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Abstract: The occurrence of water scarcity and extreme hydrological events is becoming increasingly
frequent worldwide. The river runoff process, as an important link in the water cycle of a basin, is
an essential content of the study of hydrological processes in the basin. Vegetation is an influencing
factor closely related to hydrological processes in a watershed. This article quantitatively analyzes
the impact of vegetation restoration and climate variation on runoff in the Luan River Basin from
1982 to 2018. Firstly, trend analysis was conducted on runoff depth, precipitation, the Normalized
Vegetation Index (NDVI), and reference evaporation. Then, Mann-Kendall mutation analysis and
Pettitt mutation analysis were used to identify the year of runoff mutation. Finally, a Budyko model
was constructed to quantitatively analyze the impact of vegetation and climate change on the runoff
of the Luan River. The results showed that: (1) The runoff reduction rate of the Luan River was
1.2437 mm/a. The precipitation was increasing at a rate of 0.6977 mm/a. The reference evaporation
rate decreased at a rate of 0.0977 mm/a. The annual growth rate of the Budyko parameter (1)
was 0.0283. The annual growth rate of NDVI was 0.0022. (2) The coefficient of determination in
the functional equation (a = 14.74, b = —3.4105) for NDVI and Budyko parameter (1) was 0.3297
(p < 0.01). (3) The contributions of Pr, ETy, NDVI, and (n) to reduced flow were —17.49%, 1.46%,
35.25%, and 80.78%, respectively. The increase in vegetation would lead to a decrease in runoff.
This study can clarify the impact of vegetation restoration on water resource security in the Luan
River Basin.
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1. Introduction

Water is a precious resource for our human survival and development [1]. In the
context of global change, the problem of water security and water resources supply in
China has become increasingly prominent [2]. Under the dual impact of climate change and
human activities, the runoff process in river basins has undergone profound spatiotemporal
changes. The changes in river basin runoff are closely related to the increasingly severe
drought and flood disasters [3], bringing huge economic losses to human society and
even threatening the safety of human life and property [4]. In recent years, significant
achievements have been made in global vegetation restoration, with China, India, Europe
and other countries or regions being the most significant. While improving the ecological
environment, this may further exacerbate the problem of water scarcity. In areas where
water resources are scarce, it is necessary to study the interaction mechanism between
vegetation and watershed water cycle for afforestation. Otherwise, the shortage of water
resources will result in a low survival rate of trees. Moreover, vegetation growth consumes
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soil moisture through evaporation. If afforestation is not completed properly, it can alter the
local water balance and worsen the ecological environment [5]. In recent years, the impact
of human activities on the Luan River Basin has become increasingly strong. Under the
influence of ecological engineering such as water and soil conservation, the vegetation cov-
erage in the basin has been increasing. The contradiction between the supply and demand
of water resources driven by urbanization and agricultural irrigation has intensified. The
development and utilization rate of water resources in the basin has exceeded 86%. The
sharp decrease in surface runoff and inflow into the sea has seriously affected the healthy
and stable development of the regional economy [6]. Understanding the characteristics
and mechanisms of runoff changes is of great significance for ensuring regional water
security. Conducting research on the impact of vegetation restoration on water resources
can provide a more comprehensive understanding of the relationship between vegetation
restoration and water resources, which is conducive to objectively evaluating the hydrolog-
ical benefits of vegetation restoration projects and providing a scientific basis for vegetation
restoration practices.

As an important part of the terrestrial ecosystem, vegetation plays a role in connecting
the atmosphere, water, soil, and human society [7-9]. From 2000 to 2017, China’s vegetation
leaf area index significantly increased, accounting for 25% of the global net increase in
leaf area [10]. Among various vegetation indices extracted from remote sensing data, the
Normalized Vegetation Index (NDVI) is widely used in vegetation dynamics research due
to its clear physical significance and simple inversion algorithms [11,12]. Rouse et al. [13]
first proposed the Normalized Vegetation Index (NDVI) in 1973. They used a pixel binary
model to process the reflected light of each pixel in the image into NDVI and found that
this index is very consistent with the coverage and health status of plants. Subsequent
studies have found a significant correlation between NDVI and plant density, as it has a
long history, is simple, and relies on easily obtainable multispectral bands, which can reflect
the distribution and change characteristics of regional vegetation. It is considered one of
the effective indicators for monitoring land vegetation changes [14,15].

In the past, the research on influencing factors of runoff change was mainly qualitative
research. Now, due to the continuous development of various statistical methods and hy-
drological models, the analysis of the impact of runoff change is gradually increasing [16].
At present, the main methods for attribution analysis of runoff evolution include mathemat-
ical statistics [17], hydrological simulation [18], and elastic coefficient method [19]. Among
them, mathematical statistics mainly use mathematical methods such as regression analysis
and neural networks or statistical models to summarize the primary drivers’ contributions
to runoff shifts. This method is simple to calculate and requires long-series hydrological
data. The hydrological simulation method is based on the basin hydrological model or
land surface process model to quantitatively analyze the impact of each driving factor on
runoff change. This method has a strong physical mechanism and can be simulated under
different land use conditions and multiple climate scenarios, with high analysis accuracy.
The flexibility coefficient method is designed to calculate changes in runoff as a result of
weather variations and anthropogenic impacts based on the Budyko hypothesis and the
concept of flexibility coefficients. The logical ramification of this method is well established;
the parameters are easy to obtain; and the calculation is simple. Li et al., Nie et al. and
Wang et al. [20-23] investigated the influencing factors of runoff change using VIC model,
SWAT programs, and the cumulative rate of change of slope. Ji et al., Liang et al. and
Huang et al. [24-26] used Budyko’s method to investigate the factors affecting runoff.
Zhai et al. [27] determined the effect of weather fluctuation and anthropogenic action on
runoff variability in the study area based on the Budyko elasticity coefficient method of
measurement. Among them, the Budyko method is comparatively easier and has been
confirmed by multiple studies to be stable and reliable.

Scholars have conducted research on the relationship between plants and runoff.
He et al. [28] found that through simulating rainfall, compared to bare land, it takes a
shorter time and a smaller amount of runoff to stabilize when covered with litter. Shao [29]
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conducted research on the interaction mechanism between vegetation and the watershed
water cycle. It was found that the higher the plant cover, the higher the transpiration, the
larger the ratio of subsurface runoff to total runoff, and the higher the average soil moisture.
The impact of vegetation parameterization on the simulation results of the watershed water
cycle becomes increasingly significant as the time scale decreases. Shi et al. [30] found that
there is mainly an insignificant positive correlation between NDVI and surface runoff in
the watershed. Ji et al., Zhang et al., Ning et al., Wang et al., Liu et al. and Gao et al. [31-36]
studied the specific effects of tree growth on streamflow of different rivers.

Scholars have also achieved some results in the causation analysis of the Luan River
runoff. Zhao et al. [37] examined the trends and abrupt changes of runoff coefficients
in the Luan River Basin using the correlation coefficient method and the sliding ¢-test.
Sun et al. [38] employed the SWAT for characterizing the month-to-month infill runoff
procedure of Panjiakou Reservoir in the Luan River Basin under two future climate scenar-
ios from 2028 to 2050 and analyzed the runoff changes under future climate scenarios. It
was found that under the RCP2.6 scenario, the monthly average runoff increased by about
17 m3/s, while under the RCP8.5 scenario, the monthly average runoff increased by about
24 m?/s. Sun [39] analyzed the impact of ridge and ditch layout on slope runoff under
different scenarios. Cross ridge tillage can significantly weaken the phenomenon of rainfall
runoff under the rainstorm level, and the runoff yield increases with the increase in ridge
spacing. However, under different ridge and furrow trends, the influence of ridge spacing
on the runoff yield is different. Zhang [40] used the SWAT model to simulate the effects of
diverse landscape utilization patterns on the runoff of the Luan River. It was found that the
reaction of radial streams to land use/cover was influenced by forested land and geomor-
phological changes, with the effect of forested land being more significant. Fu [41,42] used
long-term weather data from 1953 to 2011 to study the pattern of climate and river water in
the Luan River Basin. Wu [43,44] found that land use change has led to spatial changes in
runoff, evaporation, and surface runoff in the Luan River Basin. Chen et al. [45,46] studied
the flow of the Luan River and found that anthropogenic factors should not be ignored.

Existing research has conducted attribution analysis on the impact of different factors
such as climate, underlying surface, and human activities on Luan River runoff. A compre-
hensive understanding has been formed on the changes in runoff, weather change, and
the contribution of human activities in the Luan River Basin. However, the characteristics
of the influence of vegetation change on the runoff coefficient of the Luan River and its
attribution still need to be further studied. Based on this, this article focuses on the issue of
runoff evolution under the influence of strong vegetation cover, quantitatively analyzes the
hydrological changes in the Luan River Basin from 1982 to 2018 and their response to NDVI
and climate, and analyzes the changes in hydrological and meteorological factors, such as
vegetation cover and runoff. This article first conducts trend analysis on the runoff of the
Luan River and then uses the Mann-Kendall mutation test method and Pettitt mutation
analysis method to find the mutation year of the runoff of the Luan River from 1982 to
2018. Based on the mutation year, the study period was divided into two time periods, and
the influence of each factor on runoff variations was worked out using the Budyko model.
The study can clarify the relationship between vegetation and water resources in the Luan
River Basin. It provides a scientific basis and reference for water resources adjustment in
the Luan River Basin.

2. Materials and Methods
2.1. Research Area

a. Location

Luan River Basin (Figure 1) (115°40’'~119°20" E and 39°10'~42°35’ N) is the second
largest river in Hebei Province, located in the northeast of North China, and belongs to
an important water system in the north of the Haihe River Basin. It involves 7 cities and
27 counties in Inner Mongolia, Hebei Province, and Liaoning Province. Luan River has a
total length of 888 km. The basin covers an area of 44,800 km?, of which 98% is mountainous



Land 2023, 12, 1626

4 of 14

China

and 2% is plain. Luan River Basin originates from Bashang Grasslands in Inner Mongolia,
and its middle reaches flow through mountainous and hilly areas in northern Hebei, while
its lower reaches mainly flow through plains [47,48].
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Figure 1. The geographical location and elevation of the Luan River Basin in China.

b. Weather and climate

This basin belongs to the temperate continental monsoon semi-arid zone. The average
annual precipitation is 560 mm, mainly in summer (70~80%). The average annual tempera-
ture is 5-12 °C, with a maximum temperature of 35.7 °C and a minimum temperature of
—35.1 °C, gradually decreasing from southeast to northwest. The average annual water
surface evaporation is 950~1150 mm. The mean yearly runoff is 4.192 billion m?, and the
annual water volume is mainly concentrated in summer [49,50].

c. Land use and cover

The main soil type is loam and its derivatives [51]. The predominant land cover types
in the watershed are cropland, woodland steppe, woodland, and grassland [52]. The terrain
of the Luan River Basin varies greatly, with a general trend of terrain tilting from northwest
to southeast, and the water system being distributed in a feather-like pattern [53]. The Luan
River Basin has about 500 annual water tributaries, including 33 primary tributaries, all of
which are over 20 km long. Among them, there are 10 primary tributaries with a drainage
area greater than 1000 km?, all of which are mountain streams with relatively abundant
water volume [54].

2.2. Data Sources

Runoff data of the Luan River Basin come from the Luanxian Hydrological Station.

Luan River Basin climate station data from the China Meteorological Administration
(http:/ /www.cma.gov.cn/ accessed on 1 July 2023). The dataset contains daily meteoro-
logical data from all stations in the research area from 1982 to 2018. The annual mean
precipitation of the Luan River Basin was obtained by Kriging interpolation using annual
precipitation data from 1982 to 2018 from all meteorological stations in the study area
(Figure 2).
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Figure 2. Annual precipitation distribution in the Luan River Basin from 1982 to 2018.

The reference evapotranspiration of each meteorological station from 1982 to 2018
was calculated using the Penman-Monteith formula suggested by the FAO. Then, Kriging
interpolation was used to obtain the annual reference evapotranspiration for the Luan
River Basin.

The NDVI data in this article are sourced from https://www.ncei.noaa.gov/data/
land-normalized-difference-vegetation-index/access/ accessed on 1 July 2023.

2.3. Research Methods
2.3.1. Mann—Kendall Trend Analysis Method

Commonly used non-parametric testing methods include Mann-Kendall trend analy-
sis testing proposed by Mann [55] and Kendall [56]. Mann—Kendall trend analysis method
is a non-parametric statistics test method. Its advantage is that samples cannot follow
a specific distribution, nor be interfered with by a few outliers. The calculation is also
relatively simple. This article uses the Mann—Kendall trend analysis method to analyze the
trend of runoff, precipitation, reference evaporation, NDVI, and 7 in the Luan River Basin
from 1982 to 2018.

2.3.2. Mann—Kendall Mutation Analysis Method

The Mann-Kendall mutation analysis method is one of the most commonly used meth-
ods for analyzing the trend of changes in meteorological and hydrological elements [57]. It
has strong applicability and simple calculation. It can specify the start time of the mutation
and indicate the mutation area [58]. This article uses the Mann—-Kendall mutation analysis
method to conduct a mutation analysis of the runoff in the Luan River Basin from 1982
to 2018.

2.3.3. Pettitt Mutation Analysis Method

The Pettitt mutation analysis method is also a non-parametric test statistical method,
which can determine whether there is a mutation point in the calculated data sequence
based on the mean change and indicate the time point to which the mutation point belongs.
This method has simple calculation steps, clear results, and a good recognition effect for
mutation points and is widely used. This article uses the Pettitt mutation analysis method
to conduct a mutation analysis of the runoff in the Luan River Basin from 1982 to 2018.
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2.3.4. Corrected Budyko Equation

This article adopts the Budyko model and takes into account the research of other
scholars [19,59-61]. The following formulas mainly refer to the research of Ji et al. [36].

R =Pr—ET 1)

ET, Pr, and R denote the actual evaporation, precipitation, and runoff depth of the
study area, respectively [62].

Pr x ET

ET=—— "0 __
(Prt 4+ ETy")M/"

@

ETy denotes the reference evapotranspiration in millimeters, calculated from the
Penman-Monteith equation. The Budyko n parameter represents the anthropogenic factors.
Anthropogenic factors affect the flow in the Luan watershed in various ways, such as
through hydraulic engineering and forestation [63].

n=ax*xNDVI+b 3)
Pr x ET,
R ="Pr— W
(pra*NDVHb n ETOg*NDVIH,)l/(a*NDVIHJ)

eP, eET, en, and eNDVI denote the elasticity coefficients of R with respect to Pr, ET,
n, and NDVI, respectively, and are calculated by the following equation [32].

I G G (/) 5
(i (5)") [+ (52)") " = (%)
¢ET, = ! (6)

() - (%)) ]
n(1+(%)") + () m(1+(%) )

= )
en (1+(ET0) ) L (1+(ET0> n)l/n] 7
sNDVlzsn% ®)

Depending on the year of sudden change, the study period can be divided into S1 and
52, and the differences in precipitation (APr), potential evapotranspiration (AET), bottom
surface characteristics (An), and NDVI (ANDVI) are calculated from S1 to S2. Where ARp,,
ARgt,, ARy, and ARnpyy are the values of flow changes due to changes in precipitation,
potential evapotranspiration, n, and NDVI, respectively [36].

R
ARp, == eP— X AP 9
Pr € Pr X r ( )
AR =¢ET i X AET (10)
ETy — OETO 0

R
AR, = en; X An (11)
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R
ARnpvi = eNDVIm x ANDVI (12)
ARpym = ARy — ARNDy I (13)

1Rpr, 1RET,, P RNDVI, and Ry represent the contribution of precipitation, potential
evapotranspiration, NDVI, and anthropogenic factors to the flow, respectively, calculated
using the following formulas [36].

AR = ARp, + ARgT, + ARNDYI + DRy (14)
#Rpr = ARp, /AR x 100% (15)

nRer, = ARET, /AR X 100% (16)
nRnpvi = ARNpy1/AR X 100% (17)
7RH = ARjym/ AR x 100% (18)

3. Results
3.1. Trend Analysis of Various Factors

After obtaining the reference evapotranspiration, precipitation, and runoff depth of
the study area, the Budyko parameter (1) can be calculated using the Budyko formula.
In order to analyze the impact of changes in various factors on the runoff of the Luan
River, we explored the temporal variation characteristics of various factors in the Luan
River Basin.

According to Mann—Kendall trend analysis of various research elements (Table 1), it
was found that the runoff of the Luan River significantly decreased at the 0.05 level, with a
reduction rate of 1.2437 mm/a. The precipitation was increasing at a rate of 0.6977 mm/a.
The reference evaporation rate decreased at a rate of 0.0977 mm/a. (n) Significant growth
at the 0.05 level, with an annual growth rate of 0.0283. NDVI has significantly increased at
the 0.01 level, with an annual growth rate of 0.0022. Figure 3 shows the changes in runoff,
precipitation, and reference evaporation from 1982 to 2018.

Table 1. Mann—Kendall trend analysis of various factors.

B Z Statistic Significant Level
R —1.2437 (mm/a) —2.3411 0.05
P 0.6977 (mm/a) 0.6147 -
ET, —0.0977 (mm/a) —0.2354 -
n 0.0283 2.4458 0.05
NDVI 0.0022 6.0555 0.01

1000

o N o® w
8 8 8 8

Hydrometeorological factors (mm)
o~ w
8 8

L I RPN P TP TP <P B\ T AP TN SR I By

e e e 9 P S

FFFFFE PP EE TS
Year

—— Runoff depth Pr Reference evaporation

Figure 3. Changes in runoff, precipitation, and reference evaporation from 1982 to 2018.
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3.2. Analysis of Sudden Changes in Runoff

Through the Mann-Kendall mutation analysis method, a mutation analysis was con-
ducted on the runoff of the Luan River from 1982 to 2018. The Mann—Kendall mutation
analysis method is a non-parametric test method recommended by the World Meteoro-
logical Organization and has been widely used to analyze the changes in precipitation,
runoff, temperature, and other elements of time series. The Mann-Kendall mutation test
is generally believed to be reliable at a 0.05 significance level [57,58,64]. When two lines
intersect and the intersection point falls within the 0.05 significance level range, it can be
assumed that the time communicating with the intersection point is the time when the time
series data undergo a mutation. The research results showed (Figure 4) that, with 2009
as the boundary, the runoff of the Luan River began to undergo mutations. In order to
verify the mutation performance of the MK mutation analysis of runoff, the Pettitt mutation
analysis was used to diagnose the mutation years of the same data. Figure 5 also showed
that 2009 was the year of abrupt change in runoff. So, according to the findings of the two
methodologies, it was concluded that the year 2009 is the year of mutation in the annual
runoff of the Luan River.

5

nt — UF curve
====UB curve
0.05 significant level | |

Statistics

1985 1990 1995 2000 2005 2010 2015
t (year)

Figure 4. Results of the 1982-2018 runoff depth Mann-Kendall mutation test.

200

150 |

100 |

50

o

Statistics

-50

-100

-150

L L

200 . \ . . . |
1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Figure 5. Results of the 1982-2018 runoff depth Pettitt mutation test.

3.3. NDVI and (n) Fitting Analysis

From the data of NDVI and Budyko parameters, we plotted a 5-year moving average
scatter plot of NDVI and Budyko parameters. As shown in Figure 6, we obtained the
functional formula of NDVI and Budyko parameter (1), where the slope was 14.74, the
intercept was —3.4105, and its decision coefficient was 0.3297 (p < 0.01).
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y=14.74x - 3.4105 .
R2=0.3297

0.34 0.35 0.36 0.37 0.38 0.39 0.4 0.41 0.42 0.43

Figure 6. Regression equations for NDVI and #.

3.4. The Effects of NDVI on Runoff

Depending on the results of Pettitt’s mutation test and MK’s mutation test, the research
term was classified into S1 (1982-2009) and S2 (2010-2018), and the hydrometeorological
elements and NDVI data of the Luan River Basin were found in different terms (Table 2).

Table 2. Values of hydrometeorological elements and NDVI.

Periods R/mm Pr/mm ETy/mm  NDVI n
51 (1982-2009) 79.29 496.13 822.60 0.38 1.97
S2 (2010-2018) 30.01 531.39 829.82 0.42 3.73
A —49.28 35.26 7.22 0.04 1.76

The R in the Luan River Basin decreased from S1 (79.29 mm) to S2 (30.01 mm), a
decrease of 49.28 mm. Pr increased from S1 (496.13 mm) to S2 (531.39 mm), an increase
of 35.26 mm. The ETj increased from S1 (822.60 mm) to S2 (829.82 mm), an increase of
7.22 mm. NDVI increased from S1 (0.38) to S2 (0.42), an increase of 0.04. n increased from
S1 (1.97) to S2 (3.73), an increase of 1.76.

The elasticity coefficients for Pr, ETy, NDVI, and n can be calculated from the differ-
ences between the two periods in Table 2. The variations in flow due to Pr, ETy, NDVI, and
n were then calculated. The elastic coefficient of Pr (eP) R was 2.98 (Table 3), indicating that
a 1% reduction in Pr results in a 2.98% reduction in runoff depth.

Table 3. Attribution analysis of changes in flows.

ePr eEy

&n

eNDVI  APr ARgr, ARnpvi  ARpym 7Ry 1Rero  #Rnpvi  #Rpum

2.98 —-1.98

—1.89

—4.64 14.03 -1.17 —28.27 —64.80 —17.49% 1.46% 35.25%  80.78%

The elastic coefficients R of ETy (eETy), Budyko parameter n (en), and NDVI (eNDVI)
were —1.98, —1.89, and —4.64, respectively, indicating that when ETj, Budyko parameter
n, and NDVI increase by 1%, the runoff depth decreases by 1.98%, 1.89%, and 4.64%,
respectively. Finally, the contribution of ETy, Pr, n, and NDVI to the flow was calculated
according to formulas (15-18). In the S2 period (2010-2018), the contributions of ETy, Pr, n,
and NDVI to runoff reduction were 1.46%, —17.49%, 80.78%, and 35.25%, respectively. In
conclusion, the variation of river flow in the study area was mainly affected by the changes
in NDVI and subsurface.

4. Discussion

In Figure 4, UF statistics are a sequence of statistics calculated by the order of time
series X, and UB statistics are a sequence of statistics calculated by the inverse order of time
series X. Based on Figures 4 and 5, 2009 was the year of abrupt runoff change. The use of
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two mutation detection methods can make the results more scientific and accurate. El Nino
and La Nina phenomenon is a phenomenon that occurs in the equatorial Pacific Ocean due
to negative/positive sea surface temperature (S5ST) [65]. Many scholars believe that the El
Nino and La Nina phenomenon can affect the size of runoff. Kilicarslan et al. [66] believe
that SST mainly affects the heat and water fluxes at the atmospheric lower boundary; thus,
there is a significant connection between SST changes and extreme runoff. Colleoni et al. [67]
found that SST has a significant impact on Mediterranean runoff. Chen et al. [68,69] studied
the relationship between changes in river runoff in China and precipitation, sea surface
temperature, and El Nino Southern Oscillation (ENSO), and the results showed a significant
relationship between runoff and ENSO. Therefore, we believe that the El Nino and La
Nina phenomenon from 2009 to 2010 [70] may have affected the climatic and hydrological
factors of the Luan River, leading to a sudden change in the runoff of the Luan River in
2009. Li et al. [65] demonstrated this by studying the hydrological situation of the Luan
River Basin from 1965 to 2012. They found that the severe drought in the Luan River
Basin in 2009 was mainly caused by the negative phase of Arctic Oscillation (AO) and SST
anomalies during this period. In addition, the Luan River Longhua Water Conservancy
and Hydropower Project, built in 2009, may also be an important reason for the sudden
change in Luan River runoff in 2009.

Zhou et al. [71] believe that the runoff and potential evaporation in the Luan River
Basin showed a downward trend from 1961 to 2018. The results of this study are consistent
with those of Zhou et al. (Table 1). The trend of increasing precipitation is consistent
with the shift towards warm and humid regional climate in the context of global warming.
The contribution rate of precipitation to the reduction of runoff is —17.49%, indicating
that precipitation has a negative effect on the reduction of runoff. Overall, in the Luan
River Basin, the inflow (precipitation) of water increases, while the outflow (ET and runoff)
decreases. The missing portion of water in the middle may be interfered with by human
activities. The contribution rate of human activities to runoff reduction is as high as 80.78%.
For example, the construction and operation of reservoirs have changed the hydrological
situation of downstream rivers. Reservoirs store water during high water periods, leading
to a decrease in downstream runoff, while releasing water during low water periods
increases downstream runoff. The Panjiakou and Daheiting reservoirs in the Luan River
Basin release very little water during the rice irrigation period from May to September
each year, which results in a long-term cutoff of the downstream river of the Daheiting
reservoir [43]. Human beings use a large amount of runoff to obtain water to meet the
needs of cities, agriculture, and industry. The dam adjusts water flow to generate electricity,
reducing downstream runoff. The large-scale vegetation restoration has increased the water
consumption of vegetation, which is the reason for the reduction of runoff and evaporation.

During the study period, NDVI showed an upward trend, which may be because the
Chinese government vigorously implemented key projects such as “Grain for Green” to
protect and expand forests, reduce land desertification, and prevent soil erosion. Based on
this study, we found that the contribution rate of NDVI to runoff reduction was 35.25%
(Table 3), which cannot be ignored. The increase in vegetation in the Luan River Basin would
lead to a decrease in runoff. Some scholars’ research is consistent with the conclusions of
this study. Zhang et al. [72] found that for every 10% increase in NDVI, the average runoff
in the watershed decreases by 8.3%, and the impact of vegetation changes on runoff has
significant spatial differences. The impact of NDVI changes on runoff is more significant
in areas with drier climate and poorer vegetation conditions. Du et al. [73] combined
the Budyko equation and found that natural runoff in a watershed is highly sensitive to
vegetation change, with underlying surface changes characterized by vegetation change
contributing 80% to runoff attenuation. Zhi et al. [74] found that vegetation cover change
is gradually dominating runoff changes in the watershed, and increasing vegetation may
lead to a decrease in water resources in the watershed. However, some scholars believe
that the impact of vegetation coverage on runoff varies with the magnitude of annual
rainfall. When the rainfall changes near the average annual rainfall, the runoff coefficient
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decreases with the increase in vegetation coverage [75]. The government should attach
great importance to the impact of large-scale restoration projects on the natural runoff
attenuation of rivers. It is suggested that natural restoration should be the main focus of
vegetation restoration in the Luan River Basin in the future, and appropriate control should
be exercised over artificial vegetation restoration projects.

The growth of vegetation is influenced by factors such as temperature and precipita-
tion, and the growth status of vegetation may vary in different climatic conditions. The
impact of vegetation on hydrological processes (interception, transpiration, and infiltra-
tion) may vary. Overall, when implementing vegetation restoration projects in regions
with different climatic conditions, the impact of vegetation restoration on runoff may vary
depending on the effectiveness of vegetation restoration [76]. Although this article strictly
controls the quality of data and models, there are still some uncertainties. Due to the wide
range of human activities involved, it is difficult to accurately estimate the impact of human
activities. Secondly, the premise of the elasticity coefficient method assumed by Budyko
is that all variables are independent and do not affect each other. However, in reality,
the underlying surface, climate, and ecosystem form a complex whole, and these factors
interact and influence each other, which can lead to errors in the model. The underlying
surface change of the basin is mainly caused by human activities, such as water conservancy
projects, land use changes, water and soil conservation, and the Grain for Green program.
Under the influence of these human factors, the hydrological sequence changes accordingly.
Human activities affect the underlying surface of a watershed, thereby affecting its runoff
and runoff characteristics. This article separated the impact of vegetation on the underlying
surface but did not separate the effects of dams, farmland, and organisms on the underlying
surface. Further research can be conducted on this in the future. This study has certain
guiding significance for vegetation restoration and water resource security in the Luan
River Basin.

5. Conclusions

This study quantitatively analyzed the contribution rates of different factors to the
runoff changes of the Luan River. Firstly, a trend analysis was conducted on the runoff, and
then the Mann-Kendall mutation analysis method and Pettitt mutation analysis method
were used to find the mutation year of the Luan River runoff from 1982 to 2018, with
the mutation year being 2009. Based on the mutation year, the study period was divided
into two periods: S1 (1982-2009) and S2 (2010-2018). The NDVI was separated from the
underlying surface and calculated the impact of various factors on runoff changes based
on the Budyko model. The research showed that:

(1) The runoff reduction rate of the Luan River was 1.2437 mm/a. The precipitation was
increasing at a rate of 0.6977 mm/a. The reference evaporation rate decreased at a
rate of 0.0977 mm/a. The annual growth rate of (1) was 0.0283. The annual growth
rate of NDVI was 0.0022.

(2) The coefficient of determination in the functional equation (a = 14.74, b = —3.4105) for
NDVI and Budyko parameter (1) was 0.3297 (p < 0.01).

(3) The contributions of Pr, ETy, NDVI, and (n) to reduced flow were —17.49%, 1.46%,
35.25%, and 80.78%, respectively.

Studying the interaction mechanism between vegetation and watershed runoff can
provide a basis for quantitative evaluation of the impact of human activities (such as
deforestation or soil and water conservation projects) on water resources and provide a ref-
erence for evaluating the problems or effects of human activities on ecological environment
changes and soil and water resource utilization.
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