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Abstract: While climate change and vegetation dynamics have a strong relationship, few studies
have specifically measured the effects of these factors on runoff and sediment development in the
gully zone of the Loess Plateau. This study investigates the monthly impacts of climatic change and
vegetation dynamics on water flow and sediment movement in the gully zone of the Loess Plateau
between 2000 and 2016. In this study, the standard gully watershed of the Loess Plateau is investigated
using partial least squares structural equation modeling (PLS-SEM). The state of vegetation in the
watershed is characterized by utilizing the vegetation index obtained using the Moderate Resolution
Imaging Spectroradiometer (MODIS), along with monthly hydro-meteorological and vegetation data.
The collective impacts of vegetation dynamics, climate change, and runoff contribute to 74.3% of
the monthly fluctuations in sediment levels. The data indicate that 31.6% of the monthly runoff
variability can be ascribed to the combined influence of climate change and vegetation dynamics.
Climate change significantly influences flow and sediment via direct and indirect mechanisms,
primarily by altering the growth and development of vegetation, which subsequently impacts both
runoff and sediment. The impact of vegetation on sediment (—0.246) is more pronounced compared
to its impact on runoff (—0.239). Furthermore, the impact of vegetation on sediment (—0.038) was
significantly less significant compared to the impact on runoff (—0.208). Hence, the vegetation in
the watershed primarily mitigates sediment deposition and suspended sediment transit in the water
body by regulating runoff, thereby reducing the sediment load. This study examines the intricate
correlation between climate change and vegetation dynamics on water flow and sediment deposition
in the gully region of the Loess Plateau. It can serve as a helpful resource for managing water
resources, allocating agricultural water, and planning soil conservation in the region.

Keywords: climate change; vegetation dynamics; the Loess Plateau; sediment; partial least squares
structural equation modeling (PLS-SEM)

1. Introduction

The Loess Plateau region is experiencing significant soil erosion problems, one of
the area’s most pressing ecological challenges [1]. According to the 2019 China Soil and
Water Conservation Bulletin, the Loess Plateau has a total land area of 574,600 km?2, with
a land erosion area of 210,100 km?2, accounting for 36.56 percent of the total land area. Of
the total area, 159,900 km? experiences hydrological erosion, 76.11% of soil erosion. As a
result, it is regarded as one of the most severely affected regions by soil and water erosion
globally [2-4]. Additionally, it contributes to almost 90% of the sediment volume in the
Yellow River [5]. Soil erosion in the Loess Plateau region can cause excessive sediment in
the Yellow River and land degradation. It threatens the sustainability of the ecosystem,
leading to widespread socio-economic concerns [6,7]. Since the 1950s, China has carried out
continuous and systematic soil erosion control projects in the Loess Plateau region, focusing
on vegetation protection and construction as basic ecological management measures. For
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example, the Grain-for-Green Project (GGP) in 1999 [8] and the Natural Forest Protection
Project were carried out in 2000 [9]. These measures have achieved remarkable results,
decreasing sediment and runoff in the Yellow River by 0.02 Gt/year and 0.25 km?/year from
the 1950s to the 2010s [10]. However, the significant reduction in runoff has exacerbated
water scarcity in the Yellow River. This has severely hampered local socio-economic
development [11]. Previous studies have demonstrated that soil properties, topography,
vegetation, and prevailing meteorological conditions all play a role in influencing water
flow and sediment movement in a given drainage basin [12-14]. However, in the Loess
Plateau region, the soil and landscape are generally considered to be relatively stable over
short timeframes [15]. Climate change and vegetation dynamics are the primary factors
that influence watershed runoff and sediment. These factors” impacts on flow and sediment
are divergent [16,17]. The runoff and sediment loads originating from a watershed exert a
significant impact on both soil erosion and the transportation of nutrients. This presents
multiple hazards to agricultural sustainability via the deterioration of soil quality and
decreased crop productivity [18]. This further contributes to the intricacy of comprehending
watershed runoff and sediment. In this region, climate change could lead to changes in
precipitation patterns, affecting runoff volumes [19,20], and vegetation dynamics could
affect soil retention and vegetation cover, affecting sediment production [21,22]. Hence, it
is crucial to adopt an integrated approach to comprehensively understand the effects of
climate change and vegetation dynamics on watershed hydrological processes. In-depth
studies are necessary to gain a better understanding of this intricate relationship.

Previous researchers have employed various methods, such as statistical data analysis,
climate elasticity, and hydrological modeling, to differentiate the effects of climate change
and vegetation dynamics on watershed flow and sediment [10,23,24]. This methodology
allows for the precise differentiation of the individual impacts of climate change and
vegetation dynamics on changes in yearly watershed runoff and sediment. However, it is
challenging to decouple the distinct influences of climate change and vegetation dynamics
on alterations in watershed runoff and sediment. This challenge arises primarily from the
conventional approach that treats climate change and vegetation dynamics as separate
and unrelated phenomena. The interactions via which climatic variability and vegetation
dynamics affect runoff and sediment are intricate. The presence of runoff and sediment in a
watershed is directly impacted by variations in precipitation, encompassing both the overall
amount of precipitation and the intensity of precipitation events. Precipitation indirectly
affects runoff by promoting plant growth. Climate change, on the other hand, directly
impacts vegetation dynamics, which subsequently influence water flow and sediment
deposition [25]. In addition, runoff and sediment content, as well as the state of vegetation
in the watershed, are affected by precipitation and temperature in the antecedent period [4].
Soil saturation and moisture, which affect runoff, sediment, and vegetation in the watershed,
are influenced by antecedent precipitation and temperature [4]. These interrelationships
can make it difficult to predict how runoff and sediment will respond to climate change
and vegetation dynamics. Therefore, the decoupling of the impacts of vegetation dynamics
and climate change on runoff and deposition is imperative.

Structural Equation Modeling (SEM) is a valuable statistical technique used to explore
complex relationships between variables [15]. It integrates elements of factor analysis, path
analysis, and regression analysis, enabling the examination of connections between latent
and observed variables. SEM assists in differentiating between direct effects (the relation-
ship between independent and dependent variables) and indirect effects (the relationship
between independent and dependent variables influenced by other variables), while also
quantifying the strength of each relationship. PLS-SEM, a type of SEM, is capable of han-
dling small sample sizes and non-normally distributed data, providing greater flexibility
for exploratory studies and complex models [15]. Its popularity is increasing in finance,
social sciences, agricultural economics, and ecology [26-29].
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This study conducted a detailed investigation and analysis of the Yanwachuan water-
shed, a typical watershed in the gully region of the Loess Plateau. At the monthly scale,
it utilized Pearson correlation analysis to analyze the lag effects of vegetation response to
climatic factors. Furthermore, it employed PLS-SEM to decouple the impact of climate
change and vegetation dynamics on runoff. The objectives of this study are: (1) to utilize
Pearson correlation analysis to examine the lag effects of two vegetation indices in response
to precipitation and temperature, (2) to quantify the relative magnitude of the direct and
indirect impacts of climate change and vegetation dynamics on runoff and sediment using
PLS-SEM, and (3) to evaluate the indirect effects of climate factors on runoff and sediment
via their influence on vegetation dynamics.

2. Materials and Methods
2.1. Study Area

The watershed spans 367.5 square kilometers with elevations ranging from 948 to
1432 m above sea level, as depicted in Figure 1. Located in the semi-humid monsoon
climate zone, it experiences an average annual rainfall of 552.8 mm (2000-2016) and a mean
annual temperature of 10.1 °C, with 78.6 percent of the annual precipitation occurring
between May and September. The area is situated in the southern part of the river basin.
The geomorphology of the watershed is mainly composed of three types: Loess, beam,
and mountain slopes and gullies, which account for 53.7%, 17.7%, and 28.6% of the total
area, respectively [30]. The watershed exhibits typical landform characteristics of the Loess
Plateau gully region. The geological structure of the Yanwachuan watershed is relatively
homogeneous, and the ground surface is mainly covered by Quaternary loess that can be
up to about 200 m thick [3,31]. Soil erosion is a massive problem. To control soil erosion,
an experimental study on comprehensive watershed management in the Yanwachuan
watershed, a typical mesoscale watershed of the Loess Plateau gully area, was conducted
by the Xifeng Water Conservation Station of the Yellow Commission in 1975. Figure 2
presents the land use patterns in 2000 and 2010, revealing that grassland and agricultural
land constitute the primary land use types within the watershed. Furthermore, it is evident
that a significant amount of agricultural land underwent conversion to construction land
and grassland during this period. By the end of 2012, the area treated by soil and water
conservation measures had reached 238.59 square kilometers, with a treatment rate of
68.96% [3,32].
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Figure 1. Overview of the study area.
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Figure 2. The land-use situation in 2000 and 2010.

2.2. Data

This study examines the variables that may have affected the monthly sediment in the
Yanwachuan watershed from 2000 to 2016. The selected variables include climatic factors
such as monthly precipitation and temperature, runoff, and vegetation characteristics. The
precipitation and temperature data were collected from the daily records of the Xifeng
National Meteorological Observatory. To reflect the effect of temperature, we selected the
monthly average, maximum, and minimum temperatures. To reflect the effect of monthly
precipitation, we used the monthly total precipitation amount, monthly maximum 1-day
maximum precipitation, and monthly count of days with precipitation. We calculated the
monthly mean precipitation using the Tyson polygon method. The Normalized Difference
Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI) were downloaded
from the LAADS DAAC database (http:/ /ladsweb.modaps.eosdis.nasa.gov/) (accessed on
13 June 2023). Both indices are based on the principle of red absorption of infrared radiation
by healthy vegetation and can be calculated using remote sensing data. They directly
reflect vegetation’s growth, cover, and health status and are widely used in agriculture,
forestry, ecology, and other fields [33-39]. The indices have a spatial resolution of 250 m
and a temporal resolution of 16 days. The runoff and sediment data were obtained from
the daily precipitation and runoff data of the Xifeng Soil and Water Conservation Scientific
Experiment Station of the Yellow River Conservancy Commission. Measurements were
conducted at the watershed outlet, and the relevant datasets were thoroughly examined
for their feasibility prior to their release. A 90 m resolution digital elevation model was
selected using ArcGIS software to map the watershed boundary.

2.3. Methods

(1) Pearson correlation analysis

This study utilized the Pearson correlation coefficient to investigate the delayed effects
of various vegetation indices on temperature and precipitation. This analysis aimed to
separate the influences of vegetation dynamics and climate change on the hydrological
parameters of the watershed [40]. Previous research has shown that vegetation responds to
changing climatic conditions within three months [41-43]. Therefore, this study considered
a lag of 0-3 months when analyzing Pearson correlations between the two vegetation in-
dices and climatic factors. The lagged response time with the highest correlation coefficient
was considered the most suitable. The Pearson correlation coefficient is a widely used statis-
tical measure that assesses the strength and direction of the relationship between variables,
ranging from —1 to 1. It provides important information about the degree of correlation
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between variables. The p value was used to indicate the test’s level of significance. The
calculation of the correlation coefficient R is as follows [23]:
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where 1 is the length of the data, and x and y are the values corresponding to time i. Corre-
lations can be categorized into five groups based on the absolute value of the correlation
coefficient: very weak or no correlation (R < 0.2); weak correlation (0.2 < R < 0.4); moderate
correlation (0.4 < R < 0.6); strong correlation (0.6 < R < 0.8); and very strong correlation
(0.8<R<1).

(2) Partial least squares structural equation modeling

Partial least squares structural equation modeling (PLS-SEM) is predominantly em-
ployed to examine causal links among latent variables [44]. In theoretical models, we
can measure the causal relationships between potential variables using the corresponding
observed variables. A PLS-SEM model has two main components: measurement and
structural models [45] (Figure 3). The measurement model is an expression of the relation-
ship between the observed and latent variables. The relationship between exogenous and
endogenous latent variables is expressed in the structural model. The results of the path
analysis are visualized using path coefficient 3, which indicates the direction and strength
of causal relationships between latent variables [46]. The external model loadings show
how the explicit variables respond to the latent variables. In a linear system, direct effects
are denoted by the relevant path coefficients, while indirect effects refer to the paths that
involve intermediate variables. The total effect is the cumulative result of both the direct
and indirect effects that elucidate the connection between the variables. The goodness of
fit (GOF) refers to the accuracy of the predictions made by the model and is calculated as
follows [47,48]:

GOF = \/ Communality X R2 2)

where Communality denotes the average of Q? for all conformations under the commonality
of conformational cross-validation and R? is the average of R? for all endogenous variables.
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Figure 3. PLS-SEM structure.

Climatic conditions exert both direct and indirect influences on runoff [49]. Within
each category, several indicators were selected as observed variables (Table 1). In order
to examine potential causal relationships between climate change, vegetation dynam-
ics, and runoff in the study area, the researchers developed the following hypotheses:
(1) The presence of precipitation causes an increase in soil moisture, which decreases wa-
ter’s ability to seep into the ground and increases runoff. Additionally, the growth of plants
can be indirectly influenced by precipitation and antecedent precipitation, which in turn
affects runoff [50]. (2) Variations in temperature and antecedent temperature might impact
vegetation cover by modifying plant morphology and photosynthetic processes [51,52].
(3) Previous studies have demonstrated a negative correlation between vegetation dy-
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namics and both runoff and sediment changes [53,54], indicating that vegetation cover
significantly influences surface runoff and indirectly affects sediment changes. (4) Sediment
is directly impacted by surface runoff, and a clear and positive relationship between these
two factors has been observed in previous studies [55,56]. PLS-SEM was performed using
SmartPLS (version 3) software (https:/ /www.smartpls.com/) (accessed on 13 July 2023).

Table 1. PLS-SEM selection of latent variables as well as observed variables.

Latent Variables Measured Variables Description Unit
Plmon Total monthly precipitation 1 month before mm
Antecedent precipitation P2mon Total monthly precipitation 2 months before mm
P3mon Total monthly precipitation 3 months before mm
P Monthly total precipitation amount mm
Precipitation PD Monthly count of days with precipitation
Pmax Monthly maximum 1-day precipitation mm
Tlmon Average monthly temperature 1 month before °C
Antecedent temperature T2mon Average monthly temperature 2 months before °C
T3mon Average monthly temperature 3 months before °C
T Monthly average temperature °C
Temperature Tmax Monthly maximum temperature °C
Tmin Monthly minimum temperature °C
Vegetation NDVI Normalized difference vegetation index
EVI Enhanced vegetation index
Runoff R Monthly total runoff x10* m3
Sediment SL Total monthly sediment x10% t
3. Results
3.1. Monthly Dynamics of Climate, Vegetation, Runoff, and Sediment
Figure 4 illustrates the monthly variations in runoff and sediment load from 2000 to
2016. Both variables show significant seasonal variations. The highest values occur in July.
Table 2 shows that mean monthly temperature (T) and minimum temperature (Tmin) were
highest in June-August, while maximum temperature (Tmax) was highest in June-July.
The data show that total monthly precipitation (P) and monthly precipitation days (PD)
were significantly higher in July-September, while maximum monthly precipitation (Pmax)
was significantly higher in July-August. Regarding vegetation variables, NDVI and EVI
were significantly higher (p < 0.05) in July-September and June—August compared to the
other months.
Table 2. Comparison of climate variables and vegetation variables in different months in the
Yanwachuan watershed, 2000-2016.
Latent Measured Month
Variables Variables 1 ) 3 4 5 6 7 8 9 10 11 12
6.0 9.9 17.5 29.5 449 58.2 1181 1025 1106 357 15.2 42
P of ef  def cde bc b a a a  bed  def  f
Precipitation Pmax 3.3 44 8.4 13.7 16.0 22.3 46.9 36.8 27.8 12.1 5.6 2.3
ef ef def def cde cd a ab bc def ef f
PD 3.0 45 55 55 8.1 8.5 10.6 10.6 12.1 7.2 3.6 2.6
fg efg ef ef cd bed abc ab a de fg g
—3.8 0.1 5.6 11.9 16.4 20.9 21.9 20.3 15.4 10.2 4.0 -21
T g f d c b a a a bc d e g
. -107 —-64 34 29 9.9 15.0 16.9 15.4 9.4 42 —-25 88
Temperature Tmin f e d c b a a a b c d f
2.1 7.0 14.3 19.9 222 25.8 26.3 25.1 20.9 15.7 9.9 29
Tmax j h f d c ab a b c e g i

i
e g i j h f d C ab a b C
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Table 2. Cont.
Latent Measured Month
Variables Variables 1 2 3 4 5 6 7 8 9 10 11 12
NDVI 0.5 0.4 0.4 O.C? Ok.)7 0];’7 0.8 0.8 0.7 0].37 0.6 O(f
Vegetation © © © ¢ a a a ¢
EVI 0.3 0.2 0.3 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.4
e f ef c b a a a b cd c d
Different letters indicate a significant difference between different months at a p < 0.05 level.
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Figure 4. Temporal variation in monthly runoff and sediment in the Yanwachuan watershed.

3.2. Temporal Delays in the Impact of Vegetation Indicators on Precipitation and
Temperature Response

Correlation studies were conducted to examine the delayed impact of vegetation
on climate by assessing the relationship between vegetation and both precipitation and
temperature. The analyses included four time lag values (0, 1, 2, and 3 months), resulting in
a total of 16 correlations. The correlations between the vegetation indices (NDVI and EVI)
and precipitation are summarized in Figure 5. With a lag of 0, 1, or 2 months, significant
correlations were found between vegetation indices and precipitation. The strongest
correlation was observed at 0 months lag, with correlation coefficients of 0.68 and 0.605 for
vegetation indices and precipitation, respectively. However, the correlation became less
significant and dispersed at three months lag. Figure 6 displays the correlation between the
vegetation index and temperature at lag times ranging from 0 to 3 months. Regardless of
the lag value, the results indicate a significant correlation between vegetation index and
temperature. The correlation coefficients were the highest at a lag of 1 month, with values
of 0.879 and 0.819, respectively. This suggests that the vegetation index responds to the
climate after one month. The PLS-SEM model excludes the total monthly rainfall (P3mon)
up to 3 months before, based on the correlation analyses.
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Figure 5. Various delays (0-3 months) in the Yanwachuan watershed, scatterplots, and correlation
coefficients of chosen vegetation indicators and precipitation. Coefficients of correlation (R) and
p-values are displayed in the graphs.
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Figure 6. Various delays (0-3 months) in the Yanwachuan watershed, scatterplots, and correlation
coefficients of chosen vegetation indicators and temperature. Coefficients of correlation (R) and
p-values are displayed in the graphs.

3.3. Decoupling Climate Change and Vegetation Dynamics Effects on Runoff and Sediment

PLS-SEM was utilized in this study to separate the influences of plant cover and
climate change on runoff and sediment. This enabled the quantification of the individual
contributions of climate change and vegetation dynamics to runoff and sediment, as
depicted in Figure 7. The correlations between each latent variable and its corresponding
observed variable in the model were significant, above a threshold of 0.7. This suggests that
the latent variables effectively captured the observed variability. The model demonstrated
a goodness of fit (GOF) value of 0.641 (>0.5), indicating a satisfactory simulation [15]. The
model findings demonstrate that both temperature and antecedent temperature have a
considerable and direct impact on vegetation, with 3 values of 0.510 and 0.493, respectively.
Furthermore, these factors also influence runoff and sediment via their effects on vegetation.
Precipitation significantly impacts vegetation and runoff, with respective coefficients of
0.690 and 0.015. No substantial correlation was seen between antecedent precipitation and
vegetation. This study revealed that runoff, with a beta coefficient of 0.869, had a substantial
and direct impact on sediment. The presence of vegetation hurt sediment, with a coefficient
of —0.038. Climatic factors explained 77.9% of monthly vegetation dynamics, and climatic
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and vegetation dynamics explained 31.6% of monthly runoff variability. Moreover, 74.3%
of the monthly sediment variability was explained by vegetation dynamics, climatic factors,
and runoff.

temperature

antecedent
temperature

1.000

Figure 7. Results of the PLS-SEM analysis of the Yanwachuan watershed. Relationships between
potential variables: Solid arrows indicate significant relationships and numbers beside arrows
indicate path coefficients. Insignificant relationships (p > 0.05) are indicated using dashed arrows.
Numbers indicate the correlations between each latent variable and its observable variables after
arrows, representing the loadings. Table 1 provides a comprehensive list of the abbreviations for the
chosen variables.

Table 3 shows the decomposition of the correlations of all the model variables into
direct, indirect, and total effects. At the monthly scale in the watershed, temperature
was the main driver of vegetation dynamics (8 = 0.510). Runoff was most influenced
by precipitation (3 = 0.686), followed by vegetation cover (3 = —0.239) and temperature
(B = —0.122). The total effect of runoff on sediment (3 = 0.0869) was found to be greater than
that of precipitation (3 = 0.597). Vegetation’s direct effect on sediment ( = —0.038) was
less significant than vegetation’s indirect effect on sediment via runoff (3 = —0.208). The
total vegetation effect on sediment (3 = —0.246) was more significant than the total effect
on runoff (3 = —0.239). Vegetation is more effective at controlling sediment than runoff.

Table 3. Direct, indirect, and total effects of variables determined using PLS-SEM in the Yanwachuan

watershed.
Variable Direct Effect Indirect Effect Total
Vegetation

Antecedent temperature 0.493 — 0.493

Temperature 0.510 — 0.510
Antecedent precipitation —0.043 — —0.043

Precipitation 0.015 — 0.015

Runoff

Antecedent temperature — -0.118 -0.118

Temperature — —0.122 —0.122
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Table 3. Cont.

Variable Direct Effect Indirect Effect Total
Antecedent precipitation — 0.010 0.010
Precipitation 0.690 —0.004 0.686
Vegetation —0.239 — —0.239
Sediment

Antecedent temperature — —0.121 —0.125
Temperature — —0.125 —0.121
Antecedent precipitation — 0.010 0.010
Precipitation — 0.597 0.597
Vegetation —0.038 —0.208 —0.246
Runoff 0.869 — 0.869

i

—": The identification of direct or indirect effects was unattainable.

4. Discussion

This study utilized partial least squares structural equation modeling (PLS-SEM) to
investigate the complex interrelationships between climate change, vegetation dynamics,
and their effects on runoff and sediment. The results of this study indicate that climate
change has a significant influence on vegetation dynamics. Specifically, the impact of
temperature on vegetation dynamics was found to be highly significant (3 = 0.510). The
direct effect of antecedent temperature on vegetation was also significant (3 = 0.493). The
study area has no natural forest. The Artemisia ferruginea community dominated the
natural vegetation, the white goat grass, and the Benjamin’s needle grass community [57].
Plantation vegetation was formed with acacia, mountain almond, lateral cypress, oil pine,
poplar, willow, wolfsbane, buckthorn, apple, pear, and apricot as dominant plantations [58].
Alfalfa is the dominant artificial forage [58]. The range of suitable growing temperatures
for these three vegetation types is between 5 and 15 °C [58-65]. Much of the watershed
lies within the optimum temperature range for vegetation. This range activates physio-
logical and biochemical responses in vegetation, contributing to accelerated growth and
development processes [66,67]. In addition, as the global climate warms and the growing
season of vegetation lengthens, higher temperatures help to activate plant growth earlier
and promote the growth of new leaves and buds [10,39,68-70]. This contributes to the early
greening of vegetation and the lengthening of the growing season, which helps vegetation
absorb light energy more efficiently and photosynthesize more throughout the season,
thus increasing biomass and vegetation cover. However, the influence of rainfall and
previous rainfall on plant life was found to be statistically insignificant (p < 0.05). The
gully area of the Loess Plateau is located in a region characterized by a combination of
semi-arid and semi-humid conditions, with a dry climate, deep soil layers, and deeply
submerged groundwater [71]. Soil moisture is mainly replenished by precipitation. The
depletion of soil moisture is a significant constraint on plant growth and development
in the Loess Plateau. This is primarily due to the limited rainfall in the region and the
irregular distribution of rainfall in terms of amount, intensity, and duration [72]. This
suggests that vegetation remains severely water-stressed even when recharged by rainfall
due to its limited and uneven nature. On the contrary, the diverse root systems of the
vegetation in the study area enable them to adapt to arid conditions, thrive, and develop
despite the scarcity of water resources [73-75]. This may be related to the fact that the local
plant species have gradually developed adaptive characteristics to the arid environment
during the evolutionary process. Consequently, this study reveals that temperature, rather
than precipitation, is the key limiting factor for the growth and development of vegetation
in the gully areas of the Loess Plateau. Moreover, the findings suggest that vegetation
growth in the study area is influenced by both current and past climatic conditions, as
indicated by the lag relationship observed between the vegetation index and climate [40].
The research area demonstrates a one-month time delay between the vegetation index and
the corresponding climate response. This observation is consistent with previous research,
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indicating a one-month delay on a monthly basis, and the vegetation’s response to climatic
change is typically less than three months [17,76,77].

Climatic factors also strongly influence runoff variability. The effects of temperature
and antecedent temperature on runoff are mainly indirect (3 is —0.118 and —0.122, respec-
tively). Precipitation (3 = 0.690) directly affects runoff variability (Table 3). On the one hand,
warmer temperatures and melting glacial snow increase runoff [32]. On the other hand,
higher temperatures increase evapotranspiration, which significantly affects plant growth
and development and leads to reduced soil moisture content. Consequently, this reduction
in soil moisture content results in a decrease in surface and subsurface runoff [49,78,79].
These two effects partially offset each other, and the overall effect of temperature on runoff
remains negative. Precipitation (3 = 0.686) had a significant effect on runoff. Soil water
storage capacity in the gully area of the Loess Plateau is limited. Precipitation in the study
area shows a pattern of significant concentrated rainfall events in a short period [80]. In this
case, a large amount of precipitation in a short period leads to soil saturation and surface
runoff. This increases the amount and rate of surface runoff. At the same time, however,
precipitation also increases soil moisture. This directly affects the plant root system’s uptake
of water and nutrients and promotes plant growth, development, and survival [81]. As
precipitation increases, vegetation uptake and transpiration also increase, resulting in soil
water depletion by vegetation and a reduction in the generation of surface and subsurface
runoff, but this effect is relative to vegetation. As a result, the path coefficient of the indirect
effect of precipitation on runoff via vegetation is negative (3 = —0.004). Consistent with pre-
vious findings [82-85], vegetation and runoff showed a negative correlation (3 = —0.239).
Vegetation cover can help maintain soil structure and reduce soil erosion by slowing down
the scouring and erosion of the soil by rainfall to some extent [86]. In addition, the root
system of vegetation can increase soil porosity and water-holding capacity. This helps
to improve the soil’s water retention capacity, thereby reducing runoff. In addition, the
growth and development of vegetation will increase the consumption of soil moisture and
return precipitation to the atmosphere via evapotranspiration [87]. This will reduce the
amount of surface runoff. Hydrological processes exhibit a time delay and the impacts of
vegetation on soil water content and runoff generation are not immediately observed, even
after rainfall [88]. As a result, negative correlations can be observed at monthly scales.

Climate change, vegetation dynamics, runoff, and sediment are closely linked. Climate
change mainly alters the hydrological cycle via precipitation and temperature [89]. This, in
turn, affects runoff and sand production changes in the watershed. Changes in precipita-
tion directly affect changes in runoff, which is the carrier of sediment and directly affects
sand production in the watershed and sand transport by the river. Thus, precipitation is
the main climatic factor leading to soil erosion in the watershed ( = 0.597). Although
rising and falling temperatures can also cause changes in the hydrological cycle and alter
evapotranspiration and vegetation growth, the Yanwachuan watershed is deep inland
and has a small area. Therefore, the effect of temperature on soil erosion is insignificant
(B = —0.121). It is widely recognized (p = —0.246) that afforestation and grass planting,
which enhance ground vegetation cover, play a crucial role in soil erosion control and
ecological environment improvement. As the most dominant land-use type in the wa-
tershed, agricultural land generally does not produce surface runoff from light rainfall
due to its loess structure and fast infiltration rate. However, agricultural land’s soil water
retention capacity is poor due to the plowed subsoil layer formed by annual turnover and
plowing of agricultural land, which is a poorly permeable layer with a meager infiltration
rate and water-insulating effect. At the same time, agricultural land has a very high sand
production. This is caused by loose topsoil, low soil consolidation by plant roots, and low
resistance to erosion. In the past few decades, numerous strategies have been implemented
in the watershed area to conserve soil and water, resulting in a significant increase in plant
cover [90]. The land-use types in the watershed were ordered as arable land > grassland
> woodland > construction land > water in both 2000 and 2010 (Figure 2). In the Loess
Plateau, various soil and water conservation forests are being established on unused land or
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naturally infertile slopes in the gully regions. Both young and mature forests have varying
degrees of sand reduction benefits. Artificial forests intercept rainfall through the plant
canopy, absorb water, and protect the soil. This increases infiltration and reduces runoff.
Furthermore, the root system stabilizes the surface soil, resulting in improved resistance
to soil erosion and reduced water and soil loss [85,91-93]. However, the effectiveness
of conserving soil and water varies depending on the vegetative species and cover. The
rapid growth of artificially planted grass can increase ground cover, intercept rainfall
directly, reduce the kinetic energy of raindrops, slow down the flow of water along slopes,
reduce the erosive force of the water on the soil, and block eroded soil particles, increasing
the opportunities for rainwater to infiltrate [94]. At the same time, the root network of
grasses stabilizes the soil. It improves its physical and chemical properties, as well as its
permeability and water-holding capacity [94,95]. In addition, vegetation litter has water
absorption and retention and soil protection functions [96]. This can also reduce water and
soil loss. However, the interaction between rainfall and the soil surface can lead to surface
crusting and closure, reducing infiltration and increasing surface runoff (8 = 0.869). This
often triggers flooding, causing gully heads to advance by up to several tens of meters and
significantly increasing the amount of sand transported by gullies. In addition, loess runoff
down the gully can increase erosive sediments in the gully valley by 76% or more [57].

However, this study has some limitations. Firstly, it did not fully consider the impact
of engineering measures implemented in the watershed on water and sediment reduction.
Further research should comprehensively investigate the impacts of engineering interven-
tions on hydrological processes, sediment discharge, and the underlying mechanisms. The
study of the complex relationships between different climatic factors, including topography,
wind speed, solar radiation, vegetation cover, and sediment runoff, is also essential. In
using remote sensing variables such as NDV], it is essential to be aware of data quality and
potential sources of error. It is crucial to consider the potential errors in the remote sensing
data and the soil type’s influence on the vegetation’s growth and the hydrological processes.
The incorporation of soil type data into the study would enhance the comprehension of the
intricate correlation between vegetation dynamics and hydrological processes.

5. Conclusions

The gully region of the Loess Plateau is one of the areas in China severely affected
by soil erosion. Soil erosion leads to a decline in soil fertility, reduced land productivity,
and exacerbated gully development, resulting in issues such as reservoir siltation and
river channel blockage. These factors contribute to environmental degradation and pose
constraints on sustainable economic development. This region was one of the first in
China to conduct prototype observations of water and soil loss and study the laws of
water and soil loss, conservation measures, and comprehensive watershed management.
This study analyzed the complex relationship between monthly runoff and sediment with
climate change and vegetation dynamics in the Yanwachuan watershed using partial
least squares structural equation modeling (PLS-SEM). This study found that climate
factors accounted for 77.9% of monthly vegetation dynamics, while climate factors and
vegetation dynamics explained 31.6% of monthly runoff changes. Furthermore, vegetation
dynamics, climate factors, and runoff explained 74.3% of monthly sediment changes.
Among the factors affecting sediment changes, direct runoff had the most significant impact
(B =0.869), while precipitation had a crucial indirect effect (3 = 0.597). Vegetation had a
limited direct impact on sediment (3 = —0.246) but mainly reduced sediment transport
by decreasing runoff. This subsequently led to a reduction in sediment deposition and
suspended transport in water bodies. Additionally, this study found that climate factors
significantly influenced vegetation dynamics. Temperature had a significant direct effect
on vegetation dynamics (3 = 0.510), with early temperature also having a highly significant
direct effect on vegetation (3 = 0.493). However, this study found that precipitation and
early precipitation did not significantly affect vegetation (p < 0.05). This could be due to
the presence of drought-resistant herbaceous plants and shrubs, such as alfalfa and sea
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buckthorn, in the study area that can survive and grow under limited water resources. This
study presents a method for separating influencing factors from the intricate relationship
between watershed runoff and sediment transport in the gully region of the Loess Plateau.
This study contributes to a better understanding of water and soil loss drivers.
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