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Abstract: Determining the optimal vegetation cover threshold in a region for facilitating
both high levels of ecosystem services (ESs) supply and synergistic sustainable development
among different ESs is crucial. This study delineated the nonlinear relationship between
the fractional vegetation cover (FVC) and the integrated synergy—supply capacity of ESs in
Ji County, on China’s Loess Plateau (2000-2023). The FVC was quantified using Landsat
remote sensing data. Assessments of carbon storage, soil conservation, water conservation,
and habitat quality were conducted based on multi-source remote sensing datasets and
the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model, which
subsequently informed the evaluation of the integrated synergy-supply capacity of ESs.
Spatial-temporal distribution characteristics were assessed via trend analysis methods and
the spatial correlation relationship was assessed via bivariate local spatial autocorrelation
analysis. The constraint line analysis and the restricted cubic spline method were combined
to analyze the nonlinear relationship between the two and to quantify the FVC threshold.
The results revealed that the spatial distribution of both the FVC and the integrated synergy—
supply capacity of ESs was higher in the north, with a growth trend observed respectively.
A highly significant positive spatial correlation existed between the two (Moran’s I > 0.6520,
p < 0.01), dominated by the High-High agglomeration type (55.71%). The relationship
between the regional FVC and the ISSC of ESs, the forest land FVC and the ISSC of ESs, and
the grassland FVC and the ISSC of ESs all exhibited a positive convex function constraint
line. The regional FVC threshold was 0.5, the forest land FVC threshold was 0.28, and
the grassland FVC threshold was 0.77. When the FVC value was above the threshold, its
facilitating effect on the ISSC of ESs diminished. This study advances vegetation threshold
research by integrating the supply levels and synergy degrees of multiple ESs, providing
a scientific foundation for formulating strategies for regional ecological restoration and
adaptive management, and offering a reference for high-quality vegetation restoration in
global arid, semi-arid, and erosion-prone regions.

Keywords: ecosystem services; integrated synergy—supply capacity; fractional vegetation
cover; threshold; Loess Plateau
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1. Introduction

The ecosystem as an essential foundation for human growth and progress. It pro-
vides living conditions, preserves the balance between humanity and nature, maintains
species and genetic diversity, and facilitates the coordinated development of various eco-
logical cycles [1-3]. As an important component of the ecosystem, vegetation serves as
a vital intermediary between the terrestrial environment and the atmosphere, markedly
influencing energy exchange, carbon equilibrium, and climatic stability within terrestrial
ecosystems [4]. The United Nations Decade of Ecosystem Restoration 2021-2030 under-
scores the importance of vegetation in enhancing ecosystem services (ESs). Generally,
increased vegetation coverage enhances regional ecosystem quality and provision of ESs.
For instance, research in Brazil has revealed that a 20% expansion of the tropical montane
cloud forests coverage improves water yield in the Brazilian Atlantic Forest [5]. Findings
from China’s Loess Plateau has indicated that enhancing the stand regeneration capacity of
Black Locust (Robinia pseudoacacia L.) plantations could effectively optimize total ecological
functions simultaneously [6]. To monitor the alterations in vegetation, previous studies
have proposed various vegetation indicators, including the normalized difference vegeta-
tion index (NDVI), the fractional vegetation cover (FVC), and so on. The FVC is commonly
used to denote the vegetation cover across a region [7-9].

Global concern regarding vegetation conservation efforts and ES evaluations related to
vegetation restoration is continually increasing [10]. For instance, investigations in China’s
karst ecologically fragile zones, the American valley-scale floodplain, and Guyana’s At-
lantic coastal area [11-13] have specifically evaluated vegetation restoration outcomes.
Meanwhile, assessments of ecosystem services and their trade-off relationships have gener-
ated substantial academic discourse in diverse national contexts, including Canada, Russia,
and China [14-16]. An important challenge in ecosystem restoration is identifying the
optimal vegetation cover for maximizing ES benefits [17]. Previous studies have indicated
that ESs exhibit a nonlinear response to alterations in vegetation [18,19], with this nonlinear
variation signifying the presence of threshold effects [16]. A multi-year study by Gao et al.
in Changting County, China, examining vegetation cover and soil productivity relationship,
revealed sustained soil degradation when vegetation cover falls below the degradation
threshold of 20% [8]. Jiang et al. analyzed the constraining effect of the NDVI on soil
conservation on the Loess Plateau from 2000 to 2015, and suggested that the overall vegeta-
tion cover should not exceed 50% [20]. Most current studies typically focus on vegetation
cover thresholds for individual ESs. However, it has been suggested that determining the
vegetation cover thresholds based on total ESs, rather than focusing on individual ESs,
can offer valuable insights for the sustainable management of vegetation at the regional
scale [10]. Ruan et al. applied the elasticity coefficient method to analyze threshold effects
of the FVC on the total ESs under different land-use types in the Qilian Mountains. Their
results identified optimal FVC ranges: 0.4-0.48 for forest land, 0.24-0.30 for grassland, and
0.19-0.20 for unused land [21]. In parallel research, Zhao et al. applied the constraint line
method to examine NDVI limitations on ESs in the Tibetan Plateau. Their analysis revealed
maximum total ESs when the NDVI reached 0.65-0.75, with the constraint line exhibiting
an S-shaped type [22]. These findings emphasize the necessity to determine vegetation
cover thresholds to balance ecological restoration objectives with total ESs.

Due to various factors, such as vegetation changes, trade-offs and synergies may
occur among various ESs at specific geographical and temporal scales [23]. To advance
sustainable development, the trade-offs among different ESs should be diminished while
enhancing the synergies between them. Consequently, studies elucidating the nonlinear
dynamics of ESs synergies and vegetation cover, as well as identifying vegetation cover
thresholds, need consideration [24]. Nevertheless, the majority of the existing literature on
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the topic is from the viewpoint of ES pairs, while focusing on mutual benefit, as illustrated
by the research in the Songhua River Basin [25] and tropical island basins [26]. Previous
studies have paid insufficient attention to the extent of synergy among the total ESs [27],
and the supply levels of ESs are frequently overlooked. However, under the backdrop
of vegetation restoration, there exists an ecological governance demand that necessitates
the high-level supply of ESs, alongside the promotion of synergy among total ESs at the
regional scale. Xun et al. have proposed an ecosystem service benefit index and identified
thresholds for precipitation and the NDVI [28]. Drawing on this index, the study integrated
the supply levels and synergy degrees of multiple ESs to determine the vegetation cover
threshold, thereby addressing a crucial gap in regional-scale management practices.

The Loess Plateau, characterized by its distinct erosion gully topography, is extremely
vulnerable to erosion, ranking among the most severely affected regions of soil erosion
globally [29]. To curtail soil erosion and enhance ESs, the increase in vegetation cover
serves as a primary strategy [30]. However, previous studies have indicated that excessive
vegetation restoration may result in imbalances in the regional water resource supply and
demand, along with several other issues, such as decreased soil moisture content [31].
To genuinely achieve the multi-win goals of ESs, it is crucial to define the threshold of
regional vegetation cover according to the integrated synergy—supply capacity (ISSC) of
the total ESs.

However, amidst the widespread implementation of vegetation restoration initiatives,
current research predominantly focuses on the constraint effects of vegetation cover on
either ES supply levels or paired ES trade-off/synergy relationships, with limited studies
holistically integrating multiple ES supply levels and synergy degrees. This indicates that
there is still a research gap in this field. What characterizes the nonlinear relationship
between vegetation cover and the ISSC of ESs? What is the vegetation cover threshold
determined based on the ISSC of ESs? Currently, these issues remain contentious within the
research field, and these uncertainties present considerable hurdles for future vegetation
restoration and ecosystem management. Based on this, this study selected the typical region
of Ji County in the Loess Plateau as the study area. The main objectives of this study were
to quantitatively assess the FVC and the ISSC of ESs, and to clarify the spatial relationship
between them, as well as to combine the constraint line method with the restricted cubic
spline (RCS) method to clarify the nonlinear relationship between the FVC and the ISSC of
ESs, and to determine the FVC threshold.

2. Materials and Methods

The research workflow of this study is illustrated in Figure 1.

2.1. Research Area

Ji County (latitude 110.44-111.13° E, longitude 35.88-36.36° N), which encompasses an
area of 1781 km?, is located to the west of Linfen City in Shanxi Province (China), adjacent
to the Yellow River (Figure 2). The region’s topography is elevated in the northeast and
depressed in the southwest, with landforms categorized into mountainous, loess hills
and gullies, and loess broken tableland, among others; the terrain has a lot of ups and
downs. Ji County experiences a temperate continental climate, with precipitation primarily
occurring from June to September, and a long-term average temperature of approximately
10 °C. The mean annual precipitation in the region is 544.46 mm. According to the soil
classification of the Food and Agriculture Organization of the United Nations, the main
soil type in Ji County is Calcaric Cambisols. Ji County is located within the Yellow River
Basin, with its principal rivers being the Xinshui River, the Qingshui River, and the Yiting
River. Since 2000, Ji County has implemented several ecological protection projects, such
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as the Grain for Green Program (GFGP), which have achieved remarkable results. The

vegetation in Ji County mainly includes natural forests, planted forests, shrublands, and

grasslands. The natural forests mainly consist of Liaodong Oak (Quercus wutaishansea Mary)

and David’s aspen (Populus davidiana Dode). The planted forests mainly consist of Black

Locust (Robinia pseudoacacia L.), Oriental Arborvitae (Platycladus orientalis (L.) Franco), and

Chinese pine (Pinus tabuliformis Carriere). The main shrub communities include Willowleaf
Meadowsweet (Spiraea salicifolia L.), Manchu rose (Rosa xanthina Lindl.), and Chinese
Silkvine (Periploca sepium Bunge). The main herbaceous communities include Artemisia
genus (Artemisia sacrorum Ledeb.) and Radix rubiae (Rubia cordifolia L.), among others.
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Figure 1. Research framework diagram.
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Figure 2. Location of the study region.

2.2. Data Sources and Preprocessing

This study used spatial datasets from multiple sources (Table 1). The Landsat series
remote sensing images captured during May—October of each year, corresponding to the
vegetation growing season in Ji County, were used to produce the FVC data. Based on
previous studies, the land use data were classified into six types: arable land, forest land,
grassland, water area, construction land, and bare land. All the data were resampled to a
resolution of 30 m to maintain spatial consistency.

Table 1. Sources of the datasets used in this study.

Data Types

Format Resolution Data Source

Fractional vegetation cover (FVC) data Raster 30m

Google Earth Engine platform
(https:/ /code.earthengine.google.com (accessed on 5 May 2024))

Google Earth Engine platform

Land use data Raster 30m (https:/ /code.earthengine.google.com (accessed on 7 March 2024))
National Aeronautics and Space Administration Digital Elevation Model
. . (NASADEM)
Digital elevation model (DEM) Raster 30m (https:/ /lpdaac.usgs.gov/products/nasadem_hgtv001/ (accessed on
19 October 2023))
Precipitation Raster 1 km National Scientific Data Center for the Tibetan Plateau
p (https:/ /data.tpdc.ac.cn/ (accessed on 26 December 2023))
National Scientific Data Center for the Tibetan Plateau
Temperature Raster 1km (https:/ /cstr.cn/18406.11.Meteoro.tpdc.270961 (accessed on
14 January 2024))
Potential evapotranspiration Raster 1 km National Scientific Data Center for the Tibetan Plateau

(https:/ /data.tpdc.ac.cn/ (accessed on 1 November 2023))

Harmonized World Soil Database (HWSD)

Soil data Raster 1 km (https:/ /www.fao.org/soils-portal /data-hub/soil-maps-and-databases /
harmonized-world-soil-database-v12/en/ (accessed on 28 October 2023))
Depth-to-bedrock map of China at resolution of 100 m
Depth to bedrock data Raster 100 m (http:/ /globalchange.bnu.edu.cn/research/cdtb.jsp (accessed on
28 October 2023))
Road Shapfile ) OpenStreetMap (OSM)

(https:/ /www.openstreetmap.org/ (accessed on 29 October 2023))
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2.3. Study Methods
2.3.1. Methods for Assessing Ecosystem Services

The Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model was
selected for estimating ESs in Ji County [10]. The ESs considered were carbon storage (CS),
soil conservation (SC), water conservation (WC), and habitat quality (HQ) (Table 2). The
evaluation techniques for ESs are presented in the Supplementary Material.

Table 2. Ecosystem services assessment methods.

Ecosystem Services Abbreviation Calculation Formula
Carbon storage CSs Crotal = (2111 Ciabm + Zil Cihelaw + Z? Cideud + Z? Cisoil> X A
RKLS =R xKxLS
Soil conservation SC USLE=RxKxLSxPxC
SC = RKLS — USLE
_ AET(x)
Y(x) = (1 e ) x P(x)
Water conservation WC WC = min (1, %) x min(1,0.3D) x min(l, Igf)”él) x Y(x)

Habitat quality

D=1 Water pixel count
= 10g Soil_depthx Percent_slope

R v R -
Dyj =21 ) (w*’/zrzl wr) Xty X drxy X Bx X Sjr

HQ .
Qg = {1 ~ (Difﬁkzﬂ

2.3.2. Assessing Ecosystem Services Integrated Synergy—-Supply Capacity

This study referred to the research by Bradford and D’Amato [32], quantifying the
trade-off degrees among multiple ESs. The equations used for the calculation are shown

n . To 2
RMSD = \/ i1 (ES; — ES) 1)

as follows:

n—1

where RMSD denotes the root-mean-square deviation of the n ESs, ES; represents the
normalized value of the ith ES, and ES represents the average value of all min-max
normalized ESs.

However, Figure 3 demonstrates three distinct scenarios: (1) even with identical total
ES trade-off degrees between points A and B (AA’ = BB’), the total ES supply level at point
A (sum of ES-1 and ES-2) exceeds that at point B; (2) even with identical total ES trade-off
degrees between points C and D (CC’ = DD’), point C exhibits a higher ES-2 supply level,
whereas point D dominates in the ES-1 supply level; and (3) a higher total ES supply level at
point A compared to point C, despite point A exhibiting a stronger total ES trade-off degree
(AA’ > CC’). Consequently, neither maximizing the total ES supply level nor minimizing the
trade-off degree (i.e., maximizing synergy degree) alone sufficiently determines whether
regional ESs achieve coordinated multi-objective optimization.

This study referenced the work of Xun et al. for the quantitative evaluation of the inte-
grated synergy-supply capacity (ISSC) of ESs [28]. The equations used for the calculation
are shown as follows:

155C = /Y, wiES;(1 ~ RMSD) @)

where ISSC represents the ESs integrated synergy—supply capacity. The larger the ISSC,
the higher the total ESs integrated synergy—supply capacity, thereby facilitating the multi-
win objective for total ESs. This result can be interpreted in two ways: on the one hand,
when 1 — RMSD increases, it signifies enhanced synergy across all the ESs; on the other
hand, when } ! ; w;ES; increases, the total supply of ESs can be deemed larger. The value
of w; denotes the weight of the ith ES, with all four ESs being considered in this study
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having equally weights, and 7 denotes the total number of ESs [28]. The ISSC of ESs was
divided into five levels using the Jenks natural breaks classification method: low level
(0.11-0.22), lower level (0.22-0.37), medium level (0.37-0.50), higher level (0.50-0.60), and
high level (0.60-0.69).

1 'y .

ES-2
@

.
.
.
x N
.

B ’ ". .

* D

.

R
Q.‘\
&N
.
AN
R

o N
|

ES-1

Figure 3. The meaning of trade-off relationships among ecosystem services and integrated synergy—

—Y

0

supply capacity of ecosystem services in a two-dimensional coordinate system (modified from
references [28,32]). ES-1 and ES-2 represent the normalized values of the ecosystem service 1 and
ecosystem service 2, respectively. A, B, C, and D represent coordinate points for different combinations
of ESs. The perpendicular distance from each point to the 1:1 baseline (on the line, the trade-off
is zero), such as AA’, represents the degree of trade-off (RMSD) for the combination of ESs. The
farther the distance, the greater the degree of trade-off, and the smaller the degree of synergy
(1-RMSD). The trade-off degrees for total ESs corresponding to each point in the Figure 3 are ranked
as AA’=BB’' > CC’ =DD'.

2.3.3. Quantifying Fractional Vegetation Cover

This study employed element dichotomy to determine the fractional vegetation
cover of Ji County for 2000-2023 [33,34]. The equation used for the calculation is shown
as follows:

FVC = (NDVI—NDVIy;)/ (NDVIUeg — NDVIsoil) 3)

where NDV I denotes the normalized difference vegetation index, NDV I, is the NDVI
value corresponding to pure bare soil, NDV I, is the NDVI value corresponding to pure
vegetation. The FVC was divided into five levels: low level (0-0.3), lower level (0.3-0.45),
medium level (0.45-0.60), higher level (0.60-0.75), and high level (0.75-1).

2.3.4. Trend Analysis Methods

In light of the widespread application of the Theil-Sen estimator and the Mann—
Kendall trend test methods for analyzing trends in extensive time series datasets [35],
this study computed the trends of the FVC and the ISSC of ESs by developing code (in
MATLAB R2021b) using these two methods. The specific formulae and significance tests
are presented in the Supplementary Material.
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2.3.5. Analyzing the Spatial Relationship Between the Fractional Vegetation Cover and the
Integrated Synergy—Supply Capacity of Ecosystem Services

This study used bivariate local spatial autocorrelation analysis with the GeoDa 1.22
software [36] to investigate the spatial correlation between the FVC and the ISSC of ESs.
The specific formulae used for the calculation are presented in the Supplementary Material.

2.3.6. Determining the Nonlinear Relationship Between the Fractional Vegetation Cover
and the Integrated Synergy—Supply Capacity of Ecosystem Services and Determining the
Fractional Vegetation Cover Threshold

This study evaluated the nonlinear relationship between the FVC and the ISSC of ESs
using segmented quantile regression in constraint line analysis (Figure 4) [37]. Detailed
procedures and schematic diagrams of constraint line types (Figure S2) are presented in
the Supplementary Material. Subsequently, restricted cubic spline (RCS) analysis [38] was
conducted using the rms package in the R 4.3.2 software, to determine the threshold of
the FVC based on the ISSC of ESs. The RCS is a prevalent method used for investigating
nonlinear relationships [39]. The RCS is fundamentally a continuously smooth segmented
trinomial function [39]. The shape of the curve of the RCS is affected by the quantity
and positioning of segmentation points (nodes). However, in a majority of instances, the
quantity of nodes dictates the smoothness of the RCS fitting outcomes [40]. This study fitted
separate RCS models with varying node quantities, compared them, and picked the model
with the lowest Akaike information criterion (AIC) value to ascertain the FVC threshold.

2

e Data point

L J ' .

o % o . v+ Constraint line
% % ° oo %o
-l g )

o o * ©

. o ® o

° [ ]

®

Divide the x-axis into n equal
columns as research required

Figure 4. Constraint Line Diagram (modified from reference [37]).

3. Results

3.1. Spatial Relationship Between the Fractional Vegetation Cover and the Integrated
Synergy-Supply Capacity of Ecosystem Services

The FVC exhibited an increasing tendency from the southwest to the northeast
(Figure 5a). Areas with higher and high levels (0.6-1) of FVC were dominated by for-
est land. In the higher level, the forest land area accounted for 61.11%, and in the high level,
the forest land area accounted for 94.62% (Figure 5b). Areas with other levels (0-0.6) of
FVC were dominated by grassland. In the medium level, the grassland area accounted for
53.62%; in the lower level, the grassland area accounted for 64.40%; and in the low level,
the grassland area accounted for 59.59% (Figure 5b). In general, the spatial distribution of
the FVC exhibited considerable variation. From 2000 to 2023, the FVC showed an over-
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all increase (Figure 5c). The area where the FVC increased accounted for approximately
57.80%, within which a region of 646.29 km? demonstrated a significant increase in the
FVC (p < 0.05). The areas where the FVC increased significantly were concentrated in
forest and grassland regions (Figure 5d). The forest land area accounted for 46.09%-52.53%,
and the grassland area accounted for 35.60%—40.93%. The area where the FVC remained
unchanged accounted for about 32.01%. About 1.62% of the area experienced a significant
decrease in the FVC (p < 0.05). The areas with a decreasing trend were concentrated in
the northwestern part of the study area, where the primary vegetation type was forest
(Figure 5d). The forest land area accounted for 64.08%-72.45%.

() 100
9 20 Land use types
- I Forest land
bk H [ Grassland
I 0.75-1 ‘; 60
T 0.6-0.75 g‘) Arable land
' s 40 Water area
0.45-0.6 é T
[ 03-045 £ 20 I Bare lan '
o003 - I Construction land
low lower mediumhigher high
level level level level level
FVC Levels
(© (d) 100 —
¥ Sl ‘ Trend types of FVC 9 %0 Land use types
B Highly significant increased E I Forest land
; . [ Significant increased E 60 [ Grassland
g No significant increased S Arable land
? ¥ No changed .%n 40 Water area
f y g ercelli(‘)ﬁge 'zl(f) al‘egé%) No significant decreased g 30 I Bare land
375+ [ Significant decreased & I Construction land

- I Highly significant decreased 0

32.01

HSD SD NSD NC NSI SI HSI
Trend types of FVC

Figure 5. Spatial distribution and trends of fractional vegetation cover in Ji County. (a) Spatial distri-
bution of multi-year average values of fractional vegetation cover during 2000-2023; (b) percentage
of land use types on different fractional vegetation cover levels; (c) trends of fractional vegetation
cover and the area proportion of different trend types; (d) percentage of land use types on different
fractional vegetation cover trend types. HSD denotes highly significant decreased, SD denotes sig-
nificant decreased, NSD denotes no significant decreased, NC denotes no changed, NSI denotes no
significant increased, SI denotes significant increased, HSI denotes highly significant increased.

The ISSC index ranged from 0.11 to 0.69 (Figure 6a), with the average value being
0.57. In the northern portion of the study area, the ISSC of ESs was comparatively elevated,
exhibiting a contiguous and expansive distribution pattern. Areas with high level (0.6-0.69)
of ISSC were dominated by forest land, with an area proportion of 95.08% (Figure 6b). The
regions with the lowest ISSC of ESs were characterized by a striped distribution pattern,
which was particularly evident in the central part of the study area. Construction land was
concentrated here, with an area proportion of 99.61% (Figure 6b).
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Figure 6. Spatial distribution and trends of integrated synergy—supply capacity of ecosystem services
in Ji County. (a) Spatial distribution of multi-year average values of integrated synergy—supply
capacity of ecosystem services during 2000-2023; (b) percentage of land use types on different
integrated synergy—supply capacity of ecosystem services levels; (c) trends of integrated synergy—
supply capacity of ecosystem services and the area proportion of different trend types; (d) percentage
of land use types on different integrated synergy—supply capacity of ecosystem services trend
types. HSD denotes highly significant decreased, SD denotes significant decreased, NSD denotes
no significant decreased, NC denotes no changed, NSI denotes no significant increased, SI denotes
significant increased, HSI denotes highly significant increased.

From 2000 to 2023, the ISSC of ESs showed an overall increase (Figure 6c). The area
where the ISSC of ESs increased accounted for approximately 91.09%, within which a region
of 355.86 km? demonstrated a significant increase in the ISSC of ESs (p < 0.05). The areas
where the ISSC of ESs increased significantly were concentrated in forest and grassland
regions (Figure 6d). The forest land area accounted for 23.07%-74.73%, and the grassland
area accounted for 19.75%—-63.08%. The area where the ISSC of ESs remained unchanged
accounted for about 0.09%. About 0.04% of the area experienced a significant decrease
in the ISSC of ESs (p < 0.05). The areas with a decreasing trend were concentrated in the
southwestern part of the study area, which included grassland, arable land, and construc-
tion land (Figure 6d). In regions where the ISSC of ESs significantly decreased (p < 0.05),
the area proportion of construction land was 62.27%-73.60%, and the area proportion of
arable land was 26.40%-33.15%. In regions where the decrease was not significant (p > 0.05),
the area proportion of arable land was 58.36%, and the area proportion of grassland was
31.44%.

The FVC demonstrated a highly significant spatial positive correlation with the ISSC
of ESs (Moran’s I > 0.6520, p < 0.01). In further examination of the spatial local correlation
between the FVC and the ISSC of ESs (Figure 7a), the spatial agglomeration patterns of the
FVC and the ISSC of ESs were primarily delineated into four types.
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Figure 7. Spatial correlation between the fractional vegetation cover and the integrated synergy-
supply capacity of ecosystem services in Ji County. (a) Spatial distribution of spatial agglomeration
types; (b) percentage of spatial agglomeration types. The * denotes p < 0.05, the Insignificant denotes
p>0.05.

The High-High agglomeration type (high in both the FVC and the ISSC of ESs) was
mostly situated in the northern region of the study area (Figure 7a), covering 55.71% of
the four types of spatial agglomeration patterns (Figure 7b). The Low-Low agglomeration
type, characterized by low levels of both the FVC and the ISSC of ESs, covered 39.37%
of the four types of spatial agglomeration patterns (Figure 7b), and was predominantly
situated in the southern and western regions of the study area (Figure 7a). The High-Low
agglomeration type (higher FVC but lower ISSC of ESs) covered 2.3% of the four types
of spatial agglomeration patterns, while the Low-High agglomeration type (lower FVC
but higher ISSC of ESs) covered 2.62% of the four types of spatial agglomeration patterns
(Figure 7b). Both were concentrated in the regions adjacent to the High-High and the
Low-Low agglomeration types.

3.2. Determination of Fractional Vegetation Cover Constraint Line and Threshold Based on the
Integrated Synergy—Supply Capacity of Ecosystem Services

To select the appropriate RCS model for analyzing the nonlinear relationship and
threshold, it is necessary to first determine the quantity of segmentation points. In this
study, three to five segmentation points were set (Table 3). This study used the RCS
model with four segmentation points to analyze the nonlinear relationship between the
regional FVC and ISSC of ESs and the FVC threshold. Additionally, RCS models with five
segmentation points were separately applied to investigate the nonlinear relationships and
thresholds of FVC for forest land and grassland in relation to their respective ISSC of ESs.

Looking at the data points in Figure 8a, it was seen that a large number of data points
were at the medium-to-high level (0.37-0.69) of the ISSC index when the regional FVC
value was below 0.5. However, there were also some data points at the low and lower levels
(0.11-0.37) of the ISSC index. As the regional FVC increased above 0.8, the data points
were almost entirely above the medium level (0.37-0.50) of the ISSC index. As observed
from Figure 8b, all forest land data points were at the higher and high levels (0.50-0.69) of
the ISSC index, with the majority concentrated in the high-level range (0.60-0.69) of the
ISSC index. From Figure 8¢, it can be seen that all grassland data points were mainly at the
higher level (0.50-0.60) of the ISSC index.
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Table 3. Quantity of segmentation points and Akaike information criterion values in the restricted
cubic spline model.

Classification Quantity of Segmentation Points AIC Value
3 —793.02
Regional 4 —801.94
5 —799.78
3 —651.07
Forest land 4 —676.29
5 —683.68
3 —826.28
Grassland 4 —828.89
5 —838.89
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Figure 8. Nonlinear relationship between fractional vegetation cover and the integrated synergy—
supply capacity of ecosystem services: (a) regional; (b) forest land; (c) grassland. Abbreviations:
coefficient of determination (R?).

The nonlinear relationship between the ISSC of ESs and the regional FVC exhibited a
constraint line in the shape of a positive convex function (Figure 8a). As the regional FVC
increased, the ISSC of ESs was enhanced. Analysis of the nonlinear relationships between
the FVC of different vegetation types and the ISSC of ESs revealed that the constraint curves
for both the forest land FVC vs. ISSC of ESs (Figure 8b) and the grassland FVC vs. ISSC of
ESs (Figure 8c) exhibited a positive convex functional form. As the forest land FVC and
the grassland FVC increased, the ISSC of ESs improved, and the forest land ISSC of ESs
improved more obviously.

The threshold for the regional FVC was determined to be 0.5, the forest land FVC
threshold was 0.28, and the grassland FVC threshold was 0.77. When the FVC value
was less than the threshold, the ISSC of ESs increased with the augmentation of the FVC
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(Figure 8). When the FVC value exceeded the threshold, further increments in the FVC
value did not result in significant alterations to the ISSC of ESs.

4. Discussion

4.1. Nonlinear Constraint and Threshold Effect of Fractional Vegetation Cover on the Integrated
Synergy-Supply Capacity of Ecosystem Services

This study revealed a nonlinear relationship of positive convex function type between
the regional FVC and the ISSC of ESs, as well as between the forest land FVC and the ISSC
of ESs, and between the grassland FVC and the ISSC of ESs via constraint line analysis. The
implementation of the vegetation restoration project has greatly promoted the increase in
the vegetation coverage area. Increased vegetation, especially forests, increases the carbon
sequestration capacity of the region while enhancing the soil conservation capacity [41].
However, several studies have shown that the relationship between vegetation cover and
the supply level of ESs is not a simple linear facilitative relationship. In addition, there
may be vegetation cover thresholds for ESs. Gong et al. investigated the constraining effect
of the FVC on ESs in the Yellow River Basin. Their research findings indicated that the
constraining effect of the FVC on food production was represented by a positive convex
function, and there was no FVC threshold, suggesting that, as the FVC increased, food
production also increased. The constraining effect of the FVC on water yield, landscape
aesthetics, and soil conservation was represented by downward-opening parabolas, with
the FVC thresholds of 80%, 60%, and 80%, respectively. All three ESs initially increased
with increasing FVC, and then showed a decreasing trend. The constraining effect of the
FVC on total ESs also exhibited a downward-opening parabolic pattern, with the FVC
threshold of 80% [42].

The synergistic degree of the ESs also exhibits a nonlinear relationship with vegetation
cover, and there may be a threshold effect. Deng et al. explored the interaction mechanisms
of water—energy—food services along the NDVI gradients in the Songhua River Basin, and
identified the nonlinear relationships and thresholds. Their study showed a pattern of
fluctuating enhancement of synergistic effect of water yield and net primary productivity
with the increasing NDVI. The synergistic effect of water yield and food production began
to weaken when the NDVI reached 0.7. The interaction between net primary productivity
and food production shifted from a trade-off to synergy when the NDVI reached 0.2, with
the synergy intensifying when the NDVI reached 0.4, and diminishing when the NDVI
reached 0.6 [25]. For this study, the ISSC of ESs combined the supply levels and synergy
degrees of total ESs into a single indicator. An analysis of the prior research demonstrates
that the relationship between the FVC and the ISSC of ESs is likely nonlinear. Nevertheless,
the exact characteristic of this non-linearity, including the potential threshold effect, remains
to be systematically investigated. Therefore, this study employed the constraint line method
to investigate the nonlinear relationship between the two and observed that, as the FVC
increased, the growth of the ISSC of ESs shifted from fast to slow. This nonlinear relationship
also suggests the possibility of an FVC threshold.

This study identified that the regional FVC threshold was 0.5, the forest land FVC
threshold was 0.28, and the grassland FVC threshold was 0.77. The FVC threshold for forest
land was lower than that for grassland, likely due to the differences in their structural forms
and ecological functions. For forest land, at lower vegetation coverage, its canopy can still
effectively reduce raindrop splash erosion [43]. Leaf functional traits and root functional
traits can enhance soil organic matter content [44,45], working together to promote carbon
storage and soil conservation functions. Meanwhile, the deep root systems of forests
can enhance soil shear strength [46], reducing soil erodibility. By contrast, the ecological
functions of grasslands highly depend on the continuity of vegetation and the density of
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surface coverage. When the vegetation cover of the grassland is low, the patchy vegetation
is challenged in establishing an effective continuous vegetation layer, resulting in low
water conservation and soil retention capabilities [47]. When the vegetation cover on the
grassland is high, the dense herbaceous layer can enhance soil stability through an intricate
network of roots [48]; it increases the surface roughness, reducing runoff velocity [47],
thereby synergistically enhancing water conservation and soil retention functions.

When the FVC value was below the threshold, the ISSC of ESs improved more signif-
icantly. When the FVC value was above the threshold, there was no significant increase
in the ISSC of ESs. This indicated that the facilitative effect of the FVC on the ISSC of
ESs exhibited a pattern of initially strong and subsequently diminishing influence. The
primary cause of this occurrence, as posited by this study, is the restriction of the water
conservation function.

According to the extant literature, it is indubitable that an increase in vegetation
and litter can intercept precipitation and reduce surface runoff [49]. Concurrently, the
well-developed underground root network of vegetation can alter soil structure, thereby ac-
commodating a greater volume of moisture [50]. Consequently, it is widely acknowledged
that vegetation possesses a robust capability for water conservation. However, in arid and
semi-arid regions, as the vegetation cover continues to increase to a certain extent, it may
conversely result in a higher consumption of water (as the vegetation would try to satisfy its
own physiological demands), while also leading to an intensification of transpiration [31].
Consequently, the water conservation function of the vegetation is constrained [51]. Simul-
taneously, the severe depletion of soil moisture can induce soil desiccation [52], which is
also detrimental to the performance of the vegetation’s soil conservation function. The
study by Feng et al. indicated that vegetation restoration on the Loess Plateau is approach-
ing the water resource—carrying capacity threshold [31]. Excessive vegetation cover could
potentially become a burden in regions that experience water scarcity. In consideration of
the vital importance of water resources to the arid and semi-arid regions and the global cli-
mate trend towards warmer and drier conditions [53], it is essential to engage in prolonged
attention of the changes in water conservation function.

4.2. Methods for Determining Fractional Vegetation Cover Threshold

Determining the FVC threshold can assist policymakers to identify the most econom-
ically and efficiently managed vegetation strategies, thereby facilitating the formulation
of subsequent vegetation restoration plans. Zhang et al. identified the FVC thresholds
for various bioclimatic regions in the Loess Plateau to be 32%—44%, based on the total
ecosystem services [9]. Chen et al. determined the FVC thresholds for the Loess Plateau
to be between 53% and 65%, based on scenario projections that accounted for climate
change [52]. The thresholds obtained in this study exhibited a slight discrepancy compared
to those reported in the aforementioned studies. On one hand, this discrepancy can be
attributed to the scale effects inherent in both ESs and thresholds [9,54]; different scales may
result in varying thresholds. On the other hand, the variation in the methods employed for
identifying the thresholds may also contribute to the differences in the outcomes.

Currently, effective methods used for identifying thresholds include statistical analyses
(e.g., regression analysis, meta-analysis, and constraint line analysis) and model simulations
(e.g., system dynamics models). Among these, meta-analysis requires a set of highly con-
sistent data, while system dynamics models necessitate extensive information to describe
the internal influences and responses of the system and are seldom employed for quantify-
ing ecological impacts [19]. In comparison to these two methods, regression analysis has
less stringent data requirements, allowing for a convenient and efficient determination of
thresholds, and has been widely applied [55].
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However, in reality, two variables within ecological processes often exhibit complex
interactions and are influenced by a multitude of factors; consequently, the relationship
between these two variables may exhibit distributional characteristics consistent with a
scatter cloud [56]. Traditional regression analysis focuses on the relationship at the mean
values of variables, requiring the data to be distributed around the mean. Yet, scatter clouds
are not distributed around a specific mean value [37]. Hence, conventional regression
analysis is not suitable for research in which the relationship between two variables exhibits
characteristics of a scatter cloud distribution.

In ecology, the boundary of a scatter cloud for two variables is referred to as the
boundary line (constraint line) [57]. Constraint line analysis can accurately define the
boundary patterns of the scatter cloud, while outlining the limiting relationships among
variables. Furthermore, it can effectively capture the constraining impact of the observed
limiting variables on the response variables, as well as the potential range or maximum
values of response variables under the influence of the limiting variables [37]. Scatter points
distributed on the constraint line indicate that the response variable is either minimally
influenced or entirely unaffected by other factors [58,59]. Among the current methods
used for drawing constraint lines, segmented quantile regression is more statistically
grounded [58,59]; thus, it has been widely applied in ESs studies [60].

In the practical application of constraint line analysis, this study noted that relying
solely on the results of the polynomial fitting for threshold determination may lead to
misjudgment. This is because there may be instances where the fitting may be less than
ideal or the absence of extremum in the constraint line fitting result. This study posits that
the determination of thresholds should first adhere to the actual distribution of the scatter
cloud, with secondary consideration being given to the morphology of the constraint line;
if necessary, further analysis should be conducted in conjunction with other methods. In
this study, the distribution of the scatter cloud indicates that the enhancement effect of
the ISSC of ESs became insignificant once the FVC exceeded a certain value. The RCS
method can effectively determine the nonlinear relationship between two variables and
can extract thresholds through curve trends [40,61,62]; hence, this study elected to use the
RCS method in combination with constraint line analysis. The RCS method is widely used
in medicine, but there is currently a lack of research on determining threshold based on
ESs by combining constraint line analysis with the RCS method. This study can provide
relevant case support.

4.3. Determining the Fractional Vegetation Cover Threshold Offers Significant Reference for
Ecological Management Practices

The FVC serves as a crucial indicator for assessing the status of surface vegetation
cover and also reflects the quality of the regional ecological environment. In ecological
conservation and restoration efforts, the application range of the FVC threshold is broad.
It can be utilized for delineating ecological function areas and for demarcating ecological
protection red lines. Additionally, the FVC threshold can serve as a key indicator in ecolog-
ical environment monitoring to help determine the health status of regional ecosystems.
By monitoring changes in the FVC, the degradation or improvement of the ecological
environment can be ascertained [63].

In ecological restoration projects, the FVC threshold can be used as one of the quanti-
tative targets for assessing restoration effectiveness. The existence of the FVC threshold
implies that ecological restoration should not solely aim for heightened greenness; rather,
it should necessitate the implementation of diverse vegetation management strategies to
foster a synergistic improvement of ESs at the regional scale. These strategies include main-
taining optimal planting densities and employing intercropping techniques to mitigate soil
moisture depletion from plantation forestry [64], as well as introducing drought-resistant
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shrubs and herbaceous plants in areas with limited water resources [65], and mitigating the
potential risks associated with excessive water resource consumption [66]. Furthermore,
the FVC threshold can be used to determine the vegetation configuration and greening
standards, the planning and modification of vegetation patterns, the vegetation restoration
processes and objectives, promoting rational and efficient land resource utilization through
the spatial optimization of land use to achieve synergistic improvement of ecosystem
services [67].

In the future, ecological management practices can be carried out in the study area
based on the results of this study. The higher FVC threshold (0.77) for the grassland
indicated that, in the study area, it is necessary to prioritize the enhancement of grassland
cover to maximize the ISSC of ESs for the grassland. The lower FVC threshold (0.28) for the
forest land indicated that its restoration should focus on structural optimization rather than
simply increasing vegetation cover to avoid excessive water consumption. These findings
provide a quantitative basis for differentiated vegetation management strategies in the
study area.

For the entire region, it is necessary to perform a thorough ecosystem evaluation for
regions where the FVC value is below 0.5, and to formulate a detailed ecological restoration
plan for different vegetation types. Furthermore, in regions that experience significant soil
erosion, vegetation restoration must be conducted, while enhancing ecological conservation
and designating the protected areas to safeguard critical species and habitats. Moreover,
it is important to devise and execute pertinent policies and provide financial subsidies to
encourage enterprises and individuals to engage in ecological restoration efforts.

When the FVC value is higher than 0.5, and the spatial aggregation type of FVC and
the ISSC of ESs is the High-Low type, it is discussed in two cases. On the one hand,
there may be a limiting effect of vegetation on the ISSC of ESs; hence, forest management
practices, such as thinning cutting, should be implemented to decrease forest stand density.
At the same time, the vegetation structure should be optimized to improve the stability of
the ecosystem. On the other hand, it is possible that the limiting effect of other factors on
the ISSC of ESs exceeds the facilitating effect of the vegetation. In such cases, the factors
contributing to the low ISSC of ESs (e.g., steep slopes, inadequate water supply, economic
construction, etc.) should be identified, and ecological restoration works should be carried
out according to the local conditions. For instance, the implementation of soil and water
conservation engineering techniques (e.g., terrace construction, slope protection measures,
etc.) and the establishment of water-saving irrigation systems, among others.

In regions where the FVC value exceeds 0.5, and the spatial aggregation type of the
FVC and the ISSC of ESs is the Low-High or High-High type, it is imperative to conduct
regular ecological monitoring activities. The protection of grassland should be enhanced,
and the vegetation cover of grassland should be moderately increased. Furthermore,
anthropogenic interference should be reduced, and natural regeneration and succession
of vegetation should be allowed. Under the premise of ecological protection, moderate
scientific research should be carried out to enhance the understanding of the relationship
between vegetation and the ecosystem.

4.4. Limitations of This Study

This study conducted a quantitative assessment of the FVC and the ISSC of ESs,
identifying their spatial relationship. On this basis, the constraint effects and thresholds of
the FVC for the region and different vegetation types were determined. Nonetheless, this
study is subject to certain uncertainties and has a few limitations.

First, this study quantified only four ES indicators, which may not encompass the
entirety of the regional ESs. Future studies should incorporate additional indicators, such
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as cultural services and food supply, thereby conducting a comprehensive examination of
the ISSC of all the ESs from a combined human-society—ecology perspective. This study an-
alyzed the nonlinear relationships between the regional FVC and the ISSC of ESs, the forest
land FVC and the ISSC of ESs, and the grassland FVC and the ISSC of ESs, and determined
the FVC thresholds. In the future, remote sensing technology could be integrated with the
Braun-Blanquet approach [68] for precise large-scale vegetation ecological classification,
further verifying the relationship between the ISSC of ESs of different vegetation communi-
ties and their coverage, and to determine vegetation cover thresholds. Additionally, this
work used the constraint line analysis and the RCS method to determine the constraint
effects and thresholds of the FVC for the region and different vegetation types; future
studies can further explore their underlying mechanisms and processes. Simultaneously,
the identification of thresholds is also scale-dependent; the FVC thresholds identified in
this study refer to the critical points at which the promotional effect of the FVC for the
region and different vegetation types on the ISSC of ESs experienced a transition (dur-
ing the study period). The thresholds may vary across different spatiotemporal contexts.
Thus, this underscores the imperative of accounting for scale effects when determining the
thresholds while necessitating the validation of thresholds through multiscale analyses in
future research.

5. Conclusions

This study focuses on exploring the relationship between the FVC and the ISSC of
ESs, and determining the optimal FVC threshold for the region. This study provided the
following conclusions. (1) The spatial distribution of both the FVC and the ISSC of ESs
was higher in the north, with a growth trend observed respectively. (2) The ISSC of ESs
exhibited a highly significant (Moran’s I > 0.6520, p < 0.01) positive spatial correlation
with the FVC. The relationship between these two variables manifested in four distinct
spatial agglomeration types, with the High-High agglomeration type representing the
largest proportion (55.71%). (3) The relationship between the regional FVC and the ISSC of
ESs, as well as between the forest land FVC and the ISSC of ESs, between the grassland
FVC and the ISSC of ESs, all exhibited constraint lines in the shape of a positive convex
function. The regional FVC threshold was 0.5, the forest land FVC threshold was 0.28,
and the grassland FVC threshold was 0.77. When the FVC value exceeded the threshold,
its facilitating effect on the ISSC of ESs began to diminish, indicating the necessity for
moderate vegetation enhancement. (4) The FVC threshold serves as a key indicator for
guiding regional ecological management practices. The threshold difference between the
forest land FVC and the grassland FVC highlights the distinct management strategies
for specific vegetation types, suggesting that forest management should prioritize the
optimization of vegetation structure, whereas grasslands require prioritizing an increase
in vegetation cover to enhance the ISSC of ESs. For the entire region, in areas where the
FVC is below the threshold of 0.5, it is recommended to conduct a thorough assessment
of ecosystem functions, delineate ecological protection zones, and implement targeted
vegetation restoration measures. For regions where the FVC exceeds the threshold value
of 0.5, adaptive strategies should be prioritized to optimize vegetation structure, and
ecological restoration, and protection work should be carried out in accordance with local
conditions, combining soil and water conservation engineering techniques. In addition,
regular ecological monitoring activities should be conducted.

By combining constraint line analysis with the RCS method, this study overcomes
the limitations of traditional regression methods in handling scatter cloud relationships. It
offers a replicable framework for detecting vegetation cover thresholds, thereby expanding
relevant research and providing valuable insights for formulating vegetation restoration
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and ecological management strategies in other arid and semi-arid regions or areas with
severe soil and water loss. Furthermore, this study emphasizes the importance of consider-
ing the synergy—supply capacity of all the ESs when determining the FVC threshold. The
methods and framework employed in this study can be applied to other studies about
threshold effects based on ESs, contributing significantly to addressing the many challenges
facing global ecological restoration and achieving sustainable development.
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