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Abstract: Hydrological processes and the sustainable use of water resources in a river basin are
altered by climate change and changes in human variables. This study examined the significant
effects of vegetation and hydrological, climatic, and human activity changes on the basin’s biological
environment and usage of water resources. The Min River Basin (MRB) in the upper Yangtze River
served as the study location. Mann–Kendall and Pettitt mutation test techniques were used to
examine the features of runoff changes in the basin. The effects of meteorological and anthropogenic
factors on runoff and vegetation changes in the MRB from 1982 to 2020 were quantitatively evaluated
using the expanded Budyko equation. Following this, spatial and temporal variations in land use
and the NDVI in the basin were studied. The results of the research demonstrated the following:
(1) The MRB yearly runoff trended downward and that an abrupt change in runoff happened in 1994.
(2) Precipitation (Pr) showed a decreasing tendency from the base period (S1) to the change period
(S2), but potential evapotranspiration (ET0) showed an increasing trend. (3) From 1985 to 2020, the
land use area of the MRB changed rapidly, and the construction land and water area increased by
322% and 58.85%, respectively, while the cultivated land area decreased by 11.72%. (4) From S1 to S2,
there was a rising trend in both the NDVI and the Budyko parameter n. The contributions of Pr, ET0,
NDVI, and n to the runoff change were 32.41%, 9.43%, 27.51%, and 30.65%, respectively.

Keywords: climate change; anthropogenic factors; vegetation coverage; extended Budyko equation;
attribution analysis

1. Introduction

By changing the pattern of solar radiation distribution on Earth, climate change is
having a major effect on the global hydrological cycle. This has an effect on the spatial and
temporal distribution of natural evaporation, water vapor transport, and precipitation, all
of which are influenced by the hydrological cycle [1–3]. River runoff, as a critical link in
the terrestrial water cycle process, is one of the important components of surface water
resources. Surface water is not only the element in the terrestrial water cycle that has the
closest relationship with human beings, but it is also the main focus of water resource man-
agement and water security [4–7]. In recent decades, anthropogenic factors have disturbed
the original pattern of runoff, leading to significant changes, thus affecting regional water
resources and threatening regional water security [8–10]. Three primary methods exist by
which human activities impact the components of the water cycle: (1) modifications to land
use and water resource utilization, for example, impact the circumstances of production
and sinking in the watershed; (2) inter-basin water resource allocation and groundwater
extraction and other engineering measures cause direct changes to the amount of water in
the watershed; (3) reservoirs and other water storage projects affect the process of sinking
in the river channel [11,12]. In order to preserve water security in the basin, it is crucial
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to examine how the features of runoff in the basin are changing in response to changing
environmental conditions and to quantitatively evaluate the effects of climate change and
human activity on runoff.

Attribution analysis of variations in watershed runoff is currently a popular topic of
study worldwide. This trend in research seeks to establish a scientific foundation for the
management of water resources and climate change adaptation by comprehending the
ways in which various elements influence the hydrological cycle in watersheds [13–15]. The
main analytical methods include the hydrological modeling method [16], the multivariate
statistical analysis method [17,18], and the empirical modeling method [19]. Hydrological
models have certain physical mechanisms that are suitable for the hydrological simulation
of watersheds of different scales and complexity [20–22]. The model requires high data
accuracy and continuity, although there are large uncertainties in the model parameters
and structure [23]. The multivariate statistical analysis method is simple but requires a
large number of observations as samples to support the statistical analysis [24,25]. In
contrast with the other two approaches, the empirical modeling method based on Budyko
assumptions is more extensively used to determine the attribution of runoff variations in
various watersheds because it has fewer factors, a simpler structure, is easier to read, and is
more accurate [26,27].

Previous studies on the Min River Basin (MRB) focused on the interrelationships
between runoff and vegetation, as well as the analysis of the causes of change [28,29]. Guo
et al. [30] evaluated the changes in runoff conditions of the MRB under changing environ-
ments using various hydrological indicators. They found that climate and anthropogenic
factors contributed 30.20% and 69.80%, respectively, to the changes in runoff from the
MRB. With runoff-sediment modeling, Wang et al. [31] discovered that between 1970 and
2019, the yearly runoff from the MRB exhibited a non-significant declining trend. Climate
and anthropogenic activities were identified as important drivers of runoff changes, with
anthropogenic factors contributing 78.92–66.71% of the runoff changes, while climate con-
tributed 21.08–33.29%. Runoff variations in the MRB over the past 60 years were examined
by Zhai et al. [32]. According to the data, MRB water supplies have been steadily declining
over the past 60 years. Before 1990, runoff was mainly influenced by climatic conditions
such as precipitation. Furthermore, runoff was significantly impacted by both human
activity and climate change between 1990 and 2000. Human involvement has grown in
importance since 2000 in terms of affecting runoff changes. According to the analysis,
human activities, vegetation changes, and climatic factors contributed 76.24%, 13.62%, and
10.14%, respectively, to changes in the runoff in the MRB. Human activities have become
the dominant factor, with runoff being influenced by hydropower and water resource
development and utilization projects such as water withdrawal and land use [33].

Since 2000, the Chinese government has taken on a number of initiatives, including
restoring fallow land to forests or grasslands, to protect the ecosystem and to improve the
functioning of the ecosystem [34]. Representing a significant ecological barrier in the upper
reaches of the Yangtze River, the MRB has carried out a number of water and soil conser-
vation initiatives that, by lowering runoff volumes, postponing runoff formation times,
enhancing water quality, and increasing the groundwater recharge, have helped to ratio-
nally utilize water resources and enhance the basin’s ecological environment. Liu et al. [35]
discovered that the regional hydrological status was impacted by vegetation changes in the
MRB. Due to drastic changes in the regional environment, the precipitation–runoff relation-
ship has been significantly affected, resulting in a gradual reduction in water resources in
the watershed and increasing vegetation degradation in the upper reaches of the watershed,
which are serious threats to the long-term development of the watershed. However, most
studies have focused primarily on the single effects of environmental changes in the MRB
on runoff and vegetation, and dual quantitative analysis studies addressing changes in
runoff and vegetation coverage, and the interactions between the two, have seldom been
addressed. While some research has indicated that human and climatic factors may have
detrimental effects on runoff and vegetation changes, other research has found that these
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factors have no effect on these variables and may even have beneficial effects under some
circumstances [36,37]. Therefore, it is crucial to research the interactions between climate,
human activity, vegetation growth, and hydrological processes in the MRB in the sustain-
able development of the watershed in order to comprehend the effects of environmental
changes on vegetation and runoff as well as the mechanisms by which vegetation growth
responds to runoff. This study aims to determine the years of abrupt runoff changes at the
basin’s outlet hydrological stations and to analyze the temporal variability characteristics
of the hydrometeorology of the basin from 1982 to 2020 in order to quantitatively assess the
effects of meteorological and anthropogenic factors on runoff and vegetation in the MRB.
The watershed’s land use, NDVI, and meteorology’s geographical and temporal variability
characteristics during the baseline and change periods are analyzed. Runoff variability is
analyzed using modified Budyko elasticity coefficient modeling to evaluate the effects of
both human and climatic change. This work offers a scientific foundation for ecological
management and water resource planning in the basin and advances our understanding of
the effects of climate change and human activity on hydrological processes and ecosystems.

2. Materials and Methods
2.1. Study Area

The MRB is one of the biggest first-class tributaries in the upper sections of the Yangtze
River, with a watershed area of 135,900 km2 and a total length of around 711 km. De-
pending on its geographic location, the MRB can be divided into the upstream, midstream,
and downstream reaches (Figure 1). The middle reaches extend from Dujiangyan to the
mouth of the Dadu River confluence, measuring approximately 216 km in length and
covering an area of approximately 11,300 km2. The lower reaches, on the other hand,
stretch from the mouth of the Yangtze River confluence in Yibin to the mouth of the Dadu
River confluence, measuring approximately 154 km in length and covering an area of
approximately 112,000 km2. Within the MRB, both the air temperature and the amount
of precipitation exhibit a progressive rise from upstream to downstream. Climate-wise,
from Zhengjiang Pass, Heishui County to Mao County, average annual temperatures range
from 11 to 13 ◦C, and the average annual precipitation is 420 to 800 mm. In contrast, in
the alpine climate zone of northwest Sichuan, average annual temperatures range from 5
to 9 ◦C, and the average annual precipitation is 730 to 840 mm. The upstream area of the
MRB has a higher elevation and relies on snowmelt to recharge, whereas the other areas
rely mainly on precipitation. The runoff depth along the upper reaches of Songpan reaches
300–500 mm and increases to between 500–700 mm toward the Wenchuan section, while the
lowest end is the rainy center, with an annual runoff depth of 1200 mm. The basin runoff
exhibits an extremely uneven intra-annual distribution, with the flood season having the
largest amount of water, accounting for 60–80% of the yearly water volume. Influenced by
the irrigation of farmland and water supply for residents in the Chengdu Plain, the water
volume in the middle reaches of the MRB is relatively small, while the lower reaches, due
to the confluence of tributaries such as the Dadu River and the Qingyi River, have a larger
volume of water, and the change in runoff is more pronounced.

2.2. Data

The daily runoff statistics at the MRB control station from 1982 to 2020 were chosen
from the Chinese Hydrological Yearbook based on the distribution of rivers in the MRB.
The National Meteorological Information Center (http://data.cma.cn (accessed on 20
August 2022)) provided daily meteorological data at all observation stations in the study
region from 1982 to 2020. This dataset is where the MRB meteorological observation
data were acquired from. The NDVI data used in this work, which span the years 1982
to 2020, were retrieved on 1 September 2023 from (https://www.ncei.noaa.gov/data/
land-normalized-difference-vegetation-index/access/ (accessed on 20 June 2022)). The
land use data were provided by the Resource and Environmental Sciences Data Center

http://data.cma.cn
https://www.ncei.noaa.gov/data/land-normalized-difference-vegetation-index/access/
https://www.ncei.noaa.gov/data/land-normalized-difference-vegetation-index/access/
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(https://www.resdc.cn/DOI/doi.aspx?DOIid=54 (accessed on 20 Ju1y 2022)) at a spatial
resolution of 30 m.
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2.3. Research Methods
2.3.1. Mann–Kendall Trend Analysis with Mutation Test

The primary benefit of the Mann–Kendall (MK) trend test, a nonparametric rank test,
is that it is unaffected by a few outliers and missing data and does not require the original
data to follow a normal distribution. As a result, hydrological statistics have made extensive
use of it [38,39]. The technique may be used for several kinds of time series data and is
comparatively easy to compute. We may more precisely evaluate mutational changes in
the sequence when the MK test investigates sequence mutations by creating an ordered
sequence [40,41].

2.3.2. Analysis of Pettitt Mutations

A nonparametric statistical test called the Pettitt mutation analysis technique may be
used to identify time points that correlate to mutation points and to ascertain whether or
not there are mutation points in a particular data series [42,43]. The Pettitt statistic Ut,T is
computed using the following formula:

Ut,T =
t

∑
i=1

T

∑
j=1

sgn
(
yj − yi

)
(1)

where the time corresponding to the maximum value of Ut,T is the time at which the
mutation may exist, denoted as τ. The Pettitt statistic Uτ for the location of the mutation is
calculated as follows:

Uτ = max{Ut,T} (2)

The significance level at this point is calculated by the formula:

Pτ = 2exp
(

−6K2
τ

T2 + T3

)
(3)

https://www.resdc.cn/DOI/doi.aspx?DOIid=54
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The null hypothesis (no significant difference between the two subseries) is rejected
when the significance level Pτ < 0.05. The approximate significance probability of a change
point is calculated as α = 1 − Pτ .

2.3.3. Linear Regression Analysis

The analysis of the geographic trend of vegetation coverage has made extensive use
of the linear regression approach [44]. The slope of the NDVI of remotely sensed images
over the last n years was fitted on an image-by-image basis using a one-dimensional linear
regression formula.

Slope =
n × ∑n

i=1 i × Ni − ∑n
i=1 i × ∑n

i=1 Ni

n × ∑n
i=1 i2 − (∑n

i=1 i)2 (4)

where n is the length of the study period, and Ni is the annual mean NDVI for year i.

2.3.4. Stability Analysis

The data stability and fluctuation status can be represented by the coefficient of
variation [45].

CV =
σ

x
(5)

where CV is the coefficient of variation of vegetation NDVI, σ is the standard deviation, and
x is the multi-year mean. The larger the CV value, the more discrete the data distribution
and the greater the inter-annual variability. On the contrary, it means that the vegetation
NDVI changes are more stable.

2.3.5. Extended Budyko Equation

The analysis of the drivers of runoff change using the Budyko elasticity coefficient
method includes the following three assumptions: (1) Climatic and anthropogenic causes
are independent of each other and have no influence each other; (2) Long-term water
balancing processes often allow for the disregard of the impact of variations in water storage
on runoff depth; (3) The only factor affecting the baseline cycle is climate change; human
activities are also classified as influencing other causes of runoff variability throughout the
change period [46].

The following formula was derived from a multi-year scale water balance:

R = Pr − ET (6)

The Penman–Monteith equation is used to determine the potential evapotranspira-
tion [27,47], where ET0 represents the potential evapotranspiration, ∆ represents the slope
of the saturated vapor pressure curve, Rn represents the net surface radiation, G represents
the soil heat flux, γ represents the dryness and wetness constants, Tmean represents the
average daily air temperature, u2 represents the wind speed at a height of 2 m, and es and
ea represent the saturated and actual vapor pressures.

ET0 =
0.408∆(Rn − G) + γ 900

Tmean+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(7)

Runoff depth, precipitation, actual evapotranspiration, and potential evapotranspi-
ration in the basin are indicated by the letters R, Pr, ET, and ET0, respectively. Actual
evapotranspiration is determined by applying the Choudhury–Yang equation [48,49].

ET =
Pr × ET0(

Prn + ETn
0
)1/n (8)
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The underlying impacts of terrain, soil, and human activity are all integrated to form
the Budyko parameter n. The subsurface is impacted by human activity primarily through
pollution, water resource development, and changes in land use, whereas topography and
soils remain immutable in short time frames. Li et al. [50] showed that there is a strong
correlation between the Budyko parameter n and the NDVI.

n = a ∗ NDVI + b (9)

R = Pr − Pr × ET0(
Pra∗NDVI+b + ETa∗NDVI+b

0

)1/(a∗NDVI+b)
(10)

The linear relationship between the parameter n and vegetation is characterized by
the watershed constants a and b, which are determined.

2.3.6. Elasticity Coefficient Method

Utilizing the following formula, the elasticity coefficients of R were determined with
regard to Pr, ET0, n, and NDVI [51].

εp =

(
1 +

(
ET0
Pr

)n)1/n+1
−

(
ET0
Pr

)n+1

(
1 +

(
ET0
Pr

)n)[(
1 +

(
ET0
Pr

)n)1/n+1
−

(
ET0
Pr

)] (11)

εET0 =
1(

1 +
(

ET0
Pr

)n)[
1 −

(
1 +

(
ET0
Pr

)−n
)1/n

] (12)

εn =

ln
(

1 +
(

ET0
Pr

)n)
+

(
ET0
Pr

)n
ln
(

1 +
(

ET0
Pr

)−n
)

n
(

1 +
(

ET0
Pr

)n)[
1 −

(
1 +

(
ET0
Pr

)−n
)1/n

] (13)

εNDVI = εn
a ∗ NDVI

a ∗ NDVI + b
(14)

εET0 , εpr, εNDVI , and εn represent the elasticity coefficients of ET0,Pr, NDVI, and n.
The variation values of Pr, ET0, n, and NDVI from S1 to S2 were calculated and denoted as
∆Pr, ∆ET0, ∆n, and ∆NDVI, respectively.

∆RPr = εp
R
Pr

× ∆Pr (15)

∆RET0 = εET0

R
ET0

× ∆ET0 (16)

∆Rn = εn
R

NDVI
× ∆n (17)

∆Rn = εNDVI
R

NDVI
× ∆NDVI (18)

∆Rhum = ∆Rn − ∆RNDVI (19)

∆RPr, ∆RET0 , ∆Rn, and ∆RNDVI denote the values of runoff changes due to changes
in Pr, ET0, the Budyko parameter n, and NDVI from the base period to the change period.

∆R = ∆RPr + ∆RET0 + ∆RNDVI + ∆Rhum (20)

ηRPr = ∆RPr/∆R × 100% (21)
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ηRET0 = ∆RET0 /∆R × 100% (22)

ηRNDVI = ∆RNDVI/∆R × 100% (23)

ηRH = ∆Rhum/∆R × 100% (24)

ηRPr, ηRET0 ηRNDVI , and ηRH denote the contribution of Pr, ET0, NDVI, and n to the
change in runoff.

3. Results
3.1. Trend Analysis of Factors

Drawing on the outcomes of the MK trend analysis for every research element listed
in Table 1, it was concluded that the MRB runoff and precipitation decreased at rates of
−0.311 mm/a and 0.452 mm/a. With an annual rate of increase of 0.108 mm/a, potential
evapotranspiration increased significantly and was statistically significant at the 0.01 level.
With an annual rate of increase of 0.001, the NDVI grew significantly and was statistically
significant at the 0.01 level.

Table 1. MK trend analysis of indicators.

Variable β Z Significance Level

R −0.311 −0.569 -
Pr −0.452 −0.375 -

ET0 0.108 3.387 0.01
NDVI 0.001 3.266 0.01

3.2. Analysis of Sudden Changes in Runoff and Influencing Factors

Natural runoff and precipitation exhibited a gradually declining trend, according to
the MRB hydrometeorological data from 1982 to 2020. Significant declines in runoff depth
and precipitation were revealed by regression analysis, although potential evapotranspi-
ration exhibited a rising trend (Figure 2). The precipitation–runoff relationship exhibits a
remarkably consistent feature driven by climate warming.
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From the results in Figure 3, the non-parametric MK test revealed that the measured
runoff depth had a mutation point in around 1993 (Figure 3a). Using the Pettitt test, it
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was concluded that the mutation in the 1982–2020 runoff volume for the MRB occurred in
1994 (Figure 3b). The mutation test results from the MRB annual runoff volume showed
that UT was basically located below the value of 0 after 2008, indicating a decrease in
runoff from the watershed with a significant downward trend. As a result, the base period,
S1 (1982–1994), and the transition period, S2 (1995–2020), were created from the runoff
time period.
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Figure 3. Runoff MK mutation test (a). Runoff Pettitt mutation test (b).

The precipitation–runoff cumulative curve was fitted linearly based on the findings of
the mutation analysis, and the fitting outcomes are displayed in Figure 4a. The fitted slopes
at the high field station were 0.58 and 0.57 during the S1 and S2 periods, indicating that
the slope decreased by 0.01 during the S2 period. At the high field station, precipitation
and runoff had slopes of 0.55 and 0.42 during the S1 period and 0.53 and 0.39 during the S2
period, respectively. This suggests that during the S2 period, both precipitation and runoff
had a declining tendency (Figure 4b).
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runoff accumulation to precipitation (b).

Specific geographical distribution features were observed in the MRB area during S1
and S2 with respect to temperature, precipitation, and potential evapotranspiration. The
trend in precipitation rose from the northwest to the southeast (Figure 5a), a phenomenon
primarily determined by the interaction of terrain and climate. Because of tropical cyclones
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and monsoons, precipitation is often higher in the summer and lower in the winter. On the
other hand, precipitation trends over the era of transition (Figure 5b) fell in certain areas
of the basin’s lower portion and increased in the higher plateau mountains. Temperature,
humidity, precipitation, and other climatic factors all have a direct impact on the potential
evapotranspiration. Because they have steeper slopes and less vegetation, the center and
southwest regions of the watershed in the MRB area have higher potential evapotranspira-
tion (Figure 5c). These features encourage the evapotranspiration of water. In most areas of
the basin, the spatial release of potential evapotranspiration during the change period had
an increasing trend in comparison with the base period (Figure 5d), which was associated
with the rise in basin temperature.
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3.3. Trends in Vegetation Coverage Changes

The research presented the NDVI vegetation patterns in the MRB from 1982 to 2020,
both spatially and temporally. The dynamics of the vegetation in both space and time
were examined first (Figure 6a). The spatial distribution of the NDVI showed obvious
heterogeneity, with fluctuations ranging from 0 to 0.83, with a mean value of 0.46. In the
upper–middle and downstream portions of the watershed, high values were primarily
found. From S1 to S2 (Figure 6b), the rate of change in the NDVI gradually decreased
from upstream to downstream, with fluctuations ranging from −6.7% to 7.3%. In the given
duration, the NDVI trended upward in 63.54% of the region and downward in 37.46% of
it. In particular, near its outlet, where the rate of change in the NDVI exceeded −6%, the
NDVI in the lower portion of the watershed exhibited a primarily declining trend during
the two-year period. From 1994, the increase in vegetation cover in the MRB accelerated
rapidly, showing a rapidly increasing trend, reflecting the effects of climate and subsurface
changes on runoff. With an average coefficient of variance of 0.072, the vegetation NDVI
in the MRB showed strong general stability over the research period (Figure 6c). Areas
with low and lower volatility changes made up 66.37% of the total geographical study area,
and they were primarily found in the upstream, central, and southwest portions of the
watershed. In contrast, areas with medium, higher, and high volatility changes made up
33.63% of the area, and they were primarily found in the highland mountainous areas in
the upper part of the basin, some areas in the lower part of the basin, and the Chengdu
Plain. With the exception of the Chengdu Plain in the eastern portion of the watershed
and the Leshan and Meishan mountains downstream, the overall plant cover of the MRB
remained generally steady between 1982 and 2020. According to the spatial distribution
of the different types of NDVI trends (Figure 6d), the area with increasing NDVI trends
accounted for 76.76% of the total area, while the areas with significant and slight increases
accounted for 54.73% of the total area. The areas with significant increases were spread out
in the southwestern and upstream regions of the MRB. The non-significant declining trend,
which was mostly seen in the eastern, central, and southern portions of the watershed,
predominated the vegetation NDVI, which had a falling tendency in 23.24% of the area.
The smallest and most dispersed sections, comprising only 2.78% of the total, were those
with notable and minor reductions in the vegetation. These areas were mostly found in the
Chengdu Plain region and a small fraction of its southwest. Taken together, the vegetation
NDVI in the MRB showed an overall favorable development trend from 1982 to 2020, with
most areas showing an increasing trend in the NDVI.

3.4. MRB Land Use Change

During the period 1985–2020, land use conditions in the MRB watershed experienced
significant changes, as shown in Figure 7. With 41.45% of the total area in 1985, forest land
was the predominant land cover type in the watershed. It was followed by grassland with
38.11%. Cropland and shrub cover were 16.3% and 2.1%, and urban built-up land was the
least, with only 0.3%. As shown in Figure 8a, the shrub area decreased significantly between
1985 and 1995 by 1292.37 km2, or 47.21%. Concurrently, there was a 30.81% and 1.68%
decline in the extent of arable and vacant land, respectively. In comparison, the increase in
snow and ice and urban development land was 29.27% and 19.57%, respectively, while the
extent of forest land and grassland expanded by 6070.81 km2 and 1357.99 km2, respectively.
The areas of grassland and farmed land declined most dramatically, by 2423.32 km2 and
1085 km2, respectively, between 1995 and 2020 (Figure 8b). Moreover, the amount of snow
reduced dramatically, by 30.55%. On the other hand, with rapid urbanization, the area of
urban construction land increased by 271.74%. The area of forest land, unutilized land,
bushes, and water also increased. Among them, the increase in unutilized land, water,
and bushes increased by 115.81%, 58.85% and 33.87%, respectively. The increase in the
forest land area from 1995 was smaller, only 1.14%, but the area increased by 681.06 km2.
Overall, the most notable changes between 1985 and 2020 were in the amount of land used
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for urban building, the amount of land used for forests, the amount of land used for shrubs,
and the amount of grassland area that declined.
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Analyzing the MRB land use data by overlaying, we constructed a land use utilization
transfer matrix from 1985 to 2020. Cultivated land in the MRB was mostly converted into
construction, grassland, and forest land between 1985 and 1995 (Figure 9a), with more than
95% of the transferred area going to grassland and forest. The strategy of the government
of converting farms back to woods, which aims to preserve and restore each natural ecosys-
tem, had a major impact on this transfer trend. Bushes were primarily converted to forest
land and grassland, with transferred areas of 1008.65 km2 and 689.93 km2, respectively,
whereas the extent of forest land diminished and was primarily converted to cultivated
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land and bushes. The area of watersheds diminished minimally, with just a portion going
to forest land and grassland, and grassland was primarily moved to become undeveloped
land and forest land. Between 1995 and 2020 (Figure 9b), 3939.28 km2 of arable land were
transferred out of the MRB; this land was primarily converted to forest land and construc-
tion land, making up 32.98% and 51.22% of the total area transferred out, respectively. The
increase in construction land was largely due to the accelerated urbanization and urban
area expansion in the MRB. The area converted to forest land was the largest, with the
transfer being mainly to cropland, shrubs, and grassland, whose areas were 2017.18 km2,
442.92 km2 and 1932.69 km2, respectively. Cropland, shrubs, and grasslands were the land
use categories that had the biggest areas transferred from forest land; this suggests that
there is a higher frequency of conversion between these three land use kinds and forest
land. Those converted to water mainly included cropland, grassland, glaciers, and urban
construction land, among which cropland and grassland had the largest converted area,
accounting for 65.97%. In urban and rural construction, the original construction land was
converted to water due to water conservancy construction, landscape afforestation, and
flood storage. In summary, during the period from 1985 to 2020, the land use structure of
MRB underwent a dramatic evolution, and the internal structure became more and more
reasonable, which not only improved the ecological environment of the region but also
promoted the rapid development of urban construction.
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3.5. NDVI with the Budyko Parameter n

The effects of vegetation changes in the MRB on runoff were quantitatively examined
using the Budyko parameter n and the temporal variation features of the watershed NDVI.
From Figure 10a, it is evident that the average NDVI value increased, with a relative change
rate of 3.19% between the two periods before and after the mutation, going from 0.51 in the
S1 period to 0.53 in the S2 period. Between the periods S1 and S2, the NDVI displayed an
ascending trend with reasonably close upward slopes. The Budyko parameter n showed
a mean change of 0.99 during the S1 period and 1.14 during the S2 phase, signifying a
15.8% increase of 0.15. It can also be observed from Figure 10b that the Budyko parameter
n shows an upward trend in both the S1 and S2 periods, but the upward trend in the S1
period is more significant than that in the S2 period.
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Numerous researchers have demonstrated that there is a substantial relationship
between the NDVI change rate and the Budyko parameter n [52,53]. Thus, we created a
scatter plot (Figure 10c) using the Budyko parameter n and the 5-year sliding average of
the NDVI. Because the Budyko parameter n reflects changes in subsurface conditions, it
should change on annual or multi-year scales. Using the least-squares approach, regression
coefficients a and b were fitted using the previously determined values of n and NDVI for
the S1 and S2 periods. The fitted equations achieved an R2 of 0.41, and the results of the fit
were significant (p < 0.01), suggesting a good match.

3.6. Runoff Sensitivity Assessment and Quantitative Analysis

A correlation between precipitation and n in different periods was observed
(Figure 11a). It was found that the correlation between precipitation and n was weak,
with a correlation coefficient of only 0.07 in the S1 period. In the S2 period, the correlation
between precipitation and n was significantly improved, with a correlation coefficient of
0.22, and it showed a positive linear correlation. Compared with precipitation, the correla-
tion between n and ET0 is slightly better (Figure 11b). The correlation between the two is
substantially stronger during the S2 phase, with a correlation coefficient of 0.31, than it is
during the S1 period, when it is low at 0.12. The correlation between n and ET0 is a positive
linear correlation in both the S1 and S2 periods. According to these findings, there was no
significant correlation between n and potential evapotranspiration or precipitation during
the S1 period, but during the S2 period, there was a significant increase in the correlation,
indicating that the relationship between n and climate factors is being impacted more by
climate change.
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The computation results are displayed in Table 2 and are based on the multi-year
average of R, Pr, ET0, n, and NDVI. It is evident that R and Pr decreased in the S2 phase as
opposed to the S1 period. Within these, the average runoff depth in 1982–1994 decreased
from 637.1 mm to 583.9 mm in 1995–2020, which is a decrease of 53.2 mm, and the relative
change rate reached 8.36%. With a relative change rate of 3.06%, the amount of precipitation
dropped from 1018.8 mm in the base period to 987.6 mm in the change period. On the other
hand, ET0 had an increase rate of 5.24%, rising from 602.2 mm in the base period to 613.7 mm
in the change period. During the research period, there appears to have been a steady rise
in sensitivity to the subsurface parameter n and a decrease in sensitivity to precipitation, as
indicated by the considerable changes in runoff depth and potential evapotranspiration.
Calculated using Equations (11)–(14), we obtained the elasticity coefficients of the amount
of change in runoff due to Pr, ET0, NDVI, and n, which are denoted as εPr, εET0, εn, and
εNDVI. There was a 1.41% and 0.41% drop in runoff depth with every 1% fall in Pr and
NDVI, according to the elasticity coefficients of εPr and εNDVI for Pr and NDVI, which
were 1.41 and 0.41, respectively. The elasticity coefficients εET0 and εn for ET0 and Budyko
parameter n were −0.42 and −0.4, respectively, indicating that the runoff depth increased
by 0.42% and 0.4% when the ET0 and n decreased by 1% per year.

Table 2. Elasticity coefficients and characteristic values of climatic and hydrological components in
the S1 and S2 periods.

Period R Pr ET0 NDVI n εPr εET0 εn εNDVI

S1 637.1 1018.8 602.2 0.51 0.98 1.38 −0.37 −0.39 0.48
S2 583.9 987.6 613.7 0.48 1.13 1.41 −0.42 −0.4 0.41
∆ −53.2 −31.2 11.5 −0.03 0.15 0.03 −0.05 −0.01 −0.07

3.7. Runoff Change Attribution Analysis

As shown in Table 3, the contribution of each driver to the runoff change was computed
using Equations (21)–(24).The change in runoff depth for the period from S1 to S2 was
55.21 mm, and the value of the actual change in runoff depth was 53.2 mm, with a relative
error of only 3.8%, which is lower than the threshold of 5% [54,55], suggesting that the
Budyko model has a certain applicability. There were variations in the contributions of Pr,
ET0, NDVI, and human activity to runoff throughout the S2 period. With a contribution of
32.41% from precipitation, the climatic components Pr and ET0 accounted for 41.84% of the
runoff. Actually, evapotranspiration caused a contribution of 9.43% to a change in runoff
depth of −5.21 mm, while precipitation alone accounted for 32.41% of the runoff. The
amount of change in runoff due to anthropogenic causes and the NDVI was −32.11 mm,
with a total contribution of 58.16%. Of this, the change in runoff due to anthropogenic
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causes was −15.19 mm, with a contribution rate of 27.51%, while the change due to NDVI
was −16.92 mm, which was second only to precipitation. In conclusion, both natural
and man-made influences affected the runoff, but the substantial increase in plant cover
restrained the change in runoff and led to a notable reduction in runoff overall. This
suggests that vegetation significantly reduces the ability of the MRB runoff to change.

Table 3. Results of the runoff change attribution analysis.

∆RPr ∆RET0 ∆Rhum ∆RNDVI ηRPr ηRET0 ηRhum ηRNDVI

−17.89 −5.21 −15.19 −16.92 32.41% 9.43% 27.51% 30.65%

4. Conclusions and Discussion
4.1. Discussion
4.1.1. Impacts of Climate Change and Human Activity on Runoff and Vegetation Coverage

Changes in stream runoff are influenced by a variety of factors, including climate
change, anthropogenic factors, and vegetation changes. By analyzing the meteorological,
NDVI, land use, and runoff data in the MRB watershed, it is possible to attribute the
changes in runoff to the watershed. The topographic height of the MRB varies greatly,
and summertime precipitation is mostly concentrated there. Precipitation and potential
evapotranspiration, however, decreased downward throughout the S2 phase. This is mainly
attributed to regional climate change, where the surface evapotranspiration rates increased,
exacerbating regional aridity and thus leading to a decrease in regional precipitation [56].
At various time scales, environmental and socioeconomic processes are reflected in changes
in land use within the watershed. The amount of the MRB covered by snow cover shrank
over the research period, whereas the size of the watershed expanded. This is due to the
release of large amounts of meltwater from glacial melting caused by the increase in regional
temperatures, which increased the volume of water in rivers and lakes and expanded the
watershed area [57]. In addition, the large-scale reduction in arable land and grassland and
the large increase in urban construction land are mainly due to accelerated urbanization and
population growth, which require more supporting infrastructure as well as government
policies and planning, resulting in the conversion of arable land and grassland in some
rural areas to construction land [58]. In the S1 period, there was little association between
precipitation and potential evapotranspiration with n; in the change period, there was
a considerable correlation. This is due to the increase in human activities, resulting in
higher carbon emissions, while the change in land use changed the reflective properties of
the surface, leading to higher atmospheric temperatures. In addition, the construction of
large-scale reservoirs and the implementation of agricultural irrigation projects may have
changed the water cycle of the basin surface and the regional precipitation distribution,
which also had an impact on the basin climate [59,60]. We discovered that the NDVI and
the Budyko parameter n in the MRB had a substantial positive association (Figure 10c),
suggesting that n would probably grow in tandem with an increase in vegetation coverage.

4.1.2. Correlation of NDVI Changes with Runoff

Vegetation changes have important impacts on watershed ecosystems and the hy-
drological cycle and are one of the focuses of hydrological and ecological studies [61,62].
Wang et al. [63] found that the overall vegetation in the watershed has improved. Various
parts of the MRB watershed see various responses from the plants to precipitation due
to the irregular temporal and spatial distribution of precipitation. Of these, the upstream
region showed the greatest improvement, which was attributed to the upper watershed’s
rising temperature, which promotes photosynthesis and the growth and development of
vegetation, raising the NDVI value. The continuous decrease in precipitation in the MRB
directly affects the water supply for the vegetation, which will negatively affect the growth
and development of vegetation in the watershed in the future. Vegetation experiences
water stress during droughts, which causes the vegetation index to significantly drop. It
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can be concluded from past studies that any increase or decrease in vegetation will have
some effect on the watershed runoff. Runoff in the MRB decreases as the plant cover
increases, according to the attribution analyses conducted earlier. Numerous studies have
observed [64] that the development of vegetation positively affects the runoff increase
and that big watersheds with diverse terrain are the primary locations where increasing
NDVI leads to increased runoff. However, the consistent view is that increased vegetation
decreases runoff, and the findings in this paper are more consistent with this conclusion.
Governmental agencies should thus develop sensible vegetation restoration plans that take
into account the real circumstances of the watersheds and give particular consideration to
how plant growth affects the water resources within the watersheds.

4.1.3. Shortcomings and Future Work

Despite the rigorous quality control of the data in this paper, a number of uncertainties
remain. First, the wide range of human activities complicates the precise estimation of
their impact on hydrological processes. Second, the elasticity coefficient method based on
Budyko is based on the mutual independence of variables, which often does not hold in
practice because of the complex interactions between the subsurface and the climate system.
For example, when calculating the partial derivatives of multi-year precipitation, factors
such as the NDVI, potential evapotranspiration, and human activities are required to be
independent of each other, whereas in practice, there are interactions between these factors,
leading to model errors. Lastly, because hydraulic projects directly impact the temporal
and geographical variability of runoff, their being in the watershed further adds to the
uncertainty [65]. Although this study considered the effect of ecological restoration projects
on runoff, it ignored the effect of reservoirs, artificial forestation, and other engineering
measures on runoff. We intend to develop a distributed coupled hydrological model in the
future in order to compute the impacts of vegetation on hydrological processes in the MRB
with greater accuracy. In addition, this study considered fewer factors in the attribution
analysis and ignored the presence of many glacial tundra areas. With climate change, the
contribution of snowmelt to MRB runoff is becoming increasingly significant. Consequently,
in regard to climate change, the impact of snowmelt on MRB runoff variations will be
quantitatively examined in further research.

4.2. Conclusions

Using the MK mutation test and the Pettit mutation test, the runoff from the MRB
watershed from 1982 to 2020 was trend-analyzed in this study, and the year 1994 was
determined to be the mutation year. Afterwards, the research period was split into the
S1 and S2 periods, depending on the year of mutation. This study statistically examined
the impacts of climatic and anthropogenic influences on runoff and vegetation in the MRB
based on the revised Budyko equation, combining meteorological data, NDVI, land use,
and observed runoff data. The results demonstrated that the following:

(1) While ET0 had a growing trend during the investigation, the MRB R and Pr showed a
declining tendency. Furthermore, there was a 0.01 decrease in the slope of the fitted
curve that shows the relationship between precipitation and runoff. In terms of spatial
distribution, the downstream Pr declined significantly, while the overall ET0 had a
significant increasing trend.

(2) With a coefficient of variation of 0.072, the overall NDVI fluctuation remained gen-
erally consistent between S1 and S2, with an overall mean value of 0.46. The NDVI
indicated an increasing trend throughout, with the exception of the Chengdu Plain.

(3) From 1985 to 2020, the land use in the watershed was dominated by cropland, grass-
land, and forest land, accounting for more than 95%; urban construction land and the
watershed increased by 344.49% and 57.35%.

(4) The vegetation index and the Budyko model parameters showed a substantial link, as
evidenced by the positive linear relationship between the NDVI and the parameter
n (correlation coefficient of 0.41, p < 0.01). In terms of precipitation and potential
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evapotranspiration in the S1 period, the correlation was not significant, while in the
S2 period, the correlation was significant.

(5) The sensitivity of the MRB runoff to changes in precipitation, NDVI, human activi-
ties, and potential evapotranspiration decreased sequentially in the S2 period, with
contributions of 32.41%, 30.65%, 27.51%, and 9.43%, respectively.
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