ﬁ water

Article

Estimation of the Potential for Soil and Water Conservation
Measures in a Typical Basin of the Loess Plateau, China

Beilei Liu 1, Peng Li 200, Zhanbin Li '*, Jianye Ma 2, Zeyu Zhang ! and Bo Wang 3

check for
updates

Citation: Liu, B,; Li, P; Li, Z.; Ma, J.;
Zhang, Z.; Wang, B. Estimation of the
Potential for Soil and Water
Conservation Measures in a Typical
Basin of the Loess Plateau, China.
Water 2024, 16, 2868. https://
doi.org/10.3390/w16192868

Academic Editor: Vito Ferro

Received: 5 September 2024
Revised: 30 September 2024
Accepted: 5 October 2024
Published: 9 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water
Conservation, Northwest A&F University, No. 26 Xinong Road, Yangling 712100, China;
liubeilei94@163.com (B.L.); m18392426454@163.com (Z.Z.)

Institute of Water Resources and Hydropower Engineering, Xi’an University of Technology,

No. 5 South Jinhua Road, Xi’an 710048, China; lipeng74@163.com (P.L.); majianye126@126.com (J.M.)

Xi’an Mineral Resources Investigation Centre of the China Geological Survey, No. 66 Fengqi West Road,
Xi’an 710100, China; wangbozrws@163.com

Correspondence: zhanbinli@126.com

Abstract: In the context of the large-scale management of the Loess Plateau and efforts to reduce
water and sediment in the Yellow River, this study focuses on a typical watershed within the Loess
Plateau. The potential for vegetation restoration in the Kuye River Basin is estimated based on the
assumption that vegetation cover should be relatively uniform under similar habitat conditions.
The potential for terrace restoration is assessed through an analysis of topographic features and soil
layer thickness, while the potential for silt dam construction is evaluated by considering various
hydrological and geomorphological factors. Based on these assessments, the overall potential for soil
erosion control in the watershed is synthesized, providing a comprehensive understanding of target
areas for ecological restoration within the Kuye River Basin. The study demonstrates that the areas
with the greatest potential for vegetation restoration in the Kuye River Basin are concentrated in the
upper and middle reaches of the basin, which are in closer proximity to the river. The total potential
for terracing is 1013.85 km?, which is primarily distributed across the river terraces, farmlands, and
gentle slopes on both sides of the riverbanks. Additionally, the potential for the construction of
check dams is 14,390 units. The target areas for terracing measures in the Kuye River Basin are
primarily situated in the middle and lower reaches of the basin, which are in closer proximity to the
river. Conversely, the target areas for forest, grass, and check dams, as well as other small watershed
integrated management measures, are predominantly located in the hill and gully areas on the eastern
and southern sides of the basin. The implementation of the gradual ecological construction of the
watershed, based on the aforementioned objectives, will facilitate the protection, improvement, and
rational utilization of soil, water, and other natural resources within the watershed.

Keywords: check dam; terrace; vegetation restoration; potential

1. Introduction

The Yellow River Basin is crucial to China’s ecological security, functioning as a vi-
tal ecological barrier, a central area for resources and energy, and a highly productive
region [1-4]. Its significance extends to China’s economic and social development as well
as its ecological stability. The Yellow River, which traverses the Loess Plateau—a region
characterized by extensive gullies and severe soil erosion—has prompted the implemen-
tation of various soil and water conservation measures [5]. These include converting
croplands to forests and grasslands, constructing terraced fields on slopes, and erecting
check dams in gullies [6,7].

According to the Soil and Water Conservation Bulletin of the Yellow River Basin,
by 2022, the cumulative area of preliminary soil and water erosion control measures in the
Yellow River Basin is expected to reach 268,800 km?2. This includes 64,615 km? of terraced
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fields, 133,551 km? of soil and water conservation forests, 24,487 km?2 of grasslands, and
46,152 km? of closure control measures. The construction of check dams totals 57,200 units,
including 6423 large check dams, 11,000 medium check dams, and 39,800 small check dams.
These extensive conservation efforts have led to a marked reduction in the sediment load
carried by the Yellow River. Notably, the average annual sediment transport at Tongguan
Station has decreased by over 60% from the 1950s to the 2000s [8,9].

Miyawaki [10] has established basic principles in the vegetation—ecological restoration
of forests through vegetation surveys in Japan and Southeast Asia. Pu [11] explored the
potential of terracing by analyzing the current status of arable land resources, technical
forces, and current policies in Shaanxi, Gansu, and Ningxia. According to a study con-
ducted by Gao [12], a proportional push algorithm was used to determine the check dam
construction potential, and a target push algorithm was used to determine the suitable
scale of the basin, and the flood control capacity of the two check dams in the basin was
checked. In the context of the large-scale management of the Loess Plateau and efforts to
reduce water and sediment in the Yellow River, key questions arise regarding the remaining
potential for terrace and silt dam construction. To what extent can vegetation be restored?
From the perspective of overall watershed health, how can slope stabilization measures
be effectively balanced with gully control measures? Few studies have comprehensively
addressed these issues.

The Kuye River Basin, located in the upper reaches of the middle section of the Yellow
River, is characterized by a diverse range of erosion types, including wind, water, and
gravity erosion, all of which contribute to substantial soil erosion within the region [13].
To address this critical issue, a series of soil erosion control and ecological construction
projects have been implemented. These initiatives include the construction of terraces,
check dams, the comprehensive management of small watersheds, and the conversion
of farmland to forest and grassland. These measures have significantly contributed to
reducing the sediment load within the basin [14]. The exploration of soil erosion control
potential in the Kuye River Basin holds considerable theoretical and practical value. It
provides crucial insights for guiding ecological construction efforts on the Loess Plateau
and for maintaining the ecological health of the Yellow River.

The Kuye River Basin is located in the northern temperate zone and features a semi-
arid continental monsoon climate. The long-term average annual temperature is 7.9 °C, with
a multi-year average precipitation of 419 mm and an evaporation range of 900 to 1200 mm.
Precipitation is highly unevenly distributed throughout the year, with the majority occur-
ring as intense rainfall events concentrated between July and September. The long-term
average total annual runoff for the Kuye River is 759 million m?, with an average annual
runoff depth of 88.7 mm and an average flow rate of 24.1 m3/s. The basin’s average annual
sediment transport is approximately 74 million metric tons.

Topographically, the Kuye River Basin features elevated terrain in the northwest and
low-lying areas in the southeast. The region above Shenmu is characterized by dunes
and quicksand, situated on the southeastern edge of the Maowusu Desert, with minimal
surface undulation. In contrast, the area below Shenmu presents a hill and gully landscape
with fragmented terrain, including ravines, valleys, longitudinal ridges, and mountainous
regions. This lower section is marked by significant soil erosion, with rugged topography
where the river cuts through bedrock, creating steep slopes, high banks, and a limited
number of tributaries.

2. Materials and Methods
2.1. Study Area

The Kuye River Basin, the second largest tributary in the middle reaches of the Yellow
River, is located between 109°00'-110°52" E and 38°28'-39°52" N (Figure 1). The basin
covers an area of 8706 km?, with a main stream length of 242 km and an average gradient of
approximately 3.44%.. The Wenjiachuan Hydrological Station serves as the control station
for the river’s confluence with the Yellow River.
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Figure 1. Geographic location of the Kuye River Basin.

2.2. Data Sources

The precipitation data for 2018 were obtained from the China Meteorological Data
Service Center (https://data.cma.cn/ accessed on 10 April 2020). This study collected over
30 years of monthly rainfall data from 108 national meteorological stations across the Loess
Plateau and surrounding areas.

Soil data were obtained from the National Tibetan Plateau Science Data Center
(http://data.tpdc.ac.cn/zh-hans/ accessed on 13 June 2020), utilizing the Chinese soil
dataset from the World Soil Database with a spatial resolution of 1 km.

The digital elevation model (DEM) data were acquired from the International Scientific
Data Mirror (http://www.gscloud.cn accessed on 20 June 2023) of the Computer Network
Information Center of the Chinese Academy of Sciences, based on ASTER GDEM version 1
data with a spatial resolution of 30 m.

The land use data for 2018 were sourced from the 1:100,000 China Land Use Database.
These data were derived through human—computer interactive interpretation based on
Landsat TM and HJ-1 satellite imagery from the China Environment Satellite series.

The 2018 data on terraces and check dams were acquired through remote sensing
interpretation and statistical surveys conducted by the Upper and Middle Reaches Bureau
of the Yellow River.

The vegetation data for 2018 were sourced from the publicly available MODNDIM
China 500M NDVI Monthly Synthesis product from the Geospatial Data Cloud (http:
/ /www.gscloud.cn accessed on 27 September 2023), which offers a monthly temporal
resolution and a spatial resolution of 500 m. The maximum synthesis method was employed
to derive the NDVI values for each year, which were subsequently utilized to calculate
vegetation cover (V) using a likelihood dichotomous model.

(NDVI — NDVI,,)
(NDVIpax — NDVIi)

Ve =
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2.3. Methodology for Calculating Ecological Building Potential

The potential for vegetation restoration in the Kuye River Basin is estimated based on
the assumption that vegetation cover should be relatively uniform under similar habitat
conditions. The potential for terrace restoration is assessed through an analysis of topo-
graphic features and soil layer thickness, while the potential for silt dam construction is
evaluated by considering various hydrological and geomorphological factors. Based on
these assessments, the overall potential for soil erosion control in the watershed is synthe-
sized, providing a comprehensive understanding of target areas for ecological restoration
within the Kuye River Basin (Figure 2).
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Figure 2. Flowchart of the overall methodology.

(1) Calculation of vegetation restoration potential

Vegetation distribution is influenced by various factors, including soil type, topogra-
phy, and climate. Consequently, the Kuye River Basin was initially categorized into two
distinct zones: the wind-sand zone and the loess hills and gullies zone. Each of these zones
was further subdivided based on topographic features and precipitation patterns.

The Kuye River Basin, located in an arid and semi-arid zone, exhibits a strong correla-
tion between precipitation and NDVI. Pearson correlation coefficients for precipitation and
the NDVI were calculated for each meteorological station, revealing that most coefficients
exceeded 0.3. Vegetation recovery within the watershed varied significantly with precip-
itation levels. In regions receiving less than 375 mm of precipitation, the NDVI change
was 9.55%. For precipitation ranging from 375 to 575 mm, the NDVI change averaged
17.18%, with the most substantial change of 19.73% observed between 425 and 450 mm.
In areas with precipitation exceeding 575 mm, the rate of vegetation recovery decreased
to approximately 8.88%. Moisture conditions are the primary limiting factor for vegeta-
tion recovery in the Kuye River Basin. Inadequate moisture often leads to dry soil layers,
low survival rates, and smaller tree sizes in areas receiving less than 450 mm of rainfall
annually [15].

Terrain factors are categorized into four distinct classes based on slope and aspect, as
outlined in Table 2. On the Loess Plateau, the gully ridge line serves as the boundary. The
area above the ridge is referred to as the inter-gully region, while the area below is the gully
region. The inter-gully region primarily consists of slopes, typically with gradients of less
than 15°, whereas the gully region is mainly composed of channels, with slopes generally
exceeding 15°. Therefore, 15° was chosen as the threshold for slope delineation.

Therefore, the annual precipitation levels were classified into 14 categories, as shown
in Table 1.
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Table 1. Aridity index codes (0.1 mm).
Encodings Lower Boundary Upper Boundary
1 3400 3500
2 3500 3600
3 3600 3700
4 3700 3800
5 3800 3900
6 3900 4000
7 4000 4100
8 4100 4200
9 4200 4300
10 4300 4400
11 4400 4500
12 4500 4600
13 4600 4700
14 4700 4800
Table 2. Terrain factor coding scheme.
Encodings Topographic Features
11 Slope less than 15°, shady slope
12 Slope less than 15°, sunny slope
21 Slope greater than 15°, shady slope
22 Slope greater than 15°, sunny slope

To generate a four-digit elevation code that integrates the encoded precipitation and
terrain factor layers, the terrain factor code is first multiplied by 100, followed by the
addition of the precipitation code. This method encodes the terrain characteristics in the
thousands and hundreds digits, while the precipitation information is captured in the tens
and units digits of the four-digit code. As a result, a single code effectively represents both
raster features. Subsequently, vegetation cover statistics were computed for each zone and
stand code, including the mean, 75th percentile, 90th percentile, and maximum values.

In habitats with similar conditions, vegetation cover should be relatively consistent [16].
For instance, if the current maximum vegetation cover in a particular zone—characterized
by uniform soil types, aridity index, and topographic features—is 0.9, it is reasonable
to assume that the potential for vegetation restoration in this area also reaches 0.9. This
suggests that all other areas within the zone where vegetation cover is less than 0.9 have
the potential to achieve the maximum cover of 0.9. To mitigate potential statistical bias,
the 90th percentile of vegetation cover was used as the estimate for vegetation restoration
potential under specific land conditions. For cultivated lands, water bodies, and built-up
areas with slopes of 0-5°, the vegetation indices were maintained as is. In cases where the
vegetation cover exceeded the 90th percentile under current conditions, the existing value
was utilized.

(2) Calculation method of terrace construction potential

The positioning and dimensions of terraces are predominantly influenced by topo-
graphical characteristics and soil strata thickness [17,18]. In the Kuye River Basin, the
primary forms of erosion are gully erosion and wind-blown sand, with topography being
the most significant factor due to the depth of the soil layer in the loess hill and gully areas.
The Soil and Water Conservation Law of the People’s Republic of China stipulates that
terracing is allowed on sloped farmland below 25°, with other regional standards of China
also providing guidelines for terracing based on slope classifications of 5°, 10°, and 15°.
Thus, this study categorized the terrace deployment potential into five distinct zones based
on ground slope and land use conditions: The Level 1 potential areas are the hilly gully
zone of the Kuye River Basin, with a ground slope of 0-5° and a land use type of dryland.
The Level 2 potential areas are also the hilly gully zone of the Kuye River Basin, with a
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ground slope of 5-10° and a land use type of dryland. The Level 3 potential area is the
hilly gully zone of the Kuye River Basin, with a ground slope of 10-15° and a land use
type of dryland. The Level 4 potential area is the wind—sand area of the Kuye River Basin,
with a ground slope of 0-5° and a land use type of dryland. The Level 5 potential area is
the hilly gully area of the Kuye River Basin, with a ground slope of 15-25° and a land use
type of dryland.

The identification of potential terrace zones is conducted using the overlay analysis
module of ArcGIS 10.2 software. This analysis integrates inputs from a land use map, a
slope classification map, and a governance zoning map. The overlay analysis is performed
based on the specified analytical concepts, resulting in the final delineation of terrace
potential zones.

(8) Calculation method for the construction potential of check dams

The primary factor influencing the construction of check dams is the soil erosion
modulus. The calculation of this modulus is based on the Revised Universal Soil Loss
Equation (RUSLE), with adjustments made to the relevant factors in the formula. It is further
combined with calculations derived from ArcGIS software (Figure 3). The calculation
formula is as follows:

A=RKSLCP (1)

where A is the average annual soil loss, tx / (hm? x a); R is the rainfall erosivity factor,
MJ x mm/(hm? x h x a); K is the soil erodibility factor, t x hm? x h/(hm? x MJ x mm);
S is the slope factor; L is the slope length factor; C is the crop cover-management factor;
and P is the factor for soil and water conservation measures.

Legend
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Figure 3. Distribution of soil erosion factors in the Kuye River Basin.

The rainfall erosivity factor (R) was determined using the empirical formula proposed
by Wischmeier et al. [19,20], which calculates the multi-year average rainfall erosivity based
on monthly rainfall data. While this method is intended to be applied across the United
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States, many scholars have also used this formula to conduct relevant studies in the Loess
Plateau region in recent years [21-24].

P?
12 1.5xlg— —0.8188
R=Y|1735%x10  °P

i=1

where P and P; are the average annual and monthly rainfall, mm, respectively.

The multi-year average rainfall erosivity (R) value was derived from the collected
monthly rainfall data for the study area using the appropriate formulae. This R value was
then simulated using the semi-variance function in G5+ 7.0, where the Gaussian model was
identified as the optimal fit. Subsequently, the rainfall erosivity factor for the Kuye River
Basin was obtained by applying the Gaussian model with Kriging interpolation within the
Geostatistics Module of ArcGIS.

The soil erodibility factor (K) was estimated using the methodology described in
the Estimation of Soil Erosion and Productivity Impacts (EPIC) model, established by
Williams [25]. Yao used the EPIC model, along with the Shirazi and Torri formulas, to
estimate and compare the K values for soil erodibility in typical small watersheds of the
Loess Plateau [26]. Yao found that the K values from the EPIC model fell within the range
of observed values, suggesting that the EPIC model may be more suitable for typical small
watersheds in the Loess Plateau. In recent years, many scholars have also applied this
formula to the Loess Plateau [27,28]. This method takes into account soil organic matter
and particle composition:

K = 0.1317 x {0.2 + 0.3exp[—0.0256SAN(1 — SIL/100)]} x [SIL/(CLA + SIL)]0.3 x
{1.0 — 0.25C/[C + exp(3.72 — 2.95C)]} x {1.0 — 0.7SN1/[SN; + exp(—5.51 + 3)
22.95N4)]

where SAN is the sand content, %; SIL is the silt content, %; CLA is the clay content, %; C is
the organic carbon content, %; and SNy =1 — SAN/100. Based on the soil type of the Kuye
River Basin and its attribute data, the soil erodibility K value was calculated and obtained.

The Slope and Length Factor (LS) is calculated using the formula proposed by McCool et al.
within the Revised Universal Soil Loss Equation (RUSLE):

S = 10.8sind + 0.030 < 9% (4)
S = 16.8sin0 — 0.50 > 9% ®)
L=(\/221)m 6)

where A is the horizontal projected slope length, m; m is the variable slope length index;
and 6 is the slope gradient, °.

The Kuye River Basin was initially subdivided into eight sub-regions using the LS
factor calculation tool developed by Zhang et al. [29], based on 30 m DEM data. The LS
factor values for each sub-region were calculated individually and then aggregated to
derive the LS factor values for the entire Kuye River Basin.

The crop cover management factor (C) was defined for gently sloping arable land
(below 5°) in the Cave Wild River area, where the predominant crops are maize and
wheat, with a C value of 0.25 based on the studies by Zhang et al. [30]. For sloping arable
land with gradients above 5°, where legumes, potatoes, and grains are the primary crops,
the C value is set at 0.40. The C values for paddy fields, water bodies, and built-up areas
are assigned as zero, while unused land is assigned a C value of one. Jiao et al. [31] and
Zhang et al. [32], through their research, concluded that when the effective vegetation cover
in the Loess Plateau region exceeds 60%, soil erosion is significantly reduced. Based on this
understanding, and drawing on the results from the RUSLE manual as well as the studies
by Zhang et al. [30], and Wang et al. [33], the C values for various vegetation coverages
were determined, as shown in Table 3.
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Table 3. C values for different vegetation cover in the Kuye River Basin.
Vegetation Cover/% 0-20 20-40 40-60 60-80 80-100
woodland 0.25 0.12 0.06 0.02 0.004
grassland 0.45 0.24 0.15 0.09 0.043

The factor representing soil and water conservation measures (P) has been reported
to be as high as 0.12 for horizontal terraces in the Kuye River Basin, where it has been
demonstrated that sand reduction benefits can reach up to 88%. In the absence of specific
evidence for other land types, the value of P for these areas has been assigned a default
value of 1.

This study integrates the relevant specifications for check dam construction with
field research findings to determine the density of key check dams across various soil
erosion moduli [34-36]. The results are as follows: For a soil erosion modulus exceeding
15,000 t/(km? x a), the control area for key check dams is typically 3 km?. For a soil erosion
modulus ranging from 12,000 to 15,000 t/ (km? x a), the control area is 4 km?. For a soil
erosion modulus between 10,000 and 12,000 t/(km? x a), the control area is 5 km?. For a
modulus of 8000 to 10,000 t/(km? x a), the control area is 6 km?2; for a modulus of 6000
to 8000 t/(km? X a), the control area is 7 km?; and for a modulus below 6000 t/(km? x a),
the control area is 8 km?. The potential number of key check dams in each subarea can be
calculated by dividing the area of each soil erosion zone by the respective key check dam
control area.

3. Results and Analyses
3.1. Potential for Vegetation Restoration

An investigation into the current distribution of vegetation in the Kuye River Basin
can offer valuable insights into future vegetation trends. Figure 4 illustrates both the
present vegetation distribution and the potential for vegetation restoration within the basin.
The analysis reveals that the mean potential for vegetation cover in the Kuye River Basin
is 69.75%, with a noticeable decline from the southeast to the northwest.
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Figure 4. Map of the current status of the NDVI and its restoration potential in the Kuye River Basin.
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The vegetation restoration potential index can be determined using the current vege-
tation status and the vegetation restoration potential map. The distribution of potential
restoration areas is as follows: Level 1 potential covers 21.97 km?, accounting for 0.25% of
the total area; Level 2 potential extends over 845.83 km?, or 9.78% of the total area; Level 3
potential encompasses 1883.39 km?, representing 21.79% of the total area; Level 4 potential
includes 3204.55 km?, or 37.07% of the total area; and Level 5 potential covers 2689.27 km?,
or 31.11% of the total area (Table 4).

Table 4. Potential for vegetation establishment in the Kuye River Basin.

Potential Zoning Area/km? Proportion/%
Level 1 potential area 21.97 0.25
Level 2 potential area 845.83 9.78
Level 3 potential area 1883.39 21.79
Level 4 potential area 3204.55 37.07
Level 5 potential area 2689.27 31.11

Total 8645 100.00

Regarding spatial distribution (Figure 5), the areas within the Kuye River Basin with
the highest potential for vegetation restoration are concentrated in the upper and middle
reaches, closer to the river. In contrast, the southeast region, which currently has relatively
favorable conditions for existing vegetation, shows a comparatively lower potential for
further restoration.

Legend

Vegetation potential regions
B Level 1 potential area

I Level 2 potential area

[ Level 3 potential area

|| Level 4 potential area

[ ] Level 5 potential area

0 1020 40 km

Figure 5. Index of revegetation potential of the Kuye River Basin.

3.2. Potential for Terracing

The total potential area for terrace deployment in the Kuye River Basin is 1013.85 km?.
Within this, the area classified as Level 1 potential is 142.80 km?, representing 14.08% of the
total. The Level 2 potential area is 241.70 km?, or 23.85% of the total. The Level 3 potential
area constitutes 15.04% of the total, amounting to 84.16 km?. The Level 4 potential area
covers 38.71% of the total, while the Level 5 potential area comprises 8.32% (Table 5).
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Table 5. Table of potential for terracing of the Kuye River Basin.

Potential Zoning Area/km? Proportion/%
Level 1 potential area 142.80 14.08
Level 2 potential area 241.70 23.84
Level 3 potential area 152.47 15.04
Level 4 potential area 392.50 38.71
Level 5 potential area 84.37 8.32

Total 1013.85 100.00

In terms of spatial distribution, Level 1 potential areas are primarily found in river
terraces, loess regions, and gentle slopes on both sides of the river. Level 2 potential areas
are predominantly located in the eastern part of the Kuye River Basin and along the left
bank of the river. Level 3 and Level 5 potential areas are intermittently distributed in the
ditch areas of the hill and gully regions. Level 4 potential areas are concentrated in ditches
and terraces within the wind-swept sandy regions (Figure 6).

N

Legend
Terracing potential regions
I Level 1 potential area

I Level 2 potential area 3
[ Level 3 potential area e ‘ ” “
|| Level 4 potential area ; )

Level 5 potential area

0 10 20 40 km

J

Figure 6. Classification of potential for terracing in the Kuye River Basin.

3.3. Potential for Check Dam Construction

The average soil erosion modulus for the Kuye River Basin (Figure 7) is calculated
at 4962.7 t/(km? x a). Within this, 21.46% of the area falls within the 0-1000 t/(km? x a)
range, predominantly situated in the sandy and windy regions of the basin’s northwestern
part. It is important to note that this erosion modulus may be underestimated in this
region due to the exclusion of wind erosion in the RUSLE model. Areas with a soil erosion
modulus of 1000-2500 t/(km? x a) account for 20.22%, those with 2500-5000 t/(km? x a)
represent 25.49%, areas with 5000-8000 t/ (km? x a) make up 15.47%, and those exceeding
8000 t/(km? x a) comprise 17.35%. The highest soil erosion moduli are predominantly
observed in the hill and gully regions located downstream of the Kuye River Basin.
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Figure 7. Soil erosion modulus in the Kuye River Basin.

A digital elevation model (DEM) with a resolution of 30 m was used to divide the
Kuye River Basin into 1534 subareas, with the boundaries of the sub-watersheds serving as
the control areas. The resulting area statistics are detailed in Table 6.

Table 6. Descriptive statistics of sub-watershed area (km?).

Statistic = Quantities Average Value Standard Deviation  Minimum  Maximum P25 P50 P75
Results 1534 5.53 5.53 0.1 54.87 1.48 4.37 7.89

The average soil erosion modulus for each subarea was calculated using the sub-
watershed boundaries. Subsequently, the control area for the backbone dams was deter-
mined according to the previously described methodology for varying soil erosion moduli
(Figure 8).

The data summary indicates that the potential for constructing key check dams in
the Kuye River Basin is 870 units. In this context, the ratio of large (key) check dams to
medium-sized check dams to small-sized check dams is 1:2.04:13.50. Consequently, the
potential number of medium-sized dams is 1775, and the potential number of small-sized
dams is 11,745. The total potential for constructing key check dams, medium-sized dams,
and small-sized dams combined is 14,390.
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Figure 8. Spatial distribution of the key check dam control area.

4. Discussion
4.1. Effects on Hydrological Processes of Soil and Water Conservation Measures

The establishment of vegetation has been widely recognized as an effective strategy
for mitigating soil erosion, while simultaneously promoting both ecological and economic
benefits. The mechanisms by which vegetation reduces runoff and sediment transport can
be delineated into four primary processes: (1) Canopy interception, whereby the canopy
redistributes precipitation, disperses rainwater, and modifies raindrop size and velocity.
This process mitigates the erosive impact of raindrops, reduces direct damage to the soil
surface, prevents the clogging of soil pores, enhances infiltration, and ultimately decreases
surface runoff. (2) The role of grass and litter, which includes reducing rainfall intensity,
increasing surface roughness, improving the slope’s resistance to erosion, and delaying
the onset of surface runoff. (3) Root systems, which play a critical role in enhancing soil
properties, such as compaction and bulk density, thereby increasing the soil’s resilience to
erosive forces. (4) The relationship between vegetation and soil infiltration capacity, where
forest and grassland-based soil and water conservation measures increase soil infiltration,
thereby converting surface runoff into subsurface flow.

Sloping agricultural lands are the primary source of soil erosion in the Kuye River
Basin. Due to the deep soil layers in the hill and gully regions, terracing is the predominant
slope management practice. The efficacy of terraces in terms of water retention and soil
conservation is primarily attributed to alterations in micro-topography following terrace
construction. Based on observations from small plots and horizontal terraces, Wu et al. [37]
reported that horizontal terraces can reduce slope erosion by 88%, leaving only 12% of the
original erosion level, approaching 17%. Consequently, the soil and water conservation
factor (P) for terraces can be interpreted, to some extent, as the ratio of the slope length
and gradient factor of the terraces to that of the original slope. Additionally, through
an analysis of terrain indices in sample plots, Gao [38] demonstrated that following the
implementation of terracing, flow lengths were significantly reduced, with the maximum
flow length decreasing from 143.86 m pre-terracing to 30.96 m post-terracing. This reduction
in flow length also led to corresponding decreases in the stream power index and sediment
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transport capacity index, with the maximum values of these indices dropping from 2567.67
to 181.77 and 226.82 to 36.82, respectively.

Following the construction of check dams, the portion of the gully below the siltation
surface—previously subject to severe erosion—becomes stabilized as sediment deposition
prevents further erosion. The area above the siltation surface experiences a reduction in
erosion due to the elevation of the erosion base level, which inhibits further downcutting
of the channel and the collapse or expansion of the gully banks. This transition converts
the system from an erosional regime to one of aggradation or equilibrium, thereby substan-
tially reducing the overall erosion. The regulatory function of check dams on watershed
hydrology and sediment dynamics is manifested through both direct sediment trapping
and indirect erosion mitigation. Direct sediment trapping occurs as the dam physically
intercepts sediment upstream. Indirect erosion mitigation is evident in three key ways: first,
the creation of dam-impounded land covers the most severely eroded sections of the gully,
preventing further erosion in these areas; second, the elevation of the erosion base level
reduces the potential energy available for erosive processes, thereby decreasing the likeli-
hood of gravitational erosion; and third, the reduction in flow velocity and erosive energy
downstream of the dam decreases downstream erosion, a process that can be characterized
as the “offsite erosion reduction” effect of check dams.

4.2. Objectives of Construction of Soil and Water Conservation Measures

The Loess Plateau employs three main vegetation restoration methods: closure, grass
planting, and tree planting. It is crucial to select restoration techniques that are scientifically
sound and locally appropriate. Given the variations in vegetation restoration strategies
across different precipitation zones, we propose the following approach: in regions with
precipitation below 375 mm, restoration should focus primarily on closure. For areas
between 375 and 450 mm of rainfall, restoration efforts should emphasize grassland restora-
tion. In regions with precipitation exceeding 450 mm, tree planting should be the primary
restoration strategy. Thus, vegetation restoration within the 375450 mm rainfall line
should prioritize grass planting, while areas with precipitation greater than 450 mm should
focus on tree planting.

Currently, sand delivery from the Huayuankou station is approximately 100 million
tons, with the sand retention capacity of the check dams at its maximum. The anticipated
peak in check dam sand retention failure is projected for 2035. Gao [38] suggests that future
check dam construction should prioritize the middle and upper reaches of the Yellow
River. Consequently, the primary areas in the Kuye River Basin requiring management
for gully formation are the loess hills and gullies with rainfall levels below 450 mm,
situated in the Loess Plateau’s hinterland. Furthermore, check dam construction should be
implemented gradually and strategically, avoiding a hasty or indiscriminate approach, to
prevent potential adverse impacts on the Yellow River’s water and sediment resources.

In line with soil and water conservation principles [38], it is recommended that all
sloping arable land in the basin be reallocated to more sustainable uses. For sloping arable
land characterized by a slow concentration and continuity, the construction of terraces is
advised. For other types of sloping arable land, retirement and conversion to grassland or
forest is the preferred approach. Data from the Loess Plateau indicate that terraced fields
produce more than twice the yield of sloping arable land [39], while land equipped with
check dams can yield up to four times as much [40]. Thus, the cessation of ploughing on
these lands is unlikely to significantly affect regional food supply. Additionally, following
the principle of “offsite” erosion reduction, robust gully-head protection projects should be
implemented. These projects should be designed to absorb and disperse the erosive energy
of incoming water from slopes, thereby mitigating gully erosion [41].

The slope gradient is a critical indicator of geomorphological development and a
fundamental factor in soil and water conservation strategies. Slope classifications are
generally divided into three categories: gentle slope (0-5°), moderate slope (5-45°), and
steep cliff (>45°). In accordance with the Technical Procedures for Land Use Status Survey
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issued by the China Agricultural Zoning Committee in 1984 and the Law of the People’s
Republic of China on Soil and Water Conservation, revised on 25 December 2010, slope
values were reclassified into four categories in ArcGIS: <5°, 5-25°, 25-45°, and >45°.

Land use data for the watershed were reclassified into six categories using the Ar-
cGIS 10.2 platform, adhering to standard land use classification criteria. These categories
included arable land, forest land, grassland, watersheds, construction land, and unused
land. Cultivated land, construction land, and unused land were extracted and overlaid
with slope data. It was determined that land with slopes between 5° and 25° could be
effectively restored as terraces. Conversely, land with slopes greater than 45° should be
managed using an integrated model for small watersheds, which combines slope forest
and grassland measures with ditch silt dam interventions (Figure 9).

Legend

Bl Terrace deployment areas

Check dam and vegetation management areas
0 10 20 40 km

I ES—

Figure 9. Soil and water conservation measures’ construction target area of the Kuye River Basin.

The areas designated for terracing measures in the Kuye River Basin are predom-
inantly concentrated in the eastern region, with other areas being distributed intermit-
tently. In contrast, the implementation of integrated management measures for small
watersheds—including forestation, grassland restoration, and the construction of check
dams—is primarily targeted at the southeastern part of the basin. This region, characterized
by its hill and gully terrain, has a notably higher concentration of these measures compared
to the northwestern region, which is more affected by wind and sand.

In alignment with the principles of soil erosion management, and considering the
requirements for economic and social development as well as ecological security, it is
essential to adjust the land use structure through a unified planning approach [42,43].
Additionally, a well-coordinated deployment of engineering, vegetation, and agricultural
measures for soil erosion prevention and control should be implemented [44,45]. This
strategy will contribute to the establishment of a comprehensive system for managing and
mitigating soil erosion.

5. Conclusions

Vegetation controls soil and water loss in watersheds through mechanisms such as
canopy interception, surface material attenuation, root-induced improvements in soil
erosion resistance, and enhanced soil infiltration. The effectiveness of terraces in water
retention and soil conservation is attributed to microtopographic changes induced by
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terrace construction. Check dams contribute to soil and water conservation by trapping
sediment and raising the erosion base level.

The areas with the highest potential for vegetation restoration in the Kuye River
Basin are predominantly located in the upper and middle reaches, closer to the river. The
total potential for terracing in the basin is 1013.85 km?, with Level 1 potential primarily
concentrated in river terraces, loess areas, and gently sloping regions on both sides. The
potential for key check dams in the Kuye River Basin is estimated at 870 units, with medium-
sized check dams having a potential of 1775 units and small-sized check dams a potential
of 11,745 units, yielding a total potential of 14,390 check dams.

The areas earmarked for terracing measures are chiefly situated in the middle and
lower reaches of the basin, in proximity to the river. Conversely, the areas designated for
integrated management measures, including forestation, grassland restoration, and the
construction of check dams, are predominantly located in the hill and gully regions to the
east and south of the basin. The northwest region, characterized by wind and sand, shows
a lesser distribution of these measures.

The strategic implementation of these measures, based on the outlined targets, will
facilitate the protection, enhancement, and sustainable utilization of soil, water, and other
natural resources within the watershed.
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