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Land use pattern optimization is an effective approach for sustaining soil

conservation service (SCS) under the influence of climate change and

anthropogenic activities across the Loess Plateau of China. However, current

studies establish ecological protection scenarios (EPSs) for land-use

optimization based on the transfer matrix of EPS alone, which ignores the

important role of scientific intervention by human beings on land-use patterns.

To fill this knowledge gap, the Wuding River watershed was employed as the

research object, and land use under three EPSs was simulated according to the

transfer matrix, dry-wet zoning, slope, and soil and water loss zoning. The

quantity of SCS and its spatial flow and benefit under different climate scenarios

were then simulated and compared with those under natural development

scenarios (NDSs). SCS was found to decrease due to the expansion of urban

areas and agriculture under theNDSs and increase under the EPSs relative to the

NDSs. In addition, under the EPSs, SCS restricted to dry-wet zoning exhibited no

significant advantage over those without additional constraints. However, when

complex constraints, such as dry-wet zoning, slope, and soil and water loss

zoning, were combined, SCS was significantly improved in areas with large

topographic fluctuations. Further, compared with that in 2000–2020, the

benefit of SCS in future scenarios displayed an increasing trend in the

direction of the mainstream. Owing to the cumulative benefit, when the

spatial flow of the SCS upstream decreases with urban expansion, the

benefit for the downstream area, which is provided by land-use

optimization, will decrease. Overall, our findings provide a framework for

land use optimization by incorporating ecosystem service flow, ultimately

facilitating land management, ecological restoration, and soil erosion

prevention.
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1 Introduction

Soil erosion is one of the biggest ecological environmental

problems globally and will eventually threaten human survival

(Guo et al., 2021). Climate change and human activities are key

factors driving changes in soil erosion, with land use and

vegetation cover as the most direct manifestations of human

activities on the land surface (Xiao et al., 2021). Climate and land-

use changes affect the provision of ecosystem services and the

sustainable development of society (Bryan et al., 2018; Fu et al.,

2020). Soil conservation service (SCS) is the ability of natural

ecology to prevent soil and water loss and retain sediments.

Accordingly, SCS is an important part of regulation services and

an important guarantee for soil health, vegetation carbon

fixation, and water purification. It plays a key role in the

realization of sustainable development goals (Yin et al., 2022).

Research on SCS is closely related to soil erosion; however,

exploring land-use optimization from the perspective of the

spatial flow of the SCS can be significant for controlling soil

erosion.

Many previous studies have considered the difference

between potential and actual erosion as the amount of soil

conservation based on the Revised Universal Soil Loss

Equation (RUSLE) (Sun et al., 2014; Wang et al., 2018).

However, slope erosion was mainly considered in this model,

and channel erosion, gravity erosion, and gully erosion were not

included (Geneletti, 2013). The sediment transport ratio was

added to the RUSLEmodel to complement sediment interception

(Liu and Zhao, 2019). This approach is used in the InVEST

model, which has been employed in many studies to calculate

SCS (Rao et al., 2013; Kang et al., 2017; Wang et al., 2019);

however, other sources of sediment are not considered in this

model. Further, research on SCS tends to ignore the openness of

the system (Chen et al., 2020), and only a few studies have

simulated SCS flow.

Ecosystem service flows can be divided into in situ,

omnidirectional, and directional service flows based on the

spatial relationship between service generation and benefit

realization (Fisher et al., 2009; Xiao et al., 2016). According to

supply and demand mobility, ecosystem service flows can be

divided into supply mobile service flows and consumption

mobile service flows (Li, 2014). For SCS, the control of soil

loss in the upper reaches of the ecosystem can provide erosion

control services in the lower reaches, which is a directional

service flow naturally transported along the soil erosion-

transport-deposition pathway (Zhao et al., 2018). The Dinf

model and Service Path Attribution Networks model can well

simulate the spatial flow paths of SCS (Wang, 2019; Zheng et al.,

2021). However, some studies have simulated service increases in

terms of sediment reduction when simulating the flow of SCS

(Liang, 2019), which leads to a conceptual conflict between the

harm of sediment and SCS.

The type, structure, and spatial pattern of land use affect the

processes of erosion and sediment yield (Wang et al., 2005; Yang

and Qin, 2010; Yu et al., 2011; Zhang et al., 2017). The effects of

the type and pattern of land use on soil erosion can be simulated

and predicted by setting different land-use scenarios (Zhu, 2017;

Wang et al., 2020; Feng et al., 2018). However, the design of these

scenarios usually relies on a transfer matrix, which does not

consider the impact of strong scientific management on land use

layout or only considers the spatial distribution of land-use types

in extreme scenarios, which ignores the realizability of land-use

change. Climate change is also a major factor that affects soil

conservation. The impact of climate change on soil erosion has

long been noted (Bryan and Albritton 1943). An increase in

temperature will affect rainfall, rainfall intensity, and

spatiotemporal distribution pattern, which will directly affect

the amount of soil erosion. Climate scenarios are developed from

simple hypothetical scenarios to more realistic scenarios,

providing support for the study of climate-induced soil

erosion (Li and Fang, 2016). The Representative

Concentration Pathways (RCPs) mentioned in the Fifth

International Coupled Model Comparison Program were used

to study soil conservation. Climate-induced changes in

precipitation could offset the soil and water conservation

promoted by vegetation growth (Liu et al., 2021). Moreover,

the variation trend of SCS under different emission scenarios was

consistent with the change rule of rainfall and temperature, and

the maximum increase was observed under high-emission

scenarios (Feng et al., 2020). The combined scenarios of

different Shared Socioeconomic Paths (SSPs) and different

RCPs proposed in the Coupled Model Inter-comparison

Project Phase 6 (CMIP6) provide a more reasonable

assessment of climate change consequences (O’ Neill et al.,

2017; Tong et al., 2020) and support the simulation and

prediction of SCS under future climate scenarios.

The Loess Plateau of China is one of the most severely eroded

areas on Earth; however, its regional ecology has been restored

since the return of farmland to forest projects in 1999. With the

intensely eroded area declining, the lightly eroded area will be

further expanded, and the ecosystem will still be fragile (Xin et al.,

2012; Fu et al., 2017). As an important factor affecting land use,

land-use planning can optimize land resource allocation and

improve the ecological environment (Ouyang et al., 2016). The

Wuding River watershed is located in the transition zone between

the Loess Plateau and Mu Us Sandy Land. Heavy rain occurs in

the summer and is accompanied by severe soil erosion, causing a

volatile and fragile ecological environment. Accordingly, we used
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the SCS of the Wuding River watershed as the research object,

simulated the quantity of SCS, and evaluated the spatial flow,

which is a directional service flow based on the soil erosion-

transport-deposition pathway, to reveal the spatial flow

mechanism of the SCS. Three ecological protection scenarios

(EPSs) were simulated to explore how the scientific planning of

land use patterns can help better cope with future climate change.

2 Data and methods

2.1 Study area

The Wuding River watershed is located in the middle of the

Loess Plateau, spanning Shaanxi Province and the Inner

Mongolia Autonomous Region. This watershed originates

from the northern foot of Baiyu Mountain in Shaanxi

Province at an altitude of 566–1824 m and is generally high in

the Northwest and low in the Southeast. The basin is located at

the junction of semi-humid and semi-arid regions with a

temperate continental monsoon climate, which synchronizes

the precipitation and high-temperature seasons in this region.

Rainfall mainly occurs in summer and autumn, and loess soil is

loose and easily eroded by precipitation, which are important

factors affecting soil erosion in the Wuding River watershed. The

northwest part of the watershed is a windy-sandy area with

sparse vegetation and severe wind erosion. In contrast, the

Southeast part, which is the main source of sediment, is a

loess hilly-gully area with frequent human activities, mainly

agricultural land, and a high reclamation index. Owing to

harsh natural conditions and intense human activities, the soil

erosion rate is highest in the Loess Plateau region, accounting for

14.3% of the annual sediment transport in the lower reaches of

the Yellow River. Serious soil erosion and a fragile ecological

environment have become key factors restricting the sustainable

development of the economy and society in the Wuding River

watershed (Figure 1).

2.2 Data sources

The research datasets include digital elevation models, land

use, soil, hydrological, and meteorological data. DEM data with a

resolution of 30 m was downloaded from the Japan Aerospace

Exploration Agency. Land use data were downloaded from the

Resource and Environment Science and Data Center. Soil data

were obtained from the Harmonized World Soil Database.

Hydrological data were downloaded from the Yellow River

Conservancy Commission. Meteorological data included

historical climate data downloaded from the China

Meteorological Administration and future climate data used

two climate scenarios of CMIP6 from the NASA Center for

FIGURE 1
Geographic location (left) of theWuding River watershed in the Loess Plateau and its administrative divisions and watershed subdivisions (right).
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Climate Simulation, Shared Socioeconomic Path (SSP) 245 and

SSP585. The SSP245 is the updated RCP4.5 scenario; that is, the

radiative forcing will stabilize at 4.5 W/m2 in 2,100. And

SSP585 is the updated RCP8.5 scenario, that is, the

anthropogenic radiative forcing in 2,100 is high at 8.5 W/m2

(Jiang et al., 2020). Details regarding the collected data are

presented in Table 1.

2.3 Methodology

2.3.1 Soil conservation service simulation
The soil and water assessment tool (SWAT) model,

developed by the United States Department of Agriculture, is

used to simulate water quality and quantity at a watershed scale

and quantitatively analyze and predict the impact of land use and

land management on water quality and quantity (Chen et al.,

2022). According to the landform, geomorphology, climate, and

water system characteristics of the Wuding River watershed, the

minimum area threshold of the sub-basin was set at 40,000 hm2,

and the Wuding River watershed was divided into 45 sub-basins

(Figure 1 and Supplementary Figure S1). The hydrological

response unit analysis was carried out based on land use type,

soil data, and terrain slope. Further, the daily scale meteorological

database was input, automatically constructed, and simulated by

the model according to the characteristics of the watershed.

2.3.1.1 Soil erosion simulation

The SWAT model can be used to simulate various

geographical processes within a basin. SCS was the main focus

of this study, and sediment yield was obtained using the SWAT

model. Therefore, in the algorithm part, the soil erosion

simulation algorithm of the SWAT model was considered a

key aspect.

The SWAT model uses the modified universal soil loss

equation (MUSLE) to calculate sediment quantity; the

equation (Eq. 1) is as follows:

SEDa � 11.8 × (Qsurf × qpeak × Ahru)0.56 × K × C × P × LS × CFRG

(1)

where SEDa represents the amount of soil erosion; Qsurf

represents the surface runoff per hour; qpeak represents the

peak flood flow per second; Ahru is the area of the

hydrological response unit; and K, C, P, LS, and CFRG

represent the soil erodibility, surface vegetation cover, soil

conservation measure, slope length and steepness, and coarse

debris factors, respectively.

2.3.1.2 Calibration and validation

The SWAT-CUP is a program for the calibration of SWAT

models. The program could be used to perform calibration,

validation, sensitivity analysis, and uncertainty analysis.

According to the principle of “runoff first, sediment later,” the

runoff from 2008 to 2013 and the sediments from 2008 to

2018 were calibrated and verified using SWAT–CUP based on

monthly data from the Baijiachuan hydrological station. The

parameters used are shown in Supplementary Table S1. The

correlation coefficient (R2) and Nash–Sutcliffe efficiency (NS)

were used to evaluate the applicability of the results. When R2 >
0.6 and NS > 0.5, the simulation results were considered to be

available. For runoff, when 2008–2010 was the calibration period,

the results were as follows: R2 = 0.7 and NS = 0.64; however, when

2011–2013 was the validation period, the results were as follows:

R2 = 0.78 and NS = 0.7, as shown in Figure 2. For sediments,

when 2008–2013 was the calibration period, the results were as

follows: R2 = 0.67 and NS = 0.51; when 2014–2018 was the

validation period, the results were as follows: R2 = 0.74 and NS =

0.72, as shown in Figure 3.

2.3.1.3 Soil conservation service simulation

The SCS can be quantified by the difference between

potential soil erosion and actual soil erosion, which represents

the control ability of existing vegetation cover and management

measures to soil erosion without vegetation cover and

management measures. Expressed by Eq. 2.

As � SEDp − SEDa

� 11.8 × (Qsurf × qpeak × Ahru)0.56 × K × LS × CFRG × (1 − C × P)
(2)

TABLE 1 Detailed information of the datasets.

Data Resolution Source

Digital Elevation Model (DEM) 30 × 30 m Japan Aerospace Exploration Agency (https://www.eorc.jaxa.jp/ALOS/en/aw3d30/data/index.htm)

Land use/cover change 30 × 30 m Resource and Environment Science and Data Center (https://www.resdc.cn/)

Soil data 1:100 0000 Harmonized world soil database

Hydrological data Months Yellow River Conservancy Commission (http://www.yrcc.gov.cn/)

Historical climate data 0.25° × 0.25° China Meteorological Administration (http://data.cma.cn)

Future climate data 0.25° × 0.25° NASA Center For Climate Simulation (https://www.nccs.nasa.gov/services/climate-data-services)
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where As, SEDp, and SEDa refer to soil conservation service,

potential soil erosion, and actual soil erosion, respectively. The

SWATmodel can directly simulate actual soil erosion but cannot

directly result in the potential soil erosion. Therefore, the C and P

factors in the source code of the SWAT model were modified to

one to simulate erosion under the assumption that these is no

FIGURE 2
Monthly runoff during the calibration period (2008–2010) and validation period (2011–2013).

FIGURE 3
Monthly sediment during the calibration period (2008–2013) and validation period (2014–2018).
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vegetation cover and soil conservation measures to obtain the

potential soil erosion.

2.3.2 Spatial flow model
The ecosystem service flow refers to the spatial transmission

process from supply area to benefit area (Syrbe andWalz, 2012).

Most studies on ecosystem service flow are based on the

perspective of supply and demand matching, and the

amount of flow depends on human demand (Liu et al.,

2017). However, compared with other ecosystem services,

SCS is special. It is a directional service flow that depends

on the soil erosion—transport-deposition pathway, and its

spatial flow path is naturally transmitted along with the

terrain and is not directly affected by the balance of supply

and demand (Zheng, 2021; Wang et al., 2022). Therefore, this

paper will focus on the supply and flow of SCS. Herein, the Dinf

model was used to simulate the spatial flow path and quantify

the flow and benefits.

2.3.2.1 Flow path model

The Dinf algorithm, which is a multiflow model proposed by

Tarboton (1997), was used to simulate the flow path of the SCS.

In a 3-pixel × 3-pixel window, the Dinf algorithm takes the cell to

be calculated as the center and diagonally divides the

surrounding eight cells (the diagonal direction of the central

cell) every 45°. The maximum slope in the triangle formed by the

central grid cell and the eight surrounding cells is the slope of the

grid cell, and the slope direction of the triangle is the flow

direction, which flows through the direction of the water flow

to determine the two downstream grid cells (Figure 4).

2.3.2.2 Quantity of flow and benefit

The quantity of the spatial flow can be expressed using Eq. 3

Fa � As × [1 − exp(−surlag
tconc

)] (3)

where Fa is the amount of spatial flow in sub-basin a, As

represents the soil conservation service within a time step,

surlag signifies the hysteresis coefficient of the surface runoff,

and tconc represents the concentration time. The expression [1 −
exp(−surlagtconc )] represents the fraction of the total effective soil

conservation services that can enter the field on any given day.

The benefit of SCS in sub-basin b is the sum of the total flow

of the connected upstream sub-basins and the flow of sub-basin

b, which can be expressed by Eq. 4

Yb � ∑ Fa + Fb (4)

where Yb, ∑Fa, and Fb refer to the quantity of the flow in sub-

basin b, cumulative amount of the flow of SCS in all upstream

sub-basins connected to sub-basin b, and the flow in sub-basin b,

respectively.

2.3.3 Scenario design
The FLUSmodel is a land-use simulation model combining a

cellular automata model and an artificial neural network

algorithm that can simulate the spatial pattern of land use

according to the future demand of land use (Xun et al., 2018).

The FLUS model uses an artificial neural network algorithm to

obtain the suitability probability of various land use types within

the research scope from the first-stage land use data and various

driving factors, including human activities and natural effects,

and then obtains the distribution map of the future land use by

combining it with the future land use demand (Liang et al., 2018).

In this study, the FLUS model was used to construct the land use

of natural development scenarios (NDSs) and three different

EPSs in 2030 and 2050. The three EPSs were compared with

NDSs to analyze the impact of different land-use patterns under

ecological protection planning on SCS.

1) NDSs: Based on the land use/land cover change from 2000 to

2020, the NDSs of the Wuding River watershed in 2030 and

2050 were simulated and predicted according to the current

development pattern and transfer matrix of land-use change

under NDS (Table 2).

2) EPSs: First, the ecological protection scenario (EPS) of the

transfer matrix of land-use change (Table 3) was used to

predict the area of various land-use types in 2030 and 2050.

The research object of this paper is SCS, so in the EPSs,

suitable distribution areas are mainly planned for forest land,

grassland, and agricultural land, and land use types without

constraints are directly simulated in the FLUS model

according to the transfer matrix of land-use change.

Finally, under the condition that the area of various land-

use types remains unchanged, the following three EPSs were

constructed according to the suitable distribution zones

constrained (Table4) by slope, dry-wet zone, and soil and

water loss zone (Supplementary Figure S2).

FIGURE 4
The Dinf algorithm: (A) triangle number of the Dinf algorithm
and (B) flow direction and two downstream grid cells.
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Scenario 1 (S1): Without additional constraints, the spatial

distribution of land-use types in 2030 and 2050 can be predicted

according to the land-use change transfer matrix of EPS alone.

Scenario 2 (S2): According to Gao et al. (2016), the semi-

humid and humid regions are suitable for forestland growth,

while the semi-arid and arid regions are suitable for grassland

growth. Therefore, when the existing forest and grassland are

kept as immobile as possible, S2 regards the sub-humid area as

the priority development area of forest and the semi-arid area as

the priority development area of grassland to predict the land use

types under EPSs in 2030 and 2050.

Scenario 3 (S3): The National Development and Reform

Commission of China (Ndrc, 2010) divides the Loess Plateau

into six soil and water loss zones according to natural conditions,

TABLE 2 Transfer matrix of land-use change under NDS.

Land use
type

Agriculture Forest Grassland Water Urban Bare land

Agriculture 1 1 1 1 1 1

Forest 1 1 0 0 0 0

Grassland 1 1 1 1 1 1

Water 0 0 1 1 1 1

Urban 1 0 1 1 1 0

Bare land 1 1 1 0 1 1

TABLE 3 Transfer matrix of land-use change under EPS.

Land use
type

Agriculture Forest Grassland Water Urban Bare land

Agriculture 1 1 1 1 0 1

Forest 0 1 0 0 0 0

Grassland 0 1 1 1 0 0

Water 0 0 0 1 0 0

Urban 0 0 0 0 1 0

Bare land 1 1 1 1 1 1

TABLE 4 Principle of suitable distribution area for different scenarios.

Scenarios Land use type Principle of suitable
distribution area

NDS All Transfer matrix of land-use change under NDS.

EPS S1 ALL Transfer matrix of land-use change under EPS.

S2 Forest The sub-humid area.

Grassland The semi-arid area.

Others Transfer matrix of land-use change under EPS.

S3 Forest The windy-sandy area with slope >5° and located in the sub-humid area

The hilly-gully area with slope >15° and located in the sub-humid area.

Grassland The windy-sandy area with slope >5° and located in the semi-arid area

The hilly-gully area with slope >15° and located in a semi-arid area.

Agriculture Slope <15° in the hilly-gully area

Slope <5° in the windy-sandy area.

Others Transfer matrix of land-use change under EPS.
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comprehensive control measures, and administrative

boundaries. The soil and water loss zoning itself is inseparable

from natural conditions such as slope and precipitation, which

have a guiding significance in ecological protection planning.

However, owing to the impact of the classification accuracy, the

Wuding River watershed, with a small area, can only be divided

into two soil and water loss zones: the hilly-gully region and the

windy-sandy region. Therefore, we used the DEM data to

generate a slope map, and combined it with dry-wet zoning

and soil and water loss zones, then designed S3. The principles

for setting suitable distribution areas in S3 are as follows: 1)

suitable distribution areas for forestland: the existing forestland;

the windy-sandy area with a slope greater than 5° and located in

the sub-humid area; and the hilly-gully area with a slope of more

than 15° and located in the sub-humid area; 2) suitable

distribution areas for grassland: the existing grassland; the

windy-sandy area with a slope greater than 5° and located in

the semi-arid area; the hilly-gully area with a slope of more than

15° and located in a semi-arid area; and 3) suitable distribution

area for agriculture: slope less than 15° in the hilly-gully area and

less than 5° in the windy-sandy area.

3 Results

3.1 Land use simulation based on different
scenarios

The area changes for each land-use type under the NDSs and

EPSs are shown in Table 5. The NDSs continued the land use

change rule from 2000 to 2020. Compared to those in 2030, the

areas of agriculture, water, and urban land will increase by 8.01%,

19.86%, and 58.01%, respectively, in 2050, while the areas of

forest, grassland, and bare land will decrease by 8.79%, 6.66%,

and 6.27%, respectively. In EPSs, compared with those in 2030,

forest, grassland, water, and urban land will increase by 2050,

while the area of agriculture and bare land will decrease.

Although the rate of increase in urban land under EPS was

higher than that under NDS, its area was less than that under

NDS. The urban land area under EPS is expected to be 35% lower

than that under NDS by 2030 and 30% lower by 2050.

The spatial distribution of land-use types under the NDSs and

EPSs is shown in Figure 5. Compared with 2030, the distribution of

urban and agricultural under the NDSs will be more intensive by

2050. Under EPSs, owing to the influence of different design and

planning methods, although the area of each land-use type is the

same, their spatial distribution is different. S1 was only affected by

the suitability probability and transfer matrix of ecological

protection, while S2 was mainly influenced by whether it was a

semi-arid or sub-humid region. Therefore, an increase in grassland

and agriculture mainly occurred in the Northwest, while an

increase in forest occurred in the Southeast; however, as the

forest area was less, the distribution of land-use types in the

Southeast was relatively stable. In S3, the restriction conditions

were more complex and related to slope, dry-wet zoning, and soil

and water loss zoning. Further, the changes in various land-use

types were relatively scattered. Compared with that in the NDSs,

except for the significant increase in urban areas, the utilization

rate of bare land obviously increased under the EPSs. Further, bare

land that is mainly distributed in the Northwest was transformed

into grassland and other land-use types.

3.2 Soil conservation service and its spatial
flow from 2000 to 2020

The monthly SCS and precipitation in the Wuding River

watershed from 2000 to 2020 are shown in Figure 6. The SCS of

the Wuding River watershed showed an upward fluctuation

trend, and precipitation, which is strongly consistent with the

SCS, was generally characterized by a rising trend. Heavy rain is

the main form of precipitation on the Loess Plateau and is an

important factor affecting soil erosion (Bai et al., 2021). SCS in

August 2001, July 2013, and July 2017 exceeded 2.5 × 108 t, with

values of 2.92 × 108 t, 2.85 × 108 t, and 3.14 × 108 t, respectively.

Accordingly, the monthly total precipitation in these 3 months

TABLE 5 Areas and rates of change of land-use types under different scenarios in 2050 compared to 2030.

Land use
type

Natural development scenario Ecological protection scenario

2030 (km2) 2050 (km2) Rates of
change (%)

2030 (km2) 2050 (km2) Rates of
change (%)

Agriculture 10,410 11,244 +8.01 8,856 8,791 −0.73

Forest 91 83 −8.79 129 134 +3.88

Grassland 16,330 15,242 −6.66 18,312 18,364 +0.28

Water 146 175 +19.86 154 185 +20.13

Urban 643 1,016 +58.01 418 709 +69.62

Bare land 2,265 2,123 −6.27 2018 1703 −15.61
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had high values of 213, 209, and 180 mm, respectively. The SCS

in the Wuding River watershed had a strong correlation with

precipitation, which further indicated that precipitation was the

decisive factor affecting SCS in the Wuding River watershed.

To study the spatial distribution of SCS in the Wuding River

watershed, 2000, 2005, 2010, 2015, and 2020 were selected to

draw the spatial distribution map, as shown in Figure 7. Overall,

the SCS showed obvious spatial differentiation, with a low

FIGURE 5
Land-use type for different scenarios in 2030 and 2050.

FIGURE 6
Monthly SCS and precipitation from 2000 to 2020.

Frontiers in Earth Science frontiersin.org09

Wang et al. 10.3389/feart.2022.957520

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.957520


distribution in the northwest and a high distribution in the

southeast. During the study period, the SCS in the middle and

upper reaches of the Wuding River watershed was lower than

500 t/km2. In these areas, the terrain is flat and precipitation is

scarce. And grassland is the main land use type, with low erosion

potential and stable soil conservation. In the middle and lower

reaches of the Wuding River watershed, the SCS displayed an

obvious upward trend. In these regions, agriculture was the main

land-use type and precipitation was large, leading to large

potential and actual erosion.

The flow and benefits of the SCS from 2000 to 2020 are

shown in Figure 7. The arrow in the figure depicts the flow points

to the flow path in each sub-basin of the Wuding River

watershed, and the thickness of the symbol indicates the

quantity of flow. The flow path of the SCS was highly

consistent with the river network, and the total variation

tendency of flow is to rise in fluctuation, especially in the

downstream area in 2020. As the measures for returning

farmland to forest and grassland were implemented in the

Loess Plateau from 2000, the sediment retention capacity has

improved and sediment yield has been reduced, thereby leading

to a gradual increase in the SCS provided by the ecosystem.

The benefit of each sub-basin includes the total amount of

SCS in the sub-basin and its connected upstream sub-basins.

Therefore, sub-basins 3, 21, and 45 were selected for comparison.

Sub-basin 3 is the marginal sub-basin of the Wuding River

watershed and is unconnected to the upstream. The benefit of

this sub-basin is its own flow of SCS, with an average annual

benefit of 6.75 × 104 t during the study period. Sub-basin 21 is

connected to six sub-basins (sub-basins 1, 2, 3, 4, 7, and 8), and its

benefit is the sum of its SCS value and the benefit generated by

these six sub-basins. The annual benefit of sub-basin 21 was

3.98 × 106 t. As the outlet of the Wuding River watershed, the

final annual benefit of sub-basin 45 was 8.44 × 108 t after the

accumulation of the benefits in sub-basins 1–44.

3.3 Changes in soil conservation service
under different ecological protection
scenarios compared with those under
natural development scenarios

To investigate the differences in SCS under different EPSs

and their changes relative to those under NDSs, the changes were

FIGURE 7
Soil conservation service (A–E) and its spatial flow (F–J).
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obtained by subtracting the SCS under the three EPSs in 2030 and

2050 from those under NDSs (Figure 8).

Under the NDSs, the SCS under the SSP585 scenario was

higher than that under the SSP245 scenario, and the increased

areas were mainly distributed in the southeast. In contrast, the

SCS was relatively stable in the northwest, where most of the SCS

was lower than 500 t/km2. Such a finding indicates that as the

radiative forcing of the scenario increases, precipitation will

increase, which leads to an increase in SCS. However, owing

to the increase in urban and agricultural areas, the SCS of NDSs

in 2050 shows a decreasing trend compared with that of

2030 under both future climate models.

Under the two future climate models, the EPSs had more SCS

than NDSs. SSP245-2030-S1, SSP245-2030-S2, and SSP245-2030-

S3 were 7.43%, 5.37%, and 10.84% more than SSP245-2030-NDS,

respectively. SSP245-2050-S1, SSP245-2050-S2, and SSP245-2050-

S3 were 7.42%, 6.36%, and 7.94% more than SSP245-2050-NDS,

respectively. SSP585-2030-S1, SSP585-2030-S2 and SSP585-2030-

S3 were 2.13%, 1.50%, and 3.03% more than SSP585-2030-NDS,

respectively. SSP585-2050-S1, SSP585-2050-S2, and SSP585-2050-

S3 were 5.50%, 4.90%, and 6.71% more than SSP585-2050-NDS,

respectively. As shown in Figure 8, only a few sub-basins had less SCS

relative to the NDSs, which was due to rapid urban development,

such as sub-basins 5, 11, and 12 in 2030 the original bare land was

mainly converted into urban land. However, under the EPSs, the

urban expansion rate of these sub-basins was relatively low and bare

land was not fully utilized. Accordingly, the amount of soil

conservation in these sub-basins was more than 500 t/km2 lower

than that under the NDSs. As land-use efficiency increases, soil

conservation in these sub-basins will increase by 2050.

The advantages of the three EPSs were mainly reflected in the

Southwestern and Southeastern regions. S2 considers semi-arid

FIGURE 8
Soil conservation service under different scenarios.
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regions or semi-humid regions, and the advantages of this

planning method are not obvious compared with those of S1.

In contrast, S3 considers not only dry-wet zoning but also soil

and water loss zoning and slope limitation, which can

significantly improve the SCS. Notably, the advantages of

S3 continue to increase in the Southwest and Southeast

regions. Planning land use patterns by considering soil and

water loss zoning and slope can improve the SCS in areas

where topography highly fluctuates and is affected by

precipitation. In contrast, in the Northwest, the terrain is flat,

precipitation is relatively low, and the SCS is relatively stable.

Therefore, the advantages of EPSs in these areas are unclear.

3.4 Changes in the flow and benefit of soil
conservation service under different
ecological protection scenarios compared
with those under natural development
scenarios

Compared with that in 2000–2020, the flow and benefit of

SCS in the future show a new characteristic; except for

maintaining the distribution characteristic of more in the east

and less in the West, the flow and benefit in the sub-basins where

the tributary is located are larger than those in the branches and

increase along the trunk (Figure 9).

FIGURE 9
The flow and benefit of SCS under different scenarios.
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Compared with that in SSP245, the flow and benefit

markedly increase under SSP585, and the increased area is

mainly the sub-basins where the trunk of the flow is located.

This increasing trend is obvious for both NDSs and EPSs and

indicates that the rate of increase of potential soil erosion is

higher than that of actual soil erosion with the increase in

precipitation. Moreover, in semi-humid and semi-arid regions,

precipitation has an obvious stress effect on vegetation growth,

which provides more soil conservation.

Under the two future climate models, compared with the

NDSs, the EPSs havemore vegetation and less bare land.Accordingly,

the amount of flow and benefits susceptible to topography are mainly

increased in space, and the areas with more increase are mainly the

sub-basins of the trunk of the Southeast. Only a few sub-basins on the

western edge of the watershed have reduced flow and benefits

compared with those under NDSs. In addition, in 2030, compared

with S1 and S2, S3 has no obvious advantage in the Western region,

and some sub-basins have lower discharge and benefit than S1 and S2.

Nonetheless, S3 has obvious advantages in the middle and east of the

Wuding River watershed. However, by 2050, S3 has no obvious

advantages in space compared with S1 and S2 under the two climate

models. These results indicate that with urban expansion in the upper

reaches of the river basin, land-use intensity increases and the spatial

flow of SCS decreases. Further, as land use intensity in the upstream

region increases, the amount of benefit in the downstream region

decreases due to cumulative benefit.

4 Discussion

4.1 Impact of land use and climate change
on soil conservation service

Rainfall intensity and slope are important factors influencing

soil erosion (Yu and Bi, 2013). Therefore, S2 was designed from the

perspective that the Wuding River watershed is the junction of the

semi-arid and semi-humid regions to explore the ecological benefits

of planning suitable distribution areas of grassland and forestland

according to the equal precipitation line. However, the difference

between S2 and S1 was unobvious, indicating that in a small

watershed, there is no obvious advantage in the use of

precipitation for land use planning in each sub-basin. We used

the slope map and combined it with dry-wet zoning and soil and

water loss zones, then designed S3. And this study proved that S3 has

the largest ecological benefit among the three EPSs, particularly in

the Southeast. The southeast of the Wuding River watershed is

dominated by the loess hilly-gully region, with large terrain ups,

downs, and ravines. Wang (2007) concluded that in the Wuding

River watershed, the sediment content of rivers in the loess hilly-

gully regions is markedly higher than that in the windy-sandy

region. Scientific land use planning can obtain more significant

ecological benefits in the Southeast region, where the terrain is

fluctuant.

Compared with that in SSP245, soil conservation will increase

under the SSP585 climate scenario, which is consistent with the

conclusions of Bai (2021). Rainfall intensity is an important factor

affecting the erosion ability of slope runoff (Shi et al., 2012). Under the

future climatemodel, precipitation in theWuding River watershed will

increase, which will result in increasing soil conservation. Of note, the

ecological benefits of the S3 scenario do not have obvious advantages

comparedwith those of S1 and S2 in the SSP585 scenario. Therefore, in

addition to planning land use according to local conditions in the

complex environment of the Wuding River Basin, engineering

prevention and control measures should be implemented to cope

with the negative impact of increasing extreme climate events caused

by the accelerated climate change process.

Soil conservation in some few sub-basins tended to decrease

under the three EPSs compared with that under the NDSs. Under

the NDSs, the former bare land was mainly converted into urban

land, whereas under the EPSs, the urban expansion rate of these

sub-basins was low, and the bare land was not fully utilized. As

land use increases, soil conservation in these sub-basins is

expected to increase by 2050. Therefore, bare land is still the

focus of soil erosion control in the future, and the planning and

utilization of bare land should be prioritized (Fang, 2021).

4.2 Implications for prevention and
management policies of soil erosion

Ecosystem service flow explores the process of spatial flow from

supply areas to benefit areas (Wang and Zhou, 2019), which is key to

the transformation of services for human well-being. Studying

ecosystem service flow enables the protection of ecosystem services

and the prevention of factors that adversely affect the formation and

development of ecosystem services. The ecosystem conserves soil

through vegetation roots and reduces soil erosion by precipitation and

runoff through interception, absorption, and infiltration, thereby

reducing sediment. Soil erosion control has multiple benefits at

local and regional scales (Fu et al., 2015). In this process, the

spatial flow is unaffected by the balance of supply and demand in

the sub-basins, which is the biggest difference between the spatial flow

of SCS and other ecosystem services. This transmission process has a

cumulative effect (Zheng, 2021;Wang et al., 2022). We visualized this

cumulative effect in terms of benefits and found that as upstream cities

expand, they provide less benefit to downstream cities, which may

affect the sustainable development of the entire watershed.

Studies on the spatial flow of ecosystem services can obtain

deep information that static studies cannot obtain. For example,

the SCS (Figure 8) has more sub-basins, where the amount under

the EPSs is lower than that under NDSs, than the benefit of SCS

(Figure 9). And this indicates that the study on the supply of SCS

alone is one-sided and neglects the non-negligible connection

between upstream and downstream. The study of spatial flow

can show the internal relationship between adjacent sub-basins or

even non-adjacent sub-basins in the upstream and downstream.
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When the sediment amount in the upstream sub-basins decreases,

the amount of sediment carried in the runoff can be reduced and

SCS can be provided for the downstream areas. This result will

encourage decision-makers for different administrative units

upstream and downstream to strengthen cooperation to obtain

win-win results. This approach considers the upstream and

downstream as a whole, examines the remote coupling within

the whole basin, and focuses on the change in cumulative effect to

highlight the change in the benefit provided by the upstream for

the downstream in different scenarios of land-use patterns,

ultimately providing a basis for land-use optimization.

4.3 Uncertainties

The SWATmodel includes complex processes, such as sediment

delay in runoff, lateral flow, and sediment in underground runoff,

and replaces rainfall factors with runoff factors without additional

calculation of sediment separation and transport. These processes

are convenient for simulating and calculating the flow and benefit of

SCS and are more consistent with the actual situation. The SWAT

model has a better simulation effect on the monthly hydrological

process; however, sediment in the Loess Plateau is usually caused by

short duration and high-intensity rainstorms in the flood season,

which has a decisive influence on soil erosion (Zhao et al., 2020).

Runoff and sediment in the Wuding River watershed rapidly reflect

single-day rainfall, which is not well reflected in the SWAT model.

In addition, the SWAT model is good for runoff simulation in the

summer flood season but poor for spring floods or low rainfall in

March and April, which is consistent with the application results of

the SWATmodel in other arid and semi-arid regions in China (Yao

et al., 2015). These results may further affect the sediment

simulation. Therefore, mastering the daily scale data combined

with a model suitable for simulating spring floods will improve

the simulation accuracy in future research.

The study of the SCS in the Wuding River watershed is based

on the results of the MUSLE model used in the SWAT model,

which is a hydraulic erosion model. The soil erosion pattern of

the Wuding River watershed is dominated by hydraulic erosion,

and approximately 1/6 of the sediment transport is caused by

wind (Shi, 2006), which has not been considered in this study. In

the future, wind erosion models, such as the revised wind erosion

equation models (Fryear, and Bilbro, 2001), will be used to obtain

results that are more consistent with the real situation in the

Wuding River watershed.

To assess SCS based on the soil

erosion–transport–deposition pathway in the remote coupling

effect between the upstream and downstream, all downstream

sub-basins were conceptually treated as benefit areas, and the

SCS entering the downstream reaches was considered in the

quantification of flow; however, the radiation distance was not

considered in the quantification of the benefits, which may

amplify the impact of land-use changes in the upstream sub-

basins on the downstream SCS. Therefore, the radiation range of

benefits should be further evaluated in future studies.

5 Conclusion

Different EPSs were established to determine the best

strategy to handle future climate change through management

optimization of land use patterns from the perspective of the SCS

and its spatial flow and benefit. The SCS in the Wuding River

watershed displayed an upward fluctuation trend from 2000 to

2020 and a strong correlation with precipitation, especially with

heavy rainfall in the summer. In general, the SCS under

SSP585 was higher than that under SSP245. However, due to

intensive anthropogenic activities, the SCS under NDSs in

2050 showed a downward trend compared with that of

2030 under both future climate models. Nevertheless, through

ecological protection and changing land-use patterns, SCS can be

improved. Planning measures under the three EPSs can improve

SCS to varying degrees. Further, S3, which is considered a slope,

dry-wet zoning, and soil and water loss zone, will play a bigger

role in areas with large topographic fluctuations. Flow and benefit

can link upstream and downstream regions, thereby highlighting

the role and impact of land use pattern change on the entire

watershed. Human activities in the upstream region, such as

urban expansion and an increase in cultivated land, will reduce

the benefits in the downstream region; however, changing the

distribution pattern of land use can reduce the adverse impacts

and promote the sustainable development of the watershed.
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