperature and moderate rise in precipitation may lead to increased glacial
melt in the ZM River, resulting in higher flow rates. Meanwhile, Li et al.’s study on
the Yarlung Tsangpo River indicates that when rising temperatures cause evaporation to
exceed the contributions from precipitation and glacial melt, streamflow will decrease [33].
Consequently, the reduction in streamflow observed in the JT, HY, and GL Rivers under
climate change scenarios may be due to enhanced evaporation.

Table 4. Pearson correlations of precipitation and temperature with water flow in the JTR, ZMR, HYR,
and GLR. Note: The single asterisk (“*”) and two asterisks (“**”), represent statistical significance
levels of p < 0.1and p < 0.05, respectively.

Basin Pearson Correlation Coefficient p Value Sig.
R e e o .
2M River Prectpiaton 0t i :
HY River Precipitation 01 o1
GL River Precipitation 056 o -

4.2. Causes of LUCC Impact on Streamflow

The impact of human activities on streamflow is reflected through changes in LUCC
closely associated with human activities, such as cultivated land and urban land [47,48].
Using the SWAT model, we translated the complex effects of human activities into more
intuitive LUCC data for our analysis. The study emphasizes the significant role of LUCC in
influencing streamflow variations in arid alpine regions. Substantial changes in surface
properties, such as roughness and permeability, directly impacted hydrological processes
like vegetation interception and soil water infiltration, thereby affecting streamflow dy-
namics [49,50]. Human activities and land management policies often initiated LUCC,
making these alterations indirect results of human intervention [5]. Urbanization increased
impervious surfaces, leading to enhanced streamflow, while reforestation and conver-
sion of farmland to forest increased vegetation cover, which improved interception and
evapotranspiration, consequently reducing streamflow [49].

LUCC as a key driver of streamflow change [47,48]. For example, Du et al. found
that human activities are the main driving factor behind the reduction in streamflow of the
Yongding River using the ABCD model [12], while Shi et al. quantified the impact of human
activities on the streamflow of the Jialing River using the SWAT model, revealing that it
exceeds 50% [13]. In our study area, the GL Basin exhibits the most significant LUCC, and
these changes have the greatest contribution to streamflow dynamics. The LUCC driven by
human activities in this region are primarily reflected in the areas of cultivated land and
urban land. Therefore, our comparison of the GL River with three other rivers indicated
that this conclusion is particularly relevant in areas with significant human disturbance.
In arid alpine regions, areas with frequent human activity typically have gentle terrain
and minimal climatic variation due to less pronounced vertical zonation. In these regions,
streamflow generally decreased because of factors such as agricultural irrigation, domestic
consumption, and industrial water use [51].
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This combination of factors allowed human activities to exert a stronger influence on
streamflow than climate change. In conclusion, while LUCC affects streamflow dynamics,
its impact varies by region and is often exacerbated by human activities. This highlights the
necessity for a nuanced understanding of these interactions in arid alpine environments.

4.3. Synergistic Effects of LUCC and Climate Change on Streamflow and Management Implications

This study demonstrated that the combined effects of LUCC and climate change
resulted in more significant variations in streamflow for the HY, ZM, and GL River Basins
than those observed under single-factor scenarios (S1 and S2). Notably, in the single
climate change scenario (S1), the JT River Basin exhibited the most pronounced streamflow
change. This finding underscores the complex interactions of multiple factors affecting
the hydrological cycle, with differences largely attributed to the unique geographical
characteristics of each basin [44].

For future water resource management, it is essential to acknowledge the sensitivity
of high-altitude regions to climate change while fully considering the impact of human
activities. This dual influence presents considerable challenges for the management of
water resources. Additionally, accurately assessing streamflow in arid alpine regions is
crucial, as it relates directly to maintaining ecological base flows and ensuring the health
and stability of the water cycle [52-54].

Therefore, we recommend establishing effective early-warning systems for climate
and hydrological monitoring in arid alpine regions, along with maintaining long-term
streamflow records. These measures are key to achieving effective water resource man-
agement [55]. Land monitoring and the development of sustainable land policies are
crucial [56]. Most of the study area is located within the Qilian Mountain National Park.
Effectively coordinating vegetation restoration with human activities will bring significant
benefits in alleviating water resource shortages in the watershed. Furthermore, to enhance
research on water resource management in these regions, future efforts should integrate
ecological and hydrological engineering factors for a more comprehensive understanding
of hydrological changes. It is also vital to refine existing models by incorporating modules
for snowmelt and permafrost simulation and utilizing higher-resolution remote sensing
imagery to improve model applicability [57]. Future streamflow management policies will
emphasize the coordinated development of climate change and LUCC [58]. There exists
an interactive relationship between climate and land. By enhancing vegetation restoration
within the watershed, increasing surface retention, controlling emissions, and mitigating
the trend of rising temperatures, we can effectively alleviate the water resource conflicts in
arid mountainous regions (Figure 9).

« Monitoring and managing precipitation;
« Protecting river water sources;
« Protect forests and grasslands.

= + The conlrol of the sand source area;
& + Protect river water sources;
» Protection of forest and grassland

Promotion of water saving industry;
Protect groundwater;
Preserve the approprlate ecological base flow.

‘“, L “._'i.'»': - " ‘;&;'

Figure 9. Streamflow suitability management in arid alpine regions.
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4.4. Limitations

This study established a quantitative analytical framework to assess the impacts of
climate change and human activities on streamflow in arid alpine regions. However,
because of the limited number of observation stations in these areas., it was challenging to
obtain additional critical hydrometeorological data (e.g., dew point and solar radiation)
needed to drive the model. Furthermore, the absence of relevant data from upstream
hydropower stations led to the exclusion of the effects of hydraulic structures on streamflow,
thereby limiting the model’s simulation performance [31].

The ecological fragility and complex terrain of arid alpine basins mean that streamflow
is closely related to topography, vegetation cover, soil conditions, climate change, and
human activities. In our analysis, we primarily focused on climate and LUCC as the two
most significant factors. However, this focus was insufficient to fully reveal the physical
mechanisms governing the hydrological cycle in arid alpine regions [55,57]. Additionally,
our research framework is also applicable to studies related to the water cycle, such as evap-
otranspiration and soil water [31]. However, the research framework for the hydrological
cycle in arid alpine regions still has room for further improvement. In summary, while the
framework provided valuable insights, the limitations imposed by data availability and the
complexity of environmental interactions highlight the need for more comprehensive re-
search. Future studies should aim to incorporate additional hydrometeorological variables
and consider the influences of hydraulic infrastructure more thoroughly. A broader perspec-
tive that encompasses other environmental factors is essential for a complete understanding
of the hydrological dynamics in these sensitive regions.

5. Conclusions

This study developed a research framework based on the SWAT model (Figure 2) to at-
tribute change in streamflow to climate change and human interventions while quantifying
their contributions. By addressing four critical questions, it provided important insights for
both academia and policymakers:

(1) Over the past 40 years, temperature and precipitation in arid alpine regions have
consistently increased. Although the warming trend has been significant, it has slowed
in recent years. However, the streamflow of three out of four rivers has shown a
declining trend (i.e., JTR, HYR, and GLR).

(2) The land types within the watershed were relatively stable, with LUCC mainly oc-
curring in the GLR watershed. This was primarily characterized by a reduction
in grassland and an increase in cultivated land, while the comprehensive land use
dynamic degrees in the remaining sub-watersheds were all less than 0.05%.

(38) Climate change has led to alterations in streamflow across most areas of arid moun-
tainous regions, particularly in high and rugged terrains (i.e., JTR, ZMR, and HYR). In
these areas, the impact of climate change on streamflow change exceeds 70%. Specifi-
cally, the impact of climate change on streamflow in JTR, ZMR, and HYR is 118.97%,
84.00%, and 71.43%, respectively.

(4) LUCC associated with human activities have led to increased water consumption,
resulting in reduced streamflow, particularly in low-lying and gently undulating areas
(i.e.,, GLR). In GLR, changes in streamflow due to LUCC account for 78.68%.

The findings indicate that as human activities have intensified and temperatures have
continued to rise, streamflow is projected to decline further. This situation necessitates
urgent and effective water resource management measures to alleviate water scarcity.
Additionally, the research highlights the complex interactions among multiple factors
influencing the hydrological cycle in arid regions. It underscores the urgent need to enhance
the monitoring of meteorological and hydrological changes to address the challenges posed
by climate change in these areas.
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