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The ecological degradation and groundwater level decline caused by runoff 
reduction in arid inland river basins are becoming increasingly severe under the 
dual pressures of global climate change and human activities. The Huangyang 
River was selected as the study area, the Mann-Kendall mutation test and sliding 
T-test method were used to identify runoff mutation points. The transfer matrix 
method and sensitivity analysis were applied to clarify the relationship between 
land use change and runoff variation. The Budyko water–heat coupling theory 
and the SWAT model were carried out to explore the driving mechanisms of 
climate change and human activities on runoff. The results showed that the annual 
runoff decreased significantly at a rate of 0.042 × 108 m3·a−1 (p < 0.05), with 1991 
being the mutation point. From the baseline period to the change period, runoff 
decreased by 0.15 × 108 m3. The attribution analysis of the SWAT model and the 
Budyko hypothesis consistently indicates that human activities were the main 
drivers of runoff changes, with human activities contributing 69.52 and 68.84%, 
and climate change contributing 30.48 and 31.16%, respectively, among them, 
the contribution rate of land use was 10.70%, and that of other human activities 
was 58.82%. This confirms that human activities have significantly altered the 
hydrological processes of the basin. The findings provide theoretical support for 
the sustainable development of inland river basins.
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1 Introduction

Under the dual pressures of global climate change and intensified human activities, arid-
zone ecosystems are facing increasingly severe challenges, including ecological degradation 
and water resource scarcity (Liu C. X. et al., 2022). As critical water sources in arid regions, 
inland rivers play a vital role in sustaining oases, recharging groundwater, and preventing 
desertification. Consequently, variations in river runoff have become key limiting factors for 
regional ecological security (Jun et al., 2022; Zhou et al., 2019). The Huangyang River, located 
on the northern slope of the eastern Qilian Mountains, serves as a major water conservation 
area in the central Hexi Corridor and is a primary tributary of the Shiyang River Basin. 
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Changes in its runoff directly affect the stability of downstream oases 
and ecosystems. In recent years, the basin has experienced a notable 
decline in runoff, degradation of oasis areas, and over-extraction of 
groundwater—posing serious challenges to regional water resource 
management and ecological restoration (Wu Z. Q. et  al., 2022). 
Therefore, identifying and quantifying the relative contributions of 
climate change and human activities to runoff variation is of critical 
importance for sustainable development and watershed governance 
in this fragile environment.

Existing studies generally suggest that climatic factors, especially 
reduced precipitation and enhanced potential evapotranspiration, are 
the main natural drivers of runoff reduction (He et al., 2017; Yuan 
et al., 2018). The climate in arid areas shows greater instability and 
extremity. Especially in the Qilian Mountain area where the 
Huangyang River is located, the interannual precipitation fluctuation 
and temperature increase significantly increase the evapotranspiration 
flux and weaken the infiltration and confluence efficiency of water 
resources (Yao et al., 2015). However, the intervention paths of human 
activities on hydrological processes are more complex and diverse, 
involving ecological engineering measures such as land use change, 
water conservancy infrastructure construction, groundwater 
extraction and returning farmland to forest (Chen et al., 2014; Wang 
et al., 2024). Among them, the vegetation restoration caused by the 
policy of returning farmland to forest significantly increased the 
surface coverage of the basin, increased soil water retention and 
evapotranspiration water consumption, and changed the surface 
runoff generation path and water distribution to a certain extent (Feng 
et  al., 2025). Especially in the middle and upper reaches with a 
relatively steep slope, while artificial vegetation restoration promotes 
ecological improvement, it also significantly weakens the available 
runoff downstream (Lan et al., 2021). Wang L. et al. (2019) used the 
SWAT model to evaluate the runoff response under different land use 
scenarios in the upper reaches of the Huangyang River and found that 
grassland degradation and the expansion of irrigated area were the 
main reasons for the reduction of runoff in the basin. Liu et al. (2021) 
constructed a SWAT sub-model in the nested system of the Shiyang 
River—Huangyang River Basin to simulate the impact of oasis 
irrigation on runoff and groundwater in the basin, and found that the 
dominant role of human activities was significantly higher than that 
of climatic factors. Duan (2023) estimated the attribution of runoff 
changes in the Huangyang River Basin since 2000 based on the 
Budyko framework, and believed that human activities (such as land 
use changes) contributed as much as 72%, among which the increase 
in evapotranspiration caused by vegetation restoration was the 
main mechanism.

Currently, the mainstream methods for attributing runoff changes 
include time series comparison, double mass curve (DMC) analysis, 
Budyko hydro-thermal coupling frameworks, and physically-based 
hydrological modeling. The DMC method is simple to implement but 
lacks the capacity to adequately capture nonlinear relationships 
(Nalley et  al., 2019). The Budyko hypothesis, which characterizes 
climate and anthropogenic influences through the aridity index and 
vegetation parameter (n), has been widely applied in attribution 
studies in semi-arid regions (Duan, 2023; He et al., 2019). However, 
the Budyko framework simplifies surface hydrological processes and 
has limited ability to represent the spatial heterogeneity of land use 
change. In contrast, distributed hydrological models such as SWAT 
can integrate multiple factors, such as climate, topography, and land 
use, that offering stronger representation of physical mechanisms (Si 

et al., 2025; Hu et al., 2021). For example, Hu et al. (2020) combined 
SWAT simulations with the Budyko approach to achieve dual 
attribution of evapotranspiration and runoff. Wang et al. (2023) 
employed SWAT and CMIP5 climate projections to explore future 
runoff trends in inland river basins. The SWAT model demonstrates 
high adaptability in multi-scale hydrological response studies in arid 
regions. However, its parameter calibration process is complex and 
subject to uncertainties, necessitating the use of tools such as 
SWAT-CUP for sensitivity analysis and optimization (Zhao et  al., 
2023). Although previous studies have attempted to combine the 
Budyko framework with SWAT modeling, most remain limited to 
result comparisons between the two approaches. There has been little 
exploration of their complementary strengths in attribution, and few 
studies have examined the cascading feedback mechanisms among 
climate, vegetation, and hydrology in arid basins. Therefore, this study 
takes the Huangyang River Basin as a representative case to establish 
an integrated framework of “SWAT simulation–vegetation feedback–
Budyko attribution” in order to clarify the driving mechanisms behind 
runoff changes under different scenarios. It also aims to quantify the 
contributions of various land use changes to runoff variability, thereby 
addressing the current limitations in process coupling and 
synergistic analysis.

Therefore, taking the Huangyang River Basin as the research 
object and integrating multi-source remote sensing data, distributed 
hydrological modeling, and the Budyko water–heat coupling theory, 
the research objectives are as follows: (1) precisely identify the 
mutation characteristics of runoff series by combining the Mann-
Kendall mutation test and the sliding T-test, and establish a temporal 
correlation of climate change-land use-runoff response; (2) use a 
complementary strategy of the Budyko elasticity coefficient method 
and SWAT scenario simulation to quantitatively separate the 
contribution rates of climate change and human activities as multiple 
driving factors; (3) construct a land use transfer matrix and 
hydrological sensitivity coupling model to reveal the vegetation-runoff 
feedback mechanism driven by the “Grain for Green” policy. The 
research results can provide theoretical support for the collaborative 
management of “water resources-ecosystem-socio-economy” in arid 
regions and offer scientific basis for adaptive water resource 
management in these areas.

2 Materials and methods

2.1 Study area

The Huangyang River Basin (102.04°–102.75°E, 37.57°–37.63°N) 
is a component of the Shiyang River water system, and the two form a 
hydrological unit that “partially supports the whole” (Figure 1). Spans 
the Liangzhou District of Wuwei City, and the Tianzhu Tibetan 
Autonomous County in Gansu Province. Its source is located along the 
northern slope of the eastern end of the Qilian Mountains, the river 
source elevation is 4,200 m, and the basin mainly develops two primary 
tributaries, the Haxi River and the Xiamen River. The two main 
tributaries converge above Xiejiahe Bay with the Jiadaogou stream to 
form the mainstream, which also receives intermittent tributaries like 
Sigou, Dahonggou, and Daxigou before flowing into the Huangyang 
Reservoir. The length of the main river above the reservoir is 34.89 km, 
with a catchment area of 753 km2 in Gansu Province. The river’s 
gradient is 29.7‰, and it flows in a southwest to northeast direction. 
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Both banks of the river are characterized by high mountains. The upper 
reaches have abundant grassland, forest coverage, and good vegetation. 
The middle reaches also have grassland and forests in some areas, while 
the lower reaches have farmland and barren hills with exposed loess, 
poor vegetation, and eroded soil. The soils in the upper reaches are 
mainly mountain brown soils and subalpine meadow soils, while the 
middle and lower reaches have oasis irrigation soils and gray desert soils.

2.2 Data source

The dataset includes: DEM data with a 30 m spatial resolution; 
Monthly runoff and precipitation data (1956–2023) from the 
Huangyang River Reservoir Station; Daily meteorological data (1956–
2023), including precipitation, temperature, humidity, and wind 
speed, from Xiamenkou, Haxi, Mozi Zui, and Huangyang River 
Reservoir stations; Basin-wide average potential evapotranspiration 
data at the county level; Land use data for 1980, 1990, 2000, 2010, and 
2020 (Table 1).

2.3 Methods

2.3.1 Mann-Kendall non-parametric change point 
test method

The Mann-Kendall change point test method is recommended by 
the World Meteorological Organization for detecting change points in 
runoff caused by meteorological factors and other variables (Praveen 
et al., 2020). The MATLAB 2023b was used to solve for the values of 

kUF  and kUB , UF and UB curve plots are drawn. When the UF value 
is positive, the sequence shows an increasing trend, while a negative 
UF value indicates a decreasing trend. If the UF and UB curves 
intersect and the intersection point lies within the significance level 
range (α = 0.05, with a critical value of α = ±1.96U ), the corresponding 

FIGURE 1

Overview of the Huangyang River.

TABLE 1  Data sources.

Data type Data description Data source

Climate data

Daily precipitation, wind 

speed, relative humidity, 

sunshine hours, average/

minimum/maximum 

temperature from 1956 

to 2023.

China National 

Meteorological 

Information Cente 

(https://www.nmic.

cn/)

Soil data

The attributes of the 

world soil database 

(HWSD) soil spatial data

National Cryosphere 

Desert Data Center 

(http://www.ncdc.ac.

cn/portal)

Land use data

Land use remote sensing 

monitoring data for the 

years 1980, 1990, 2000, 

2010, and 2020 (30 m)

Remote sensing image 

interpretation of data 

by the Chinese 

Academy of Sciences 

(https://www.resdc.

cn/)

Runoff data

Monthly data of 

Huangyanghe reservoir 

station from 1956 to 

2023

“Yellow River 

Hydrological 

Yearbook” and 

Hydrological Station

Potential 

evapotranspiration data

Daily and monthly data 

from 1956 to 2023

China National 

Meteorological 

Information Cente 

(https://www.nmic.

cn/)

DEM data
30 m spatial resolution 

elevation data

Geospatial data cloud 

of the Chinese 

Academy of Sciences 

(http://www.gscloud.

cn)
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time of the intersection is considered the change point. This method 
is mainly used to identify runoff change points in the study. The 
sliding T-test method is used to detect change points in continuous 
hydrological data sequences, and it is more stable, particularly in the 
presence of outliers and skewed data.

2.3.2 Budyko hypothesis method
The Budyko hypothesis theory is a convenient and effective tool 

for analyzing the water-energy balance of a watershed (Kim and Chun, 
2021). There are many control equations for the Budyko hypothesis, 
and different theoretical and empirical equations have improved the 
Budyko framework. Choudhury and Yang derived other functions 
related to rainfall, runoff, and underlying surface characteristics, 
which can more universally and effectively determine model 
parameters. The derived formulas are as follows (Choudhury, 1999; 
Yang et al., 2008).

	 ( )
= −

−
1/

0R P
0

nn n

PET

P ET
	

(1)

Where P is the observed annual average precipitation; R is the 
runoff depth; n comprehensively reflects the characteristics of the 
watershed’s underlying surface, and the parameter n can be calculated 
using MATLAB software from this equation. Assuming that P, PET, 
and n are independent of each other, the total differential of R with 
respect to each factor is:

	
∂ ∂ ∂

= + +
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P PET n 	

(2)

The elasticity coefficient can be expressed as:
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Where εxi represents the elasticity of runoff with respect to P, PET, 
and n, respectively. Therefore, Equation 2 simplifies to:
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(4)

The calculation of the elasticity coefficients of runoff is as follows:
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The calculation of the contribution rate of runoff change (Liu 
W. L. et al., 2022):

	 ∆ = −2 1R R R 	 (8)

	 ∆ = −2 1P P P 	 (9)

	 ∆ = −2 10 0 0ET ET ET 	 (10)

	 ∆ = −2 1n n n 	 (11)

The calculation of runoff depth changes caused by each 
driving factor:

	
ε∆ = ∆i i

RR i
i 	

(12)

The runoff change caused by each influencing factor is obtained 
from the water–heat coupling balance equation, and the total runoff 
depth change is calculated:

	 ∆ = ∆ +∆′ + ∆0P ET nR R R R 	 (13)

Subscripts 1 and 2 represent the reference period and the change 
period based on the mutation point. The contribution rate is:

	

∆
= ×
∆

x
x

RC 100%
R 	

(14)

Subscripts 1 and 2 represent the reference period and the change 
period in the formula. ∆P  and ∆PET  are the changes in precipitation 
and potential evapotranspiration from the reference period to the 
change period, in mm; ∆ ,PR  ∆ 0,ETR  and ∆ nR  represent the runoff 
changes caused by precipitation, potential evapotranspiration, and 
land surface changes due to human activities, in mm.

2.3.3 Transition matrix
In the study, six land use types were selected for analysis 

using ArcMap. The detailed process is referenced from the 
study by Liu et al. (2005). The principle of the transition matrix is 
as follows:

	

( ) ×

 …
 = = … … … 
 … 

11 1n

ij n n
n1 nn

a a
A a

a a 	

(15)

The ija  represents the area of land use type in the formula, i and j 
are the land use types before and after the transition, and n is the total 
number of land use types.
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2.3.4 Sensitivity analysis
The sensitivity of the two is expressed using the elasticity 

relationship based on the relationship between runoff variation and 
land use. A sensitivity coefficient greater than 1 indicates that a small 
change in the independent variable causes a larger change in the 
dependent variable. In other words, the smaller the change in land use 
type, the greater the change in runoff. Conversely, if the land use 
change is not sensitive to runoff variation (Zhao et al., 2025).

	

( )
( )( )
+

+

− ∆
= =

∆−

i 1 i i i i
ij

ij ijij iji 1 j

R R /R R /RS
L /LL L /L

	

(16)

ijS  is the sensitivity coefficient of runoff in stage i relative to land 
use type j in the formula, +i 1R  and iR  are the runoff at stages i + 1 and 
i, respectively, and ( )+i 1 jL  and ijL  are the land use types j influencing 
runoff variation at stages i + 1 and i.

2.3.5 SWAT hydrological modeling method
The SWAT model is an improved and developed version of the 

SWRRB model. Due to its basis in physical processes, watershed scale, 
and continuous time distributed hydrological modeling, it is widely 
used in fields such as long-term hydrological simulation, non-point 
source pollution, and sediment variation (Arnold et al., 1998; Raffar 
et al., 2022). The model considers the spatiotemporal heterogeneity of 
climate change (daily precipitation, daily temperature) and underlying 
surface conditions (land use, soil characteristics), quantifying the 
impacts of climate change and human intervention on runoff. It is 
applicable to watersheds of various sizes and complexities and can 
elucidate the detailed processes from precipitation to runoff (Raihan 
et al., 2020).

The entire study period from 1956 to 2023 is divided into two 
sequences based on the change points, it was the baseline period and 
the change period. The SWAT model is used to simulate runoff, and 
the quantitative separation of the impacts of vegetation cover and 
climate change on runoff variation is carried out using the following 
formula. The contribution rates of climate change and human 
activities to runoff are quantitatively separated through the simulation-
observation comparison method, and the calculation formula is 
as follows:

	 ∆ = −2 1R R R 	 (17)

	 ∆ = +C HR R R 	 (18)

	 ∆ = −2 3
sim sim

CR R R 	 (19)

	
η ∆

= ×
∆

100%C
C

R
R 	

(20)

	
η ∆

= ×
∆

100%H
H

R
R 	

(21)

The annual average runoff for the baseline period and the change 
period are 1R  and 2R , respectively; ∆R  represents the change in the 

annual average runoff; CR  and HR  represent the changes in annual 
average runoff caused by climate change and human activities, 
respectively; 2

simR  and 3
simR  The simulated runoff representing the 

unchanged and changed land use during the change period 
respectively; ηC and ηH  represent the contribution rates of climate 
change and human activities to the runoff changes.

2.3.6 The evaluation indicators of hydrological 
models

The results exported from the SWAT model are used as input files 
for the SWAT-CUP software (Abbaspour et al., 2015). During the 
simulation process, the monthly runoff data from the Huangyanghe 
Reservoir station are selected for calibration and validation. After 
conducting sensitivity analysis on the selected parameters using the 
SUFI-2 algorithm in SWAT-CUP, highly sensitive parameters are 
screened for the preliminary simulation, and the calibrated optimal 
parameter values are directly used for validation in the later stage. In 
the study, two indicators, the coefficient of determination (R2) and the 
Nash-Sutcliffe efficiency (NSE), are used to evaluate the model 
simulation results. According to the evaluation criteria in Jiang et al. 
(2024) (Table 2), the performance of the model can be assessed.

Calculation formula:
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(23)

In the formula, ,s iQ  represents the simulated runoff, m3/s; ,m iQ  
represents the measured runoff; mQ  represents the average measured 
runoff, m3/s; sQ  represents the average simulated runoff, m3/s; 
i represents the length of the simulated time series.

3 Results

3.1 Results of trend and abrupt change 
testing for annual runoff series of the 
watershed

The annual runoff at the Huangyang River Reservoir station 
decreased significantly at a rate of −0.042 × 108 m3/10a (p < 0.05) 
(Figures 2, 3). The multi-year average runoff was 1.28 × 108 m3, with 
the maximum value of 2.11 × 108 m3 reached in 1961 and the 

TABLE 2  Model accuracy evaluation criteria.

Result 
evaluation

NSE R2 PBLAS

Excellent 0.75 < NSE ≤ 1 R2 > 0.85 PBLAS < ±10

Good 0.65 < NSE ≤ 0.75 0.75 < R2 ≤ 0.85 ±10 ≤ PBLAS ≤ ±15

Qualified 0.50 < NSE ≤ 0.65 0.5 < R2 ≤ 0.75 ±15 ≤ PBLAS ≤ ±25

Unreliable NSE ≤ 0.50 R2 ≤ 0.50 PBLAS ≥ ±25
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FIGURE 3

Annual distribution of Huangyang River runoff and precipitation (a) Annual runoff (b) Annual precipitation.

minimum value of 0.67 × 108 m3 in 1991. The highest average runoff 
occurred in the summer, followed by autumn and spring, with winter 
being the lowest (Figure 4). Regression analysis showed that, before 
2000, there was a decreasing trend in spring, summer, and autumn, 
with the rates of decline being −0.84, −1.10, and −0.10 × 108 m3/10a, 
respectively. After 2000, the decline slowed down. The overall 
decreasing trend eased in 2000, and a gradual increasing trend began 
to emerge, with winter increasing at a rate of 0.40 × 108 m3/10a over 
the entire period. These phenomena suggest that human activities (i.e., 
the “Grain for Green” project), were implemented after 2000, had a 
significant impact on the interception of surface runoff.

The increase in winter runoff in the Huangyang River Basin is a 
typical result of “natural process domination and intensified human 
regulation.” Global warming has led to the degradation of permafrost 

in the Qilian Mountains. The permafrost, like a “sponge,” absorbs 
more summer precipitation, forming underground water storage, and 
slowly releases it in winter to replenish the rivers (Li L. et al., 2025). 
Studies show that the contribution rate of groundwater in the active 
permafrost layer to the runoff emerging from the Huangyang River is 
approximately 9%, and its release has significant seasonal lag 
characteristics (Li et al., 2017).

The M-K method was used to conduct a mutation test on the time 
series of annual runoff at Huangyang River Reservoir Station from 1956 
to 2023 (Figure 3). The M-K test results showed (Figure 2b) that the 
runoff underwent a change in 1981, while the sliding T-test and 
cumulative departure method detected a change in 1991 (Table 3). the 
research sequence was divided into two time periods: 1956–1991 (before 
mutation) and 1992–2023 (after mutation), and the differences in annual 

FIGURE 2

Characteristics of runoff variation in Huangyang River. (a) Annual runoff variation trend (b) Identification of M-K runoff mutation (c) Identification of 
Pettitt runoff mutation (d) Trends before and after runoff mutation.
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runoff volume before and after the mutation were analyzed (Figure 2d). 
The results show that the average annual runoff volume before the 
mutation is greater than the multi-year average runoff volume. The 
annual average runoff volume after the mutation is less than the multi-
year average runoff volume. The total runoff before and after the sudden 
change accounted for 55.91 and 44.09% of the total annual runoff 
respectively, and the average annual runoff before and after the sudden 
change was approximately the same, the runoff in the change period 
decreased by 0.15 × 108 m3, the reduction in runoff volume at Huangyang 
River Reservoir Station after the sudden change is not significant.

3.2 Calibration and validation of the SWAT 
model

The simulation was conducted based on the detected mutation 
years (Table 2). Sensitivity analysis was performed using 28 parameters 
selected according to previous studies, and the sensitivity ranking was 
determined based on the p-value statistics. After more than 2,000 
iterations, 15 parameters were found to have a significant impact on 
the results (Table 4). The parameters with the strongest sensitivity 

were CH_K2 (channel effective hydraulic conductivity), ALPHA_BF 
(baseflow coefficient), SMTMP (snowmelt base temperature), and 
SFTMP (snowfall temperature). This indicates that the surface runoff 
process and snowmelt process have a significant impact on the runoff. 
CH_K2 (channel effective hydraulic conductivity) and ALPHA_BF 
(baseflow coefficient) were found to be the most sensitive, meaning 
runoff variations are significantly influenced by surface runoff 
processes, followed by snowmelt changes, suggesting that runoff 
variations are mainly affected by baseflow and snowmelt runoff.

The SWAT model achieved R2 and NSE values above 0.60 during 
both the calibration and validation periods (Table 4, Equations 22, 23), 
indicating that the simulation accuracy is within a reliable range and 
the model performs well (Figures 5, 6). Through the calibration of 
sensitive parameters, the SWAT model demonstrates good 
applicability in the Huangyang River, making it suitable for subsequent 
analyses. The results show that the monthly runoff simulations align 
well with the observed values in most periods and vary with changes 
in precipitation patterns. However, there is a persistent issue with poor 
peak simulation results during both the calibration and validation 
periods. The Huangyang River is located in a mountainous area with 
significant variations in terrain, geology, and elevation. Although 

FIGURE 4

Seasonal runoff variation trends in the Huangyang River (a) Spring (b) Summer (c) Autumn (d) Winter.

TABLE 3  Runoff change point results for the Huangyang River.

Methods Change point year Significance

Mann-Kendall 1981 p < 0.05

Sliding T-test 1991 p = 0.002

Cumulative departure method 1991 Subjective judgment
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there are many rainfall stations in the basin, data collection is difficult, 
leading to poor representativeness of the selected rainfall stations and 
weak response to localized heavy rainfall.

3.3 The response of runoff changes to land 
use changes

3.3.1 Analysis of land use change characteristics
Analysis of land use data for the Huangyang River Basin (Table 5 

and Figure 7) based on the actual conditions of the study area and the 

land use classification in the dataset, the main land use types from 
1980 to 2020 were cultivated land, forest land, grassland, unused land, 
water bodies, and built-up areas. Among these, grassland, forest land, 
and cultivated land were the dominant types, accounting for 37.33, 
27.23, and 25.84% of the basin area, respectively. During the period 
from 1980 to 2020, forest land showed a significant increase, with the 
area growing from 230.42 km2 in 1980 to 231.18 km2 in 2020 
(Equation 15). The area of cultivated land decreased from 220.27 km2 
in 1980 to 219.35 km2 in 2020. There was no change in water bodies, 
a decreasing trend in unused land, and an increasing trend in built-up 
areas (Tables 6–10). The changes were not significant, and the 
magnitude of land use change, from largest to smallest, was as follows: 
cultivated land, grassland, built-up areas, forest land, water bodies, 
and unused land. The increase in forest land has ensured the security 
of the ecological environment.

3.3.2 Land use sensitivity analysis of runoff
Calculate the runoff sensitivity coefficients for different land use 

types during 1980–2000, 2000–2020, and 1980–2020 (Table  11, 
Equation 16). In the runoff sensitivity calculation, only the sensitivity 
of cultivated land and construction land is less than 1. Due to the small 
change in area, the response of cultivated land and construction land 
to runoff is relatively low. At the same time, the changes in forest land, 
grassland, and water bodies are relatively large, but their sensitivity is 
greater than 1, indicating a higher response of land use to runoff.

During the period of 1980–1990, the sensitivity of all land use 
types to runoff at the Huangyang River Reservoir Station was 0. The 
sensitivity of forest land was 9.35 during 2010–2020, and the sensitivity 
of grassland was 10.64 during 1990–2000. The sensitivity of water 
bodies was highest at 5.68 throughout the entire period. Due to the 
negligible change in unused land area, the sensitivity of unused land 
was 2.34 during 2010–2020, while it approached 0 in other periods. 
According to the stage analysis, the runoff sensitivity was significantly 
highest during 1990–2000 and 2010–2020, meaning that after 2000, 
the disturbance to the land system was relatively large, and the degree 

FIGURE 5

Monthly runoff simulation for the Huangyang River from 1980 to 1988.

TABLE 4  Sensitivity analysis.

Ranking Selected 
parameters

File Range p

1 CH_K2 rte −0.01, 500 0.09

2 ALPHA_BF gw 0, 1 0.09

3 SMTMP bsn −20, 20 0.09

4 CH_N2 rte −0.01, 0.3 0.09

5 SFTMP bsn −20, 20 0.09

6 REVAPMN gw 0, 500 0.09

7 GW_REVAP gw 0.02, 0.2 0.13

8 SMFMN bsn 0, 20 0.14

9 GW_DELAY gw 0, 500 0.14

10 PLAPS rte −2.21 0.16

11 SMFMX bsn 0, 20 0.25

12 GWQMN gw 0, 5,000 0.33

13 CN2 mgt −0.5, 0.5 0.73

14 TLAPS sub −10, 10 0.76

15 ESCO hru 0, 1 0.87
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of land use type transitions was higher. Therefore, the response of land 
use types to runoff was greatest after 2000 (Figure 8).

3.4 Runoff change attribution analysis

3.4.1 Budyko hypothesis method analysis
The surface parameters, precipitation, potential 

evapotranspiration, and surface parameters (Table 12) were calculated 
by using Equations 1–7. Compared to the baseline period, the 
potential evapotranspiration at the Huangyanghe Reservoir station 
increased by 84.14 mm, precipitation increased by 8.53 mm, and the 
runoff depth decreased by 22.16 mm, while the surface characteristic 
parameters increased by 0.10. Thus, the runoff variation in the 
Huangyanghe is negatively correlated with potential 
evapotranspiration and surface parameters. As precipitation increases, 
runoff also increases; when the n-value increases, runoff decreases. 
Compared to the baseline period, the εP increased from 0.59 to 0.64 
during the change period, indicating that a 10% decrease in 
precipitation will reduce the runoff depth by 5.9% in the baseline 
period, and by 6.4% in the change period. εET0 decreased from −0.64 

to −0.66, and εn decreased from −1.33 to −1.42, indicating that 
during the affected period, a 10.0% increase in ET0 and n will result 
in a 6.4 and 6.6% reduction in runoff depth, respectively. The study 
quantified the changes in precipitation, potential evapotranspiration, 
and surface parameter n, with the results showing that the largest 
reduction in runoff is caused by surface parameters, followed by 
potential evapotranspiration and precipitation. Potential 
evapotranspiration is the main factor driving climate change.

The contribution rates were calculated using Equations 8–14 
based on the Budyko Hypothesis method. Precipitation caused a 
decrease of 2.74 mm in runoff, potential evapotranspiration caused a 
decrease of 11.28 mm in runoff, and surface parameters caused a 
decrease of 30.98 mm in runoff. The calculated contribution rates of 
precipitation, potential evapotranspiration, and surface parameters to 
runoff changes in the Huangyanghe were 6.10, 25.06, and 68.84%, 
respectively.

3.4.2 The attribution analysis results of the SWAT 
model

Based on the M-K mutation test and the sliding T-test method, 
1991 was identified as the year of runoff change. The model was 

FIGURE 6

Monthly runoff simulation for the Huangyang River from 1992 to 2012.

TABLE 5  Land use area of the Huangyang River from 1980 to 2020.

Land 
use 
type

Land use type area and rate

1980 1990 2000 2010 2020

Area/
km2

Rate/% Area/k2 Rate/% Area/k2 Rate/% Area/k2 Rate/% Area/k2 Rate/%

AGRL 220.27 25.95% 220.65 25.99% 220.34 25.96% 217.91 25.67% 219.35 25.84%

FRST 230.42 27.14% 230.42 27.14% 230.42 27.14% 231.17 27.23% 231.18 27.23%

PAST 316.22 37.25% 315.77 37.20% 315.78 37.20% 318.52 37.52% 316.88 37.33%

WATR 11.79 1.39% 11.79 1.39% 11.79 1.39% 11.63 1.37% 11.77 1.39%

URBN 6.83 0.81% 6.83 0.81% 7.14 0.84% 6.97 0.82% 7.06 0.83%

BARR 63.36 7.46% 63.43 7.47% 63.43 7.47% 62.69 7.38% 62.65 7.38%
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calibrated using monthly runoff data for the baseline period and 
the change period. The baseline period used data from 1989 to 
1991 for validation, while the change period used data from 2013 

to 2018 for validation. The SWAT model simulated runoff in the 
Huangyang River Basin, and the trend of simulated runoff was 
consistent with the observed runoff. Meanwhile, on the premise 

FIGURE 7

Land use type distribution from 1980 to 2020.

TABLE 6  Land use transformation matrix of the Huangyang River Basin from 1980 to 1990.

Year Land use 
type

AGRL FAST PAST WATR URBN BARR Total

1980–1990

AGRL 220.25 0.01 0.01 0.00 0.00 220.27

FAST 0.01 230.41 0.00 0.00 230.42

PAST 0.40 0.00 315.50 0.00 0.32 316.22

WATR 0.00 0.00 11.78 11.79

URBN 0.00 0.00 6.83 6.83

BARR 0.25 63.11 63.36

Total 220.65 230.42 315.77 11.79 6.83 63.43 848.90

TABLE 7  Land use transformation matrix of the Huangyang River Basin from 1990 to 2000.

Year Land use 
type

AGRL FAST PAST WATR URBN BARR Total

1990–2000

AGRL 220.31 0.01 0.02 0.00 0.31 220.65

FAST 0.01 230.40 0.01 0.00 230.42

PAST 0.02 0.01 315.74 0.00 315.77

WATR 0.00 0.00 0.00 11.78 11.79

URBN 0.00 6.83 6.83

BARR 0.00 63.43 63.43

Total 220.34 230.42 315.78 11.79 7.14 63.43 848.90
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of ensuring the unchanged meteorological data during the change 
period, the land use data is replaced to conduct SWAT runoff 
simulation. Both NSE and R2 were above 0.60, indicating that the 
simulation results are highly reliable. The contribution rates of 
climate change and human activities to runoff were calculated 
using Equations 17–21. The contribution rate of climate change 

in the Huangyang River Basin is 30.48%, while that of human 
activities is 69.52%. Among them, the contribution rate of land 
use change is 10.70%, and that of other human activities is 58.82% 
(Table 13).

The SWAT model simulation results were compared with the 
estimates from the Budyko hypothesis method (Table  14). Both 

TABLE 8  Land use transformation matrix of the Huangyang River Basin from 2000 to 2010.

Year Land use 
type

AGRL FAST PAST WATR URBN BARR Total

2000–2010

AGRL 215.89 0.21 4.10 0.03 0.10 220.34

FAST 0.34 227.84 2.17 0.04 0.01 0.01 230.42

PAST 1.39 1.87 311.85 0.03 0.01 0.62 315.78

WATR 0.18 0.05 0.04 11.52 0.00 11.79

URBN 0.11 0.17 0.02 6.84 7.14

BARR 0.00 1.04 0.33 62.05 63.43

Total 217.91 231.17 318.52 11.63 6.97 62.69 848.90

TABLE 9  Land use transformation matrix of the Huangyang River Basin from 2010 to 2020.

Year Land use 
type

AGRL FAST PAST WATR URBN BARR Total

2010–2020

AGRL 214.70 0.45 2.12 0.25 0.38 0.00 217.91

FAST 0.53 228.92 1.57 0.11 0.01 0.03 231.17

PAST 3.70 1.59 312.38 0.11 0.04 0.70 318.52

WATR 0.12 0.16 0.06 11.29 0.01 11.63

URBN 0.30 0.03 0.03 6.62 6.97

BARR 0.01 0.04 0.73 61.92 62.69

Total 219.35 231.18 316.88 11.77 7.06 62.65 848.90

TABLE 10  Land use transformation matrix of the Huangyang River Basin from 1980 to 2020.

Year Land use 
type

AGRL FAST PAST WATR URBN BARR Total

1980–2020

AGRL 214.55 0.58 4.24 0.13 0.77 0.00 220.27

FAST 0.79 225.95 3.47 0.14 0.02 0.04 230.42

PAST 3.48 3.32 308.02 0.14 0.04 1.22 316.22

WATR 0.14 0.18 0.08 11.37 0.01 11.79

URBN 0.37 0.20 0.05 6.22 6.83

BARR 0.01 0.94 1.02 61.39 63.36

Total 219.35 231.18 316.88 11.77 7.06 62.65 848.90

TABLE 11  Land use sensitivity calculation.

Study period 1980–1990 1990–2000 2000–2010 2010–2020 1980–2020

AGRL 0 0.34 0.04 0.06 0.12

FAST 0 0.00 0.12 9.35 0.15

PAST 0 10.61 0.03 0.06 0.17

WATR 0 0.00 0.58 0.67 5.68

URBN 0 0.34 0.55 1.04 0.49

BARR 0 0.00 0.13 2.34 0.16
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methods identified the same driving factors for runoff changes, with 
human activities being the key factor in runoff reduction. However, 
there is a discrepancy in the relative contribution rates between the 
SWAT model and the Budyko hypothesis method. The Budyko 
simulation results showed a climate change contribution rate of 
31.16% and a human activity contribution rate of 68.84%. In the 
estimation, climate change considered factors such as precipitation 
and potential evapotranspiration, while human activities were 
reflected by the parameter “n,” which includes land use changes and 
other underlying surface factors. Most current studies overlook 
changes in water storage (such as water withdrawal, irrigation, and 
hydraulic engineering), leading to the parameter “n” being mostly 
attributed to land use changes. Some studies have shown that changes 
in water storage cause greater runoff variation than precipitation 
(Ohta et  al., 2008), meaning the Budyko hypothesis method may 
underestimate the contribution of human activities to runoff. The 
SWAT model simulated a climate change contribution rate of 30.48% 
and a human activity contribution rate of 69.52%, the contribution 
rate of human activities is higher than the Budyko hypothesis method’s 
estimates. This finding is consistent with the research results of Wu 
et al. (2017) and Xu et al. (2023). The SWAT model, by comprehensively 
considering the effects of meteorology, soil, land use, and slope on 
hydrological processes, has been proven to be  a more accurate 
attribution analysis tool, even though meteorological, land use, and 

soil type data limitations may prevent the full manifestation of human 
activities in the modeling process.

4 Discussion

4.1 The driving mechanisms of runoff 
changes

4.1.1 The impact of climate change on runoff
In the arid northwest region, climate change (such as P and PET) is 

a key factor affecting water resources, among which precipitation is 
usually regarded as the main natural driver of runoff variation (Berghuijs 
et al., 2017). The annual precipitation in the Huangyang River Basin 
shows an insignificant increasing trend (the annual linear trend rate is 
0.13 mm/a, Figure 9). The results of the attribution analysis indicated that 
the change in P was not the main driving factor for the observed 
reduction in runoff during the study period. Meanwhile, PET shows a 
significant increasing trend (with an annual linear trend rate of 
0.28 mm/a), which is consistent with the observed rising trend of surface 
temperature. Theoretically, the increase of PET, especially in arid areas 
with limited water resources, may intensify actual evapotranspiration, 
resulting in more water loss through evaporation (Carter and Liang, 
2019; Hoek van Dijke et al., 2022). Based on the facts that precipitation 

TABLE 12  Sensitivity coefficients of various influencing factors.

Station Period PET/mm R/mm P/mm n R/P PET/P Elastic coefficient

pε 0ETε nε

Huangyang 

River

1957–1991 603.04 161.79 269.34 0.54 0.60 2.24 0.59 −0.64 −1.33

1992–2023 687.14 139.63 277.87 0.64 0.50 2.47 0.64 −0.66 −1.42

FIGURE 8

Sensitivity of different land use types to runoff.
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changes are weak and insignificant, PET increases significantly, and 
runoff decreases significantly, the analysis results indicate that the relative 
contribution of PET changes to the reduction of runoff during the study 
period may be more significant than that of precipitation changes.

In addition, before and after the sudden change of the 
Huangyang River runoff, there was a significant correlation among 
P, PET and the runoff volume (Figure  10). This confirms the 
fundamental hydrological law that P remains the fundamental 
source of runoff replenishment in this basin. However, a key 
phenomenon is that although precipitation showed a weak 
increasing trend during the study period, runoff decreased 
significantly. This phenomenon of “increased precipitation and 
decreased runoff ” contradicts the scenario dominated solely by 
climate fluctuations (such as reduced P or increased PET), strongly 
suggesting that other factors (mainly human activities) have 
significantly interferes with the hydrological processes in the 
basin, weakening or even reversing the possible runoff 
replenishment effect brought about by increased precipitation. 
Therefore, the comprehensive attribution analysis results 
(including climate resilience methods, hydrological model 
simulations, etc.) indicate that human activities are the dominant 
factor for the reduction of runoff in the Huangyang River Basin 
during the study period. This understanding is consistent with the 
research conclusions of Xue (2021) and Chen (2023) in this region.

4.1.2 The impact of human activities on runoff
Apart from climate change, human activities are also important 

factors causing changes in runoff. Human activities that lead to a 
decrease in runoff include land use/vegetation cover changes, 
industrial and agricultural water usage, and water conservancy 
projects (Zhai and Tao, 2017). Since 1956, driven by human 
activities such as reservoir construction, ecological governance 
and water-saving measures, the runoff process and water resources 
pattern in the Huangyang River Basin have undergone significant 
changes. While the Huangyang River Reservoir (1960) enhanced 
irrigation security, it led to a reduction of approximately 5% in 
upstream runoff and discretized the annual runoff sequence (Luo 
et al., 2024). Since 2000, the policy of returning farmland to forest 
has enhanced the stability of base flows, leading to a rise in 
groundwater levels. The dry season runoff has increased by 15%, 
but the flood peak during the flood season has been reduced by 
39% (Hu et  al., 2025). After 2010, efficient water-saving and 
ecological water conveyance projects were implemented. To ensure 
that the water flow at the sections met the standards, the policies 
for the Huangyang River were significantly adjusted. Overall, 
human activities have become the dominant factor driving the 
spatio-temporal evolution of runoff in the Huangyang River Basin. 
From 1980 to 2020, the cultivated land area in the Huangyang 
River Basin continued to shrink, while the grassland and forest 
land areas increased significantly. The analysis of land use 
transformation shows that cultivated land is mainly converted into 
grassland and forest land, reducing the damage to natural 
vegetation and facilitating ecological restoration. However, the 
evapotranspiration of grassland is relatively high, and the 
grassroots layer is prone to form a dense and weakly permeable 
structure, which limits soil water infiltration and base flow 
replenishment (Zhang et al., 2001; Shao et al., 2023); Forest land 
consumes a large amount of soil moisture through deep root T
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systems, further inhibiting runoff formation (Zhao et al., 2025). 
Although the above process led to the reduction of runoff to a 
certain extent, the downward trend of runoff slowed down after 
2000. This was mainly attributed to the enhanced canopy 
interception effect due to the increase in vegetation coverage: a 
large amount of precipitation was intercepted at the surface layer 
of vegetation, reducing direct evaporation and deep seepage, 
thereby maintaining the spatiotemporal stability of surface water 
(Bai et al., 2020; Qiu et al., 2022). Therefore, although the reduction 
of cultivated land and the expansion of forest and grassland 
generally tend to weaken runoff, under high coverage conditions, 
the regulation and storage effect of vegetation structure may have 
a certain buffering effect on the runoff process, reflecting the 
phased influence of different ecological mechanisms on the 
evolution of runoff. This change can mainly be attributed to the 
implementation of a series of national and local ecological projects 
(Gansu Province Shiyang River Basin Key Management Plan). 
Under policy-driven measures, the upper reaches of the Shiyang 
River have implemented strategies such as mountain closure for 
afforestation, and returning cultivated land to forests and 

grasslands, which significantly improved the regional vegetation 
cover and ecological environment. Vegetation restoration has 
enhanced the water conservation function in the upper reaches of 
the basin, manifested by: effective interception of rainfall, 
increased infiltration, and improved soil moisture content (Qiu 
et  al., 2022; Wang D. et  al., 2019). As a result, runoff from the 
upper reaches of the Shiyang River increased, partly benefiting 
from the success of these ecological restoration projects, indicating 
that moderate human activities and climate change can increase 
runoff. However, the decrease in runoff in the Huangyang River 
Basin suggests that human activities are more frequent. Therefore, 
for future watershed water resource management, the upper 
reaches of the Shiyang River should continue to strengthen natural 
protected area conservation, further improve forest and grass 
cover, and consolidate and enhance water source conservation 
capacity. At the same time, a “zoned water-appropriate” 
management strategy should be implemented. It is recommended 
to prioritize low-water-consuming vegetation (such as Caragana 
and Seabuckthorn) in low-altitude areas, while preserving natural 
grasslands in high-altitude areas to maintain stable base flow.

TABLE 14  Contribution rates of climate change and human activities to runoff variations based on the Budyko hypothesis method.

Station RP∆ RPET∆ Rn∆ R∆ R′∆ %CP %CPET %Cn

Huangyang River −2.74 −11.28 −30.98 −16.55 −45.00 6.10 25.06 68.84

FIGURE 9

Interannual variation trends of precipitation and potential evapotranspiration in the Huangyang River (a) Annual precipitation (b) Potential evaporation.

FIGURE 10

The relationship between precipitation, potential evapotranspiration, and runoff in the Huangyang River (a) Annual precipitation (b) Potential 
evaporation.
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To further assess the extent of human activities’ impact on the 
Huangyang River, this study defines the sum of the areas of 
construction land and cultivated land as the human activity area ratio 
(30.2%) and selects population density and the reservoir storage 
capacity coefficient (CSRC) as key analytical indicators. The basin has 
a high population density, coupled with a relatively high human 
activity area ratio, indicating significant human transformation of the 
underlying surface and a large consumption of water resources. 
Reservoirs, dams, and other projects significantly alter the water 
balance of the basin by impounding and regulating surface runoff, 
leading to a general reduction in runoff during summer and a general 
increase in runoff during winter (Su et  al., 2025). The regulation 
capacity of reservoirs can be  measured by the storage capacity 
coefficient (CSRC): CSRC > 30% indicates multi-year regulation, 
8% ≤ CSRC < 30% indicates annual regulation, 3% ≤ CSRC < 8% 
indicates seasonal regulation, and CSRC < 3% indicates daily 
regulation (Li Z. et  al., 2025). The Huangyang River reservoir is 
classified as annual regulation (CSRC = 24.76), indicating a strong 
runoff regulation ability and a strong correlation between runoff 
changes and reservoir regulation. In the study of watershed models, 
Manli found that when reservoir regulation reduced summer runoff 
by 10%, winter runoff increased by 8.3% compared to the previous 
year, confirming the dominant role of human activities (reservoirs) in 
seasonal water volume (Zhu et al., 2015).

4.2 Uncertainty and limitations

The Budyko-based elasticity approach provides a rapid means to 
quantify the combined impacts of climate variability and land surface 
changes. However, the physical interpretation of the parameter n 
remains inherently ambiguous. Variations in n can simultaneously 
represent multiple hydrological processes. For example, an increase in 
n may indicate enhanced evapotranspiration induced by vegetation 
restoration, but it may also reflect accelerated runoff generation 
caused by soil compaction and reduced infiltration. Wang et al. (2018) 
demonstrated that in the Yellow River Basin, population density 
accounted for 128.7% of the observed increase in n, underscoring the 
strong influence of human-induced land surface modifications. 
Similarly, higher NDVI values tend to elevate n by promoting 
evapotranspiration and reducing runoff, whereas urban expansion 
and population growth increase n while accelerating runoff through 
reduced infiltration. These patterns highlight the necessity of 
distinguishing the differential contributions of vegetation restoration 
and soil hardening to the evolution of n and improving the Budyko 
framework to alleviate its inherent parameter ambiguity (Han et al., 
2023). Furthermore, uncertainties in precipitation and potential 
evapotranspiration (PET) measurements can directly propagate to the 
elasticity-based attribution results. In contrast, the SWAT model 
employs spatially explicit parameterization of land use and soil 
properties, such as curve number values and leaf area index, to 
represent the hydrological response to vegetation and land surface 
dynamics more mechanistically (Figure  7). This enables a more 
explicit separation of the impacts of climate variability and human 
activities. Nevertheless, model performance is constrained by multiple 
factors. The evident bias in peak flow simulations (Table 3) indicates 
the challenges of representing the nonlinear rainfall–runoff 
relationships in mountainous catchments (Wu L. et al., 2022; Zhao 

et al., 2025). This limitation likely reflects the combined effects of 
sensitivity to localized precipitation, insufficient representation of 
small-scale runoff generation processes, and data gaps regarding the 
operation of water conservancy projects. In addition, SWAT results 
are highly dependent on parameter calibration, and uncertainties in 
soil, vegetation, and climate data can further propagate through 
the model.

The Budyko and SWAT approaches exhibit complementary 
strengths and weaknesses. The Budyko framework is robust for long-
term, climate-dominated hydrological assessment but may 
overestimate climate contributions under intensive human 
disturbance. SWAT, while process-based and capable of explicitly 
representing land use effects, is susceptible to parameterization and 
data uncertainties. To enhance the robustness of runoff attribution, 
future studies should: (i) incorporate multi-source observations (e.g., 
remote sensing evapotranspiration and isotopic tracers) to constrain 
model parameters; (ii) conduct comprehensive sensitivity and 
uncertainty analyses to quantify confidence intervals of attribution 
results; and (iii) adopt a multi-method comparative framework to 
reconcile potential biases and improve the reliability of hydrological  
inferences.

5 Conclusion

This study integrates multi-source remote sensing data, distributed 
hydrological simulation, and the Budyko water–heat coupling theory 
to systematically analyze the driving mechanisms of runoff changes in 
the Huangyang River Basin from 1956 to 2023. The main conclusions 
are as follows.

The annual runoff has significantly decreased at a rate of 
0.042 × 108 m3·a−1 (p < 0.05), with 1991 being the inflection point of 
runoff change. At the seasonal scale, a “winter increase, summer 
decrease” pattern is observed: winter runoff increased significantly at 
a rate of 0.40 × 108 m3/10a, while the trend of summer runoff 
reduction was alleviated after 2000 due to the implementation of 
ecological projects.

Human activities are the dominant factor in runoff reduction: the 
attribution results of the SWAT model and the Budyko hypothesis 
method are consistent, with human activities contributing 69.52 and 
68.84%, respectively, while climate change contributes 30.48 and 
31.16%. Human activities alter hydrological processes through two 
main pathways: land use transformation (from cropland to forest/
grassland) and the annual regulation effect of reservoirs. The 
regulation effect of the Huangyang River Reservoir (with a storage 
capacity coefficient of 24.76%) significantly changes the intra-annual 
distribution of runoff, characterized by summer storage and 
winter replenishment.

The expansion of forest and grassland from 1980 to 2020 has 
led to an increase in evapotranspiration water consumption in the 
basin. Sensitivity analysis shows that water bodies (with a 
sensitivity of 5.68) and forests (with a sensitivity of 9.35 from 2010 
to 2020) respond strongly to changes in runoff. This reveals the 
“water-ecology” trade-off effect of vegetation restoration: 
although ecological projects improve water conservation capacity, 
the expansion of high-water-consumption vegetation exacerbates 
water resource pressure, necessitating the optimization of 
vegetation structure and coverage.
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