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Abstract: Ecological restoration is crucial for maintaining national ecological security.
Scientific and reasonable identification of key ecological restoration areas is a difficult
problem facing the current national spatial planning. This study evaluated ecosystem
service (ES) supply, demand, and their spatio-temporal characteristics in the Northern
Shaanxi Loess Plateau (NSLP). A coupling coordination degree (CCD) model was applied
to study the interactive relationship between ES supply and demand. The improved ant
colony optimization (ACO) model was applied to explore the priority areas of ecological
restoration. The results showed that ES supply, demand, and balance had significant spatial
differences. Higher ES supply areas were distributed in the south, and higher demand
areas were located in the central and northern parts. The balance of ecosystem service
exhibited a similar increasing trend to the supply of ES from north to south. Temporally,
the supply, demand and balance of ES showed distinct time-varying characteristics across
different types of services. Total ES supply decreased from 2000 to 2020, while total ES
demand and balance first declined and then rose. Moreover, total ES balance showed a
significant decreasing trend in 21.22% of regions in the NSLP. Furthermore, the CCD results
showed that about 82% of the regions had a disorder status in 2000, while about 90% of the
regions had a coordination status from 2010 to 2020. This also implied that the coupling
coordination degree in most regions gradually improved from 2000 to 2020. Finally, four
ES enhancement priorities were further identified from the perspectives of enhancing
ES supply capacity. Ecological restoration prioritization of different ES enhancements
showed significant spatial variations, with the top 15% of the ecological restoration area
located in the east—central and west—central regions. The top 5% of total ecosystem services
can bring 2,470,400 yuan in ecological benefits. This research can offer scientific and
theoretical guidance as well as a reference for decision-makers to undertake ecological
restoration efforts.

Keywords: ecosystem service supply and demand; coupling coordination degree;
ecological restoration area; ecological benefits; Northern Shaanxi Loess Plateau
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1. Introduction

At present, ecosystem service (ES)-related studies are attracting more and more at-
tention in ecological restoration research [1,2]. The current focus of ecosystem service
research is on the balance between supply and demand, which has implications for regional
ecosystem management, the construction of ecological security patterns, and the zoning
of ecological protection areas [3]. Most research on ES supply and demand focuses on
theoretical frameworks, assessment method models, trade-off relationships, and practi-
cal applications of ecological protection [4,5]. It is crucial to enhance the exploration of
interconnected studies in ecological restoration research, including examining the coupling
and influencing factors of ES supply and demand from a multi-scale perspective [6,7],
investigating the patterns of spatial transfer of ES supply and demand [8], and refining the
parameters for assessment methodology and model optimization. Therefore, by evaluating
and analyzing the spatio-temporal characteristics of ecosystem service supply and demand,
we can clarify the coupling coordination relationship of ecosystem service supply and
demand and identify the main areas where ecosystem services are disorder, so as to provide
a basis for decision-making on ecosystem management and ecological restoration policies.

The loss of ecosystem services is a major issue for countries around the world under
global change, making the restoration of ecosystem services an explicit goal of ecological
restoration programs developed by national governments [9]. The Strategic Plan for Biodi-
versity 2021-2030 sets out effective actions to reverse global biodiversity loss by 2030 and to
put biodiversity on a path of restoration [10]. Furthermore, scholars widely acknowledge
the importance of incorporating ecosystem services into the planning of regional ecological
restoration [11], which has significant advantages. For example, ecosystem services are
a collection of services that can synthesize and interpret multiple pieces of information.
Using ecosystem services in ecological restoration assessment not only explicitly considers
multiple objectives but also allows for a holistic analysis of results, which can help identify
synergies and minimize trade-offs during iterative restoration planning [12]. Some studies
have highlighted this need and proposed some framework tools for linking ecological
restoration and ecosystem services [13,14]. In general, current scholars have undertaken
a lot of meaningful exploration of issues related to ecosystem services and ecological
restoration [14-16]. However, research on ecological restoration lacks consideration of the
coordination relationship between the supply and demand of ecosystem services, which
can not efficiently reflect the interaction between man and nature. Thus, relevant research
needs to be strengthened.

Due to the significant impact of both global climate change and human activities,
the area of degraded ecosystems is increasing, leading to widespread efforts for ecolog-
ical restoration in various regions. However, the actual ecological restoration process
still faces challenges such as limited funding, so it is difficult to comprehensively restore
damaged and degraded areas. Hence, it is essential to establish ecological restoration
priorities as a necessary step for conducting ecological restoration in a systematic man-
ner [17]. Currently, methods for determining ecological restoration priority areas mainly
include multiple-criteria decision analysis (MCDA) and ecological restoration benefit pri-
oritization methods [18-20]. Among them, MCDA provides an assessment framework to
integrate multiple opinions and assessment criteria from stakeholders and experts and
assigns weights to objectives according to their importance [18,21]. MCDA also has the
advantage of being able to process multiple types of data and perform accurate calculations
in various algorithms, especially in combination with Geographic Information Systems
(GISs), taking into account the preferences of experts to achieve specific goals [19]. It
allows ecological restoration to make great strides in utilizing spatial data at a regional
scale and has become the most commonly used methodology for evaluating ecological



Land 2025, 14, 287

30f23

restoration priorities [22]. For example, Guo et al. (2020) established an integrated decision-
making method for terrestrial ecosystem ecological restoration planning based on the
MCDA method, which considers different stakeholders to seek ideal ecological restoration
solutions [23]. Therefore, the MCDA method can be used to evaluate ecological restoration
priority zones integrating ecosystem service enhancement, which can effectively respond
to the challenges of ecological restoration and accomplish its objectives.

The Northern Shaanxi Loess Plateau (NSLP) is situated in a region that lies between
the Loess Plateau and the Inner Mongolia Plateau in China, characterized by a special
terrain, climate, and serious soil erosion, belonging to a typical ecologically fragile area [24].
It has undergone great changes in landscape patterns since ancient times, with significant
spatial heterogeneity of landscape and fragile ecosystems, which makes it suitable for
ecosystem service research. Meanwhile, with global climate change coupled with the
increase in human activities interfering with natural ecosystems, landscape fragmentation
is serious, with prominent ecological environment problems [25]. The prominent contradic-
tion between human demand and ES supply necessitates urgent ecological restoration [26].
It is highly important to systematically conduct research on ecological restoration in the
NSLP for regional ecological protection. However, the coordination relationship between
ecosystem service supply and demand is rarely applied in the ecological restoration of the
NSLP. Therefore, taking ecosystem service supply and demand as an entry point, effectively
enhancing ES supply capacity is a key scientific issue that needs to be solved in the current
ecological restoration of the NSLP.

In this study, we conducted an integrated evaluation of ecosystem service supply,
demand, and the degree of coordination between them in the NSLP. Specifically, we
utilized the improved ant colony optimization (ACO) model to pinpoint priority areas
for ecological restoration by establishing a framework based on feasibility, urgency, and
importance. The specific objectives of this research were as follows: (1) quantifying the
spatial and temporal fluctuations in ES supply, demand, and balance; (2) investigating
the spatial and temporal features of the coordination degree between ES supply and
demand; (3) identifying potential ecological restoration areas using ES supply, demand,
and its coordination degree; and (4) optimizing priority areas for ecological restoration
with a focus on enhancing ecosystem service supply capacity. Through the assessment
of ecosystem service supply, demand, and its coordination degree, we aim to provide
guidance for the identification and optimization of regional ecological restoration efforts.

2. Materials and Methods
2.1. Study Area

The NSLP has a land area of 79,981.9 km?, which makes up 38.9% of Shaanxi Province’s
total area and 12.6% of the Loess Plateau’s area, and includes two prefecture-level cities,
Yulin and Yan’an. The terrain is oriented northeast and southwest from low to high, with
a wind-sand grassland area in the north, a loess hill and gully area in the center, and
a beam-shaped low mountainous area in the southern region. The average elevation is
approximately 1500 m (Figure 1). The regional climate belongs to the transition zone
from a warm temperate continental monsoon semi-humid climate to a temperate semi-arid
climate. It is characterized by rainy summers and dry winters, large temperature differences
between day and night, and abundant sunshine. The average annual temperature varies
from 7 °C to 11 °C, and the average annual precipitation is about 450 mm [27]. In 2020, the
resident population was 5,907,400 people, and the urbanization rate was 61.48%, with a total
regional GDP of 5691.14 billion [24]. The natural resource endowment of counties/urban
areas varies greatly, and the economic development between regions is unbalanced. After
nearly 15 years of converting farmland back to forests, the land use pattern in northern
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Shaanxi has undergone significant changes as a national key ecological functional area.
These changes are evident in the decrease in arable and unused land and the increase in
forest lands, grasslands, and watersheds [28].

108°00"E 110°00°E 112°00°E 108°00"E 110°00°E 112°00°E

39°0'0°N

39°00"N

39°00°N

38°00°N

38°00°N
38°00°N

37900°N

— River Landcover types

z z
§ Railway g [ Cropland
s Main road & I Forest
CIcity [ Grassland .
DEM (m) [ Shrubland £
z n High : 1882 ¢ B [ Wetland 2
s - s [ Water
2 Low : 534 2

I Impervious surface

— — 1 km x [“7) Bareland
0 30 60 180 s 030 60 120 180
108°0'0"F 110°00°F. 112°00°F, 108°00"E 110°00"E 112°00"E

Figure 1. The geographical location’s altitude (A) and landcover types (B) in the NSLP.

2.2. Data Sources and Processing

In this study, a large amount of data were utilized to identify ecological restoration
areas in the NSLP. Among them, land use data were acquired from the cloud platform of
the Resource Data Center of the Chinese Academy of Sciences. Land use change plays
a significant role in influencing human activities. Different types of land cover, such as
grassland, forest, farmland, waterbodies, construction land, and barren land, have an
impact on the intensity of human activities [29]. The Normalized Difference Vegetation
Index (NDVI) data used in this study were obtained from the vegetation instrument of
SPOT-4 and SPOT-5 satellites [30]. For human activity data, population density and Gross
Domestic Product (GDP) density are important factors reflecting the interaction between
human activities and ecosystems [31]. Population density and GDP density data were
sourced from the cloud platform of the Resource Data Center of the Chinese Academy of
Sciences. Population density data represent the number of people per square kilometer
spatially in people/square kilometer. GDP density data represent the total GDP value per
square kilometer in space, in units of ten thousand yuan/square kilometer. Road data were
obtained from the National Data Center for Agricultural Sciences. Altitude data were also
provided by the cloud platform of the Resource Data Center of the Chinese Academy of
Sciences [32]. Based on the altitude data, slope was computed using the ArcToolbox tool-3D
Analyst tool in ArcGIS Desktop 10.5. Ecosystem service value reflects the advantages of
restoring ecosystems and it was obtained from the cloud platform of the Resource Data
Center of the Chinese Academy of Sciences [33]. The data sources, resolution, format, and
years are listed in Table 1.

Table 1. Data sources, resolution, years, and format.

Data Data Source Access Date Resolution Time Format

DEM http:/ /www.gscloud.cn/ 1 September 2023 90 m - Raster

Road http:/ /www.agridata.cn/ 1 September 2023 1:250,000 2015 Vector
Population http://www.gscloud.cn/ 10 September 2023 1km 2020 Raster

GDP http:/ /www.gscloud.cn/ 10 September 2023 1 km 2020 Raster

Land use and cover http:/ /www.gscloud.cn/ 11 September 2023 30m 2000, 2010, 2020 Raster
NDVI http:/ /www.vito-eodata.be/ 12 September 2023 1km 2020 Raster
Ecosystem service value http://www.gscloud.cn/ 12 September 2023 1km 2020 Raster

DEM!: Digital Elevation Model, GDP: Gross Domestic Product, NDVI: Normalized Difference Vegetation Index.
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2.3. Land Use/Land Cover (LULC) Supply and Demand Matrix Model

The LULC supply and demand matrix model proposed by Burkhard contains
22 ecosystem service types and 44 land use types [34]. To simplify the classification sys-
tems, similar land use and ecosystem service types were consolidated from Burkhard’s
original model. The 44 land use types were merged into 6 categories: farmland, forest,
grassland, watershed, construction land, and barren. Similarly, 22 ecosystem service types
were merged into 3 groups: provisioning services, regulating services, and cultural services.
The supply, demand, and balance matrices of ecosystem services were established as shown
in Figure 2.
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Figure 2. Ecosystem services supply (a), demand (b), and balance (c) matrices across various land

cover types from 2000 to 2020.

The ES supply matrix indicates the provisioning capacity of different land cover types
to provide various ecosystem services, and the values are quantified as (“0-1": no supply
capacity; “1-2": low supply capacity; “2-3": general supply capacity; “3—4": moderate
supply capacity; “4-5": high supply capacity) (Figure 2a). The ES demand matrix reflects
the actual human demand intensity for the ecosystem services of different land cover
types, and the values are quantified as (“0-1": no demand intensity; “1-2": low demand
intensity; “2-3": general demand intensity; “3”: moderate demand intensity; “4-5": high
demand intensity) (Figure 2b). The ES balance matrix is obtained by subtracting ES supply
values from ES demand values, reflecting deficits or surpluses of ecosystem service for
different land cover types (Figure 2c). The value of ES balance ranges from —5 to 5. The
presence of negative values indicates an excess of ES demand over ES supply, while positive
values indicate an excess of ES supply over ES demand. A value of zero suggests that ES
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supply equals ES demand, achieving a balance between the two [3,35]. Therefore, based on
matrices for ES supply, demand, and balance, ecosystem services for different land cover
types were quantified and mapped by connecting landcover type maps through ArcGIS
Desktop 10.5.

To capture the fluctuations in ES supply and demand, we calculated the total values of
ES supply, demand, and balance from 1990 to 2020 by multiplying the area of different land
use types by their respective quantitative values. To account for variations in ecosystem
characteristics across regions, the NDVI was used as a correction factor for ES supply, and
ES supply values were calibrated according to Equation (3).

6
ES] = Zi:l S,’X VESi (1)
ESund::ZleE%«jzl,z3) 2)
Fni =F, X A,‘ (3)

where Vg is the quantitative value of ecosystem services for land cover type i (i =1, 2,
3,4, 5, 6); Si is the area of land cover type i; ESj is ecosystem services value for ES type j;
F,; is the adjusted value of ES supply in region 7; F, is the initial value of ES supply; and
Ai represents the correction factor. The correction coefficient is defined as the ratio of the
NDVTI in the study area to the national annual average of the NDVI in that year.

2.4. The Change Trend of Ecosystem Service Supply and Demand

In order to analyze the change trend of ES balance from 2000 to 2020, the ordinary least
squares (OLS) method was applied to assess the change rate of ES balance. The formula for
calculation is as follows:

nx 2;7:1]' x balance; — ;-1:1]'2]7-’:1 balance;

nx D - (S )

Slope = 4)

where n represents the length of the time series, n = 3 and i is the year number from 1-3
and represents the ES balance value of the ith year. Slope > 0 indicated that the ES balance
showed an increasing trend; otherwise, it showed a decreasing trend.

The F test was further introduced to assess the significance of the change trend in ES
balance. If F > F0.05(1, n — 2), the change trend of ES balance is considered significant
at a 95% confidence level. F0.05(1, 1) = 161.448. Based on this, the F test was calculated
and then overlayed the slope value and F value to obtain the change trend of ES balance.
The change trend was categorized as follows: significant increase (Slope > 0, F > 161.448),
increase (Slope > 0, F < 161.448), decrease (Slope < 0, F < 161.448), or significant decrease
(Slope < 0, F > 161.448). The formula for calculating the F-test is as follows:

_R(-2)
F=—r0s ®)

7 =
Vo G- e (X - %)

where 7 represents the length of the time series, n = 3; R? is the correlation coefficient
between ES balance and time series at the grid unit; i is the year number of 1-3; 7 is the
average value of serial number 3; and X; is the ES balance value in year i. The average
value of ES balance from 2000 to 2020 is represented X. The change trend analysis of ES
balance was performed in ArcGIS Desktop10.5.
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2.5. Model for Measuring the Degree of Coupling Coordination

Referred to as a physical concept, coupling involves the interaction of two or more
systems or forms of motion through various interactions [36]. Coupling analysis is primarily
used to examine the connection between human activity and ecosystem services [37]. In
this study, we utilized coupling analysis to assess the interplay between ES supply and ES
demand using the following calculation formula:

Co=n{(uj.up.uz...... up)|[(ug +up+ug...... Up)(ug +up+uz...... u) ]} (@)

where C is the coupling degree (0 < C < 1), uy is the standardized ES supply (0 < uy <1),
and u, is the standardized ES demand (0 < u, < 1). When C = 0, there is no correlation
between ES supply and ES demand. When 0 < C < 0.3, they are at low level coupling, with
high ES supply and low ES demand. When 0.3 < C < 0.6, they are at an antagonistic stage,
and an increase in ES demand leads to changes in land use structure accompanied by a
decline in ES supply. When 0.6 < C < 0.8, they are at a running-in stage, and ecosystem
damage leads to increased awareness of environmental protection. We should slow down
the intensity of human activities, with decreasing ES demand and increasing ES supply.
When 0.8 < C < 1, it indicates a high-level coupling stage where harmony and mutual
benefit are achieved between ES supply and ES demand. When C = 1, a favorable resonance
coupling is attained, leading to the development of a new orderly ecosystem structure and
a balance in ecosystem service supply and demand.

The concept of coupling degree is used to assess the level of interaction and influ-
ence among systems or elements, but it does not fully capture the extent of coordinated
development between them [38]. Therefore, a model known as the coupling coordination
degree (CCD) is introduced to serve as a quantitative measure for evaluating the level of
coordination between ES supply and demand. Its calculation formula can be expressed as
follows:

D = (Cxz)* (8)

Z=auy+buy+cuz+---......... Uy )

where D is coupling coordination degree and Z is the coordination index of compre-
hensive ES supply and demand. a and b are the total index values of ES supply and
demand, a=b =0.5. Table 2 provides specific criteria for determining the degree of
coupling coordination.

Table 2. Classification criterion for coupling coordination degree.

Stage Categorization Standard

. Extreme coordination 08<D<1
Coordinated development Moderate coordination 0.6<D<0.8
Transformative development Low coordination 05<D <06
P Low disorder 04<D <05
. Moderate disorder 02<D<04
Uncoordinated development Extreme disorder 0<D<02

2.6. Identifying Potential Ecological Restoration Areas

To address the degradation of regional ecosystems and restore damaged ecological
spaces, this study identified potential ecological restoration areas in the NSLP based on the
assessment of ES supply and demand and the coupling coordination degree. The judgment
was that areas where ES balance was less than 0 and areas where the coupling between
ES supply and demand was moderate and extreme disorder were regarded as ecosystem
damage restoration areas (Table 3).



Land 2025, 14, 287

8 of 23

Table 3. Evaluation index system for potential ecological restoration areas.

Evaluation Indicators Evaluation Status Judgment Criteria

The supply capacity of ecosystem
services is less than the demand

Ecosystem service supply and tatu: . .
y demand PPy S S intensity, i.e., the ecosystem
The coupling coordination degree seerSC.e bfifl.ancf(f less than 0
between ecosystem service supply Variations Mod R lf;m ecreagg d
and demand Status oderate and extreme disorder

areas

2.7. Determining Ecological Restoration Priority Areas

In this study, an evaluation system for ecological restoration priority areas was first
constructed from three dimensions of feasibility—urgency—-importance in the NSLP, which
contained eight indicator layers (Table 4). Among them, feasibility mainly refers to the
current favorable conditions for ecological restoration work, which mainly includes three
anthropogenic factors of population density, distance to road, and GDP density, as well
as two topographic factors of elevation and slope. Generally, areas with dense human
habitation have higher levels of economic development and convenient transportation,
which can provide sufficient financial support for ecological restoration work. Areas
with lower elevations and higher slopes are more conducive to implementing ecological
restoration projects. Therefore, population density and GDP density are positive directions
for feasibility, while distance to road, elevation, and slope are negative directions for
feasibility.

Table 4. Assessment framework system for ecological restoration priority areas in the NSLP.

Target Layer Dimension Layer Indicator Layer Action Direction
Population density Positive
Distance to road Negative
Feasibility GDP density Positive
Priority area Elevation Negative
identification Slope Negative
Ecosystem service balance Negative
Urgency
The change trend of ecosystem .
. Negative
service balance
Importance Ecosystem service supply Positive

Urgency refers to the severity of the current ecological problems, including ES balance
and its change trend. In general, the deficit and imbalance of ES supply and demand
indicate more severe ecological issues, which require prioritizing ecological restoration
efforts. The regions where the supply and demand of ecosystem services are in deficit and
significantly decreasing indicate that the more serious ecological problems are, the more
priority should be given to ecological restoration. Therefore, ecosystem service balance and
the change trend of ecosystem service balance are negative directions for urgency. From
the perspective of ecosystem service enhancement, the importance is expressed in terms of
ES supply capacity. In general, areas with larger ecosystem service supply capacity need
to give more priority to ecological restoration. Therefore, ecosystem service supply is a
positive direction for importance.

This study established four service scenarios for provisioning services, regulating
services, cultural services, and total ecosystem services to optimize and enhance them After
optimization indicators were constructed, and the entropy weight method was utilized to
determine the weights of the indicator layer and dimension layer.
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According to the results of index construction and weight calculation, the improved
Ant Colony Optimization (ACO) model was adopted to identify the ecological restoration
priority areas. The ACO model was first proposed by Dorigo in the 1990s and has been
proven to be an intelligent algorithm for solving multi-objective optimization strategies
such as shortest path, land use allocation, and ecological protection zoning [39]. The
method incorporates land use suitability and compactness to find the optimal spatial
allocation of land use based on an objective function. In this study, the objective function
was defined and the spatial optimization for ecological restoration was carried out based on
the ACO surface optimization tool in the Geographic Simulation and Optimization System
(http:/ /www.geosimulation.cn, accessed on 26 January 2025). The data parameters of the
ant colony algorithm mainly include the number of ant colonies, the number of iterations,
the number of iterations inspired weight &, the information weight 8, and the information
evaporation coefficient p. The technical flow chart of the study is depicted in Figure 3.

The characteristics of Northern
Shaanxi Loess Plateau

1

Adjust factor
Land use and land @
COUCHUAEDASCI - ------------------------ Moo :
@ : Ecosystem i )
i services supply i Ecosystem services
The LULC NDVI | = balance
model matrix E.cosystem
services demand
Coupling coordination The coordination relationship
degree model :> between ES supply and demand
' ES balance is less than 0 Significant decrease of Mod(?rate and extreme |
ES balance disorders areas

The identification of potential ecological
restoration areas

U

The improved Ant . . o The improvement
colony optimization Ecological restoration priorities based of ES suppl
model on feasibility - urgency - importance capacirt)}rl) y
Ecological restoration
priority areas
Data Method Result Conclusion

Figure 3. The proposed framework of this study (LULC: land use/land cover, ES: ecosystem service,
and NDVI: Normalized Difference Vegetation Index).

3. Results
3.1. Spatial Patterns of Ecosystem Service Supply and Demand in the NSLP

By using the NDVI to correct ES supply, the distributions of ecosystem service supply
capacity, demand intensity, and balance from 2000 to 2020 were quantified and mapped
(Figure 4). Taking 2020 as an example, there are notable spatial variations in ES supply,
demand, and balance in the NSLP. In terms of ES supply capacity, the spatial pattern of
provisioning services, regulating services, cultural services, and total ES was consistent,
with a roughly southeastern to northwestern increasing trend. Areas with high ES supply
capacity were primarily located in the southern part of the region, including Ganquan,
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Fuxian, Huangling, and Huanglong. Contrarily, areas with low ES supply capacity were
predominantly found in the northern part, particularly in the northwestern areas of Wugqi,
Dingbian, Jingbian, Yuyang, and Shenmu. In terms of ES demand intensity, the spatial
pattern of each ecosystem service generally showed consistency, with high demand intensity
areas primarily located in the central and north parts, such as the urban distribution areas
of Yuyang, Shenmu, and Baota with more densely populated areas. Conversely, low
demand intensity was primarily scattered in the southern regions, such as Huangling,
Luochuan, Huanglong, and Fu county. Regarding ES balance, all four types of ES balance
exhibited a rising trend from north to south with the deficit areas concentrated in the
northern region and surplus areas mainly scattered in the southern part. In addition, we
carried out the analyses of the global Moran index to verify the spatial heterogeneity of
ecosystem services. In this research, the z-scores of ecosystem service exceeded 1.65 (ES
supply capacity, Z = 165.40; ES demand intensity, Z = 140.35; and ES balance, Z = 180.16),
indicating that ecosystem service had significant spatial variation.

Provisioning services supply Provisioning services demand Provisioning services balance

S
. R ke
% 3

 High : 55.56 gy High 12537 oy High : 35.98

My ow 827 M ow:0.02 My ow: 3207

Regulating services supply Regulating services demand Regulating services balance

o High : 67.89  High': 97.42
Eiow:0 M Low : -70.99
Cultural services demand Cultural services balance

 High : 30.98 w High : 0.66 o High : 30.98

M Low: 478 Mow:0 M ow:-4.78

Total ecosystem services supply Total ecosystem services demand Total ecosystem services balance

» High : 181.57 - High : 87.48 » High : 146.41

- Low : -28.02 u Low :0.23 L Low :-99.54

Figure 4. Spatial characteristics of provisioning services, regulating services, cultural services, and
total ecosystem service supply, demand, and balance in the NSLP in 2020 (x 10® m?).
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3.2. Temporal Changes in Ecosystem Service Supply and Demand in the NSLP

The temporal changes in various ecosystem services from 2000 to 2020 are illustrated
in Figure 5. For ES supply capacity, provisioning services, regulating services, cultural
services, and total ecosystem services all exhibited a decreasing trend from 2000 to 2020.
For ES demand intensity, provisioning services showed a declining trend from 2000 to 2020.
Regulating services decreased slowly from 2000 to 2010, but then exhibited an upward
trend from 2010 to 2020, exceeding the demand intensity value in 2000. Cultural services
increased slightly from 2000 to 2010 but decreased significantly from 2010 to 2020. Total
ecosystem services showed an obvious downward trend from 2000 to 2010 and rose again
from 2010 to 2020, but it did not exceed the demand intensity value in 2000. For ES
balance, provisioning services declined slowly from 2000 to 2010 but slowly increased again
from 2010 to 2020. Regulating services did not change significantly from 2000 to 2010 but
decreased from 2010 to 2020. Cultural services remained unchanged from 2000 to 2010
and decreased by 4.48% from 2010 to 2020. Total ecosystem services remained basically
unchanged from 2000 to 2010 and decreased slightly from 2010 to 2020.

Provisioning services Regulating services

Supply capacity

Supply capacity

232 2393 4191 4191
5 §9 5.96 664 |
- . . 3alar 1l 3alar \
2000 2010 2020 Y’ar 2000 2010 2020 Year

1947 /_\ 84

20.00 19.97 26.00 \
26.43

Demand intensity

Demand mtensity

Cultural services Total ecosystem services

Supply capacity

Supply capacity

80.18 80.12

‘ ‘ 77.29
34.35 34.49 31.54

Ince Ba
2000 2010 2020 2000 2010 2020

Year

0.0013

15.90

16.00

.
0.0026 0.0035

Demand intensity
v Demand intensity

Figure 5. Temporal changes in provisioning services, regulating services, cultural services, and total
ecosystem service supply, demand, and balance from 2000 to 2020.
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Based on the linear regression analysis method, the spatial change trend of various
ecosystem service balance in the NSLP from 1990 to 2020 was analyzed, as shown in Figure 6.
The results indicated that the spatial distribution of changes in provisioning services,
regulating services, and cultural service balance exhibited similar patterns. More than 65%
of the regions showed decreasing trends, primarily located in the central and northern
areas, whereas about 30% of the regions showed increasing trends, mainly concentrated
in the southern regions. The total ecosystem service balance was mainly characterized by
significant decreasing and significant increasing regions, accounting for 21.22% and 78%,
respectively. Significant increasing regions were distributed in most parts, and significant
decreasing regions were scattered in the northern and central parts. In summary, the
primary focus for ecological restoration in the later stage was on areas with significant
decreases.

Provisioning services Regulating services \ﬁ'
w E

S

Cultural services Total ecosystem services

— , km
0 3060 120 180

B Significant increase ™ Increase 7 Significant decrease [ Decrease

Figure 6. Spatial pattern of the change trend in provisioning services, regulating services, cultural
services, and total ecosystem service balance from 2000 to 2020.
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3.3. Analysis of Coupling Coordination Degree Between Ecosystem Service Supply and Demand in
the NSLP

In order to further explore the coordination relationship between ES supply and
demand, the spatial changes of the coupling degree and coordination degree were analyzed
in the NSLP. As shown in Figure 7, there were obvious spatial differences in the coupling
degree between ES supply and demand. In 2000, the coupling degree in 77.56% of the
regions was at an antagonistic stage, mainly located in the central and northern areas.
Approximately 22% of the regions were at a low level, mainly distributed in the southern
areas. Only 0.15% of the regions were at a running-in stage. In 2010, the coupling degree
in most regions was significantly higher than that in 2000. Approximately 37.65% of
the regions were at a running-in stage, mainly located in the central and southern areas.
Approximately 61.99% of the regions were at a high-level coupling stage, distributed
in most of the central and northern regions. By 2020, the coupling relationship was
characterized by no correlation, low-level coupling, antagonism, running-in, and high-
level coupling, accounting for 0.05%, 0.52%, 2.07%, 21.89%, and 75.47%, respectively. The
findings suggested that the coupling relationship in most regions of the NSLP was gradually
improving.

4

C2000

D2000

a

D ™. (002 ™ 02041 104057 0.5-0.6mm 0.6-0.8 ™= 3|

km
0 2550 100 150

Figure 7. Spatial patterns of the coupling degree and the coupling coordination degree from 2000 to
2020 (C2000, C2010, and C2020 represent the coupling degree in 2000, 2010, and 2020, respectively;
D2000, D2010, and D2020 represent the coupling coordination degree in 2000, 2010, and 2020,
respectively).
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The coupling coordination degree showed a similar change trend with the coupling
degree from 2000 to 2020. In 2000, about 82% of the regions had a disorder status in the
NSLP. The primary categories of coupling coordination degree consisted of low disorder
and moderate disorder, accounting for 41.76% and 36.50%, respectively. The areas of low
coordination and moderate coordination accounted for 15.88% and 1.87%, respectively,
mainly located in the central and southern parts of the NSLP. In 2010, the coupling coordi-
nation degree showed an obvious improvement trend compared with that in 2000. About
90% of the regions had a coordination status in the NSLP. The main types of coupling
coordination degree were characterized by moderate coordination, occupying 74.53% of
the regions, which was most prevalent in northern and central parts. 15.38% of the regions
were at low coordination, primarily concentrated in the southern areas. Moreover, the areas
of low disorder, moderate disorder, and extreme disorder accounted for 6.61%, 0.004%, and
3.35%, respectively, mainly distributed in the northern scattered areas. By 2020, the areas
of coordination showed a decreasing trend compared with that in 2010, occupying 85% of
the regions, while the moderate coordination areas increased by 77.27%. The areas of low
disorder, moderate disorder, and extreme disorder accounted for 10.47%, 1.69%, and 2.67%,
respectively, mainly located in scattered areas in the north. The contradiction between ES
supply and demand in these disorder areas was still very prominent with serious ecological
problems, making them crucial for ecological restoration efforts. The findings also implied
that the coupling coordination degree in most regions showed an overall improvement
trend from 2000 to 2020.

3.4. Identification and Optimization of Ecological Restoration Areas in the NSLP

The potential areas for ecological restoration in the NSLP were mainly identified in the
areas of imbalance between ecosystem service supply and demand, a significant decrease
in ecosystem service balance, and coupling coordination disorder (Figure 8). The total area
of potential restoration areas was identified to be 45,536.4 km?, accounting for 56.45% of
the total study area.

From the perspective of ecosystem service supply capacity enhancement, this study
identified ecological restoration priority types for various ecosystem service enhancements
based on an ecological restoration evaluation system of feasibility—emergency—importance.
Ecological restoration priorities included the top 5%, 5-15%, 15-30%, 30-45%, and 45-100%
of the areas (Figure 9). The results showed that ecological restoration prioritization of dif-
ferent ecosystem services enhancement showed significant spatial distribution differences.
The spatial patterns of ecological restoration prioritization for various ecosystem services
were similar. The top 5% and 15% of ecological restoration areas for various ecosystem
services were mainly located in the east-central and west-central regions. The ecological
restoration areas of 15-45% were distributed throughout the NSLP, mainly in the central
region and parts of the south and north. The ecological restoration areas of 45-100% were
distributed in most of the northern and southern parts of the NSLP.

In addition, we counted the ecological benefits of different ecological restoration priori-
ties for each ecosystem service type (Table 5). The top 5%, 15%, 30%, and 45% priority areas
of provisioning services can obtain 296,700, 281,900, 282,100, and 284,500 yuan of ecological
benefits, accounting for 50.13%, 47.63%, 47.66%, and 48.07% of the total ecological benefits,
respectively. The results suggested that the improvement of provisioning services can bring
significant ecological benefits by restoring the top 5% of areas. The priority areas of the top
5%, 15%, 30%, and 45% of regulating services restoration can obtain 1,234,200, 1,227,000,
1,310,800, and 1,435,800 yuan of ecological benefits, accounting for 37.20%, 36.99%, 39.51%,
and 43.28% of the total ecological benefits, respectively. The results showed that ecolog-
ical restoration benefits by improving regulating services increased with the expansion
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of ecological restoration areas, and more areas needed to be restored to obtain ecological
benefits. The improvement results of cultural services and total ecosystem services were
consistent with those of regulating services. The ecological benefits were cumulative, and
the increase in the restoration area would bring more ecological benefits. Based on the
above, considering the needs of local ecosystem service improvement, ecological restoration
work can be carried out in the future according to the priority of ecological restoration
under different types of ecosystem services.

Potential ecological restoration types

B Moderate and extreme disorders areas
B Significant decrease areas of ES balance

I Deficit areas of ES supply and demand

[ m— e—] 403
0 30 60 120 180

Figure 8. Spatial pattern of potential ecological restoration areas in the NSLP.

Table 5. Restoration areas and benefits of different ecological restoration priorities under provisioning
services, regulating services, cultural services, and total ecosystem services.

Proportion of Total

ES Types Stage Area (km?) Benefit (yuan) Ecological Benefits (%)
5% 375.5 296,700 50.13%
Provisioning 15% 1122 281,900 47.63%
services 30% 2247.5 282,100 47.66%
45% 3366.5 284,500 48.07%
5% 375.5 1,234,200 37.20%
Regulating 15% 1122 1,227,000 36.99%
services 30% 2247.5 1,310,800 39.51%
45% 3366.5 1,435,800 43.28%
5% 375.5 72,800 32.27%
. 15% 1122 73,800 32.71%
Cultural services 30% 2247.5 81,100 35.95%
45% 3366.5 90,200 39.98%
5% 375.5 2,470,400 38.01%
Total ecosystem 15% 1122 2,412,200 37.11%
services 30% 2247.5 2,565,500 39.47%

45% 3366.5 2,779,100 42.76%
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Figure 9. Spatial patterns of ecological restoration priority areas of provisioning services, regulating
services, cultural services, and total ecosystem services in the NSLP.

4. Discussion
4.1. Spatio-Temporal Change Analysis of Ecosystem Service Supply and Demand in the NSLP

This study deeply explored the temporal changes and spatial distribution of ES supply
capacity and demand intensity. Spatially, there were significant differences in ES supply
capacity and demand intensity, with a decrease in ES supply capacity from north to
south. Temporally, the overall fluctuation in total ES supply capacity decreased, and total
ES demand intensity showed a fluctuating decline. Approximately 21% of the regions
showed a degrading trend. Therefore, the regions with significant degradation in the NSLP
should be regarded as key areas for ecological restoration aimed at improving ES supply
capacity [40]. Natural and human factors are the main driving force of ES evolution [41].
Climate and land use change are the most influential factors for ES supply [42,43]. The
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precipitation and temperature in the NSLP show a decreasing trend from south to north,
consistent with the distribution of ES supply. Moreover, the spatial heterogeneity of ES
supply was also attributed to the distribution of land use types, which was consistent with
previous research results [28,43]. The change in land use pattern not only changes the
structure and function of the ecosystem but also causes a change in the interaction mode
between the regional ecosystem and the external environment, thus causing a change in
ecosystem services. The southern part of the NSLP was mainly distributed with forests
and grasslands characterized by high supply and low demand distribution, while the
northern part was mainly distributed with farmland, construction land, and unused land
characterized by low supply and high demand distribution [44].

According to the spatial heterogeneity theory of ES demand, different stakeholders
have significant differences in their preferences for ES demand. The differences in eco-
nomic level, educational level, residence location, cognition level, and other factors of the
beneficiaries lead to an impact on ES demand [45]. Socio-economic development and popu-
lation growth are the most direct driving factors [46]. With the increase in population and
the improvement of people’s living standards, human demand for resources is gradually
increasing. It is suggested that the increase in human activity intensity may be the primary
reason for the increase in ES demand [47]. In addition, with the increase in the population,
the total demand for ES increases, and the existing living space cannot be met. Ecological or
semi-ecological land needs to be transformed into residential areas to meet the living space
of human beings. In general, the spatio-temporal evolution of ecosystems is the result of a
combination of factors. A deep understanding of the driving forces of ecosystem service
changes and their relationships is the basic condition for formulating effective policies and
measures.

4.2. Coupling Coordination Analysis of Ecosystem Service Supply and Demand in the NSLP

The coupling mechanism of ecosystem service supply and demand involves the
coordination relationship between humans and ecosystems. Previous research has primarily
focused on the impact of changes in land use on ecosystem services [48], with limited
exploration of the coupling coordination relationship between ES supply and demand in
the NSLP [44,47]. This study utilized the coupling coordination degree model to analyze
the characteristics of the coupling coordination between ES supply and demand. Over
time, there was an observed improvement trend in the coupling coordination degree of ES
supply and demand from 2000 to 2010, with slight changes from 2010 to 2020. Spatially, the
coordination degree had significant spatial heterogeneity [49]. More than 75% of the regions
showed high-level coupling, mostly located in the central and northern parts, indicating a
relatively high overall coupling degree between ES supply and demand. The results for
coupling coordination degree showed that more than 77% of the regions were moderately
coordinated, suggesting that the relationship was relatively coordinated in most areas of
the NSLP. The central and southern regions of the study area had a higher concentration
of coordination areas, while the northern parts were mainly characterized by imbalanced
areas. This suggests that ecological restoration strategies should be tailored to the specific
regional conditions in ecosystem restoration and management.

The relationship between ES supply and human demand intensity is mutually re-
stricted and influenced. The change of one factor will bring about the change of another
factor, and the influence of human activities is an important factor [50]. If human beings
regulate their behavior reasonably, human activities and ecosystem services will maintain a
good coupling state. On the contrary, deforestation and overgrazing by humans will lead
to ecological destruction and deterioration of ecosystem services [51]. However, improving
the coordination between human activities and ecosystem services is a gradual process
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that requires long-term efforts. Decision makers should attach great importance to eco-
logical environment protection and ES supply-demand balance. Sustainable development
strategies are necessary to achieve this coordination for mutual benefits.

4.3. Optimization of Ecological Restoration Areas in the NSLP

With the rapid expansion of population and economy in the NSLP, human activities
have significantly increased their impact on the ecological environment [25]. The vulner-
ability and sensitivity of the ecosystem to climate change and human interference have
led to widespread attention being given to ecological issues in the NSLP [52,53]. Eco-
logical restoration refers to the conscious renewal and repair of degraded, damaged, or
destroyed ecosystems in an attempt to restore degraded ecosystems to their original state,
or at least to a lasting “self-sustaining” state that can last [54]. In recent years, ecological
restoration has emerged as a crucial aspect of conservation efforts. It offers a proactive
approach to environmental protection and the sustainable management of ecosystems by
focusing on the rehabilitation of degraded ecosystems and biodiversity [55]. However,
ecological restoration needs to address more complex challenges, not only in the face of
unprecedented climate change but also in the efforts to restore ecosystems in a landscape
increasingly shaped and limited by human activities. Meanwhile, regional ecological
restoration initiatives should be tailored to address the varying degrees of ecological issues
in different areas. In addition, ecological restoration is a long-term dynamic succession
process, which should be dominated by natural restoration and supplemented by artificial
restoration [56]. However, the process of natural restoration requires a slow restoration
process of several years or even decades, and ecological restoration work is imminent.
Therefore, we identified areas in the NSLP with damaged, severely degraded, and dys-
functional ecosystems as priority sites for ecological restoration based on the supply and
demand of ecosystem services.

The potential ecological restoration areas identified above were extensive, covering
approximately 56% of the total NSLP area. However, considering the constraints of capital,
manpower, climate, terrain, and other factors, it is not feasible to restore all of these
areas [57]. Therefore, it is important to prioritize the most urgent, feasible, and significant
areas for ecological restoration in order to maximize ecological benefits while minimizing
costs. This study proposes an assessment system of ecological restoration priority areas
based on feasibility, urgency, and importance. From the perspective of enhancing ecosystem
service supply capacity, ecological restoration priority areas of the NSLP were identified
by using the improved ant colony algorithm optimization model. The findings can serve
as theoretical guidance and as a reference for the government to carry out ecological
restoration work.

4.4. Limitations and Future Works

In this research, we assessed the supply and demand of ES and identified areas for
ecological restoration in the NSLP. This can offer theoretical support for regional ecological
protection and restoration. However, there were limitations in this study. Firstly, land use
supply and demand models were utilized to quantify ES supply, demand, and balance in the
NSLP. This method has been widely used in ecosystem service assessment, but there were
still some uncertainties. For example, this method has stronger subjectivity and uncertainty
mainly based on the cognitive level of experts, reflecting their knowledge, experience, and
attitudes, which may lead to discrepancies in the estimation results [35,58]. Moreover, using
only land use data may ignore the effects of other ecological and social factors, such as
ecological conditions and population density, resulting in estimation errors [29,59]. Based
on the above uncertainties, we computed the sensitivity coefficients (CS) to validate the
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reasonableness of the method and results. The sensitivity results indicated that the CS
values for all land use types were less than 1, suggesting that the research method and
assessment results were reasonable and reliable in the NSLP (Table 6). Therefore, in future
studies, we should consider the regional situation comprehensively and incorporate all
uncertainties to obtain credible ecosystem service assessment results. Despite the many
shortcomings mentioned above, the model still has certain advantages for social and
environmental management at larger spatial scales as well as technical support for areas
with scarce data [60]. It helps to identify areas most in need of protection and restoration,
especially those where the capacity to provide ecosystem services is severely reduced.

Table 6. The changes in the sensitivity coefficient for different land use types in the NSLP.

Y Land Types Farmland Forest Grassland Shrubland Wetland Water Settlement  Barren
ear
2000 —0.671 —0.934 —1.124 —0.014 —0.002 —0.003 —0.010 —0.151
2010 —0.425 —-0.771 —1.329 —0.018 0 —0.003 —0.013 —0.116
2020 —1.886 -1.235 —1.619 -0.017 0 0 —0.084 —0.301

Adjustment quantity: £50%.

Secondly, the temporal and spatial changes of ES supply and demand will be affected
by external driving factors, which will lead to changes in the structure and process of
ecosystem services. However, the driving factors of ES supply, demand, and balance
change were not explored in the NSLP. Exploring the influencing factors of ecosystem
services can effectively explain the temporal and spatial changes in ES supply and demand.
Therefore, a deep understanding of the driving forces of ecosystem service changes and
their relationships is the basic condition for formulating effective policies and measures in
future studies. Thirdly, we explored the coupling coordination degree between ES supply
and demand at a raster scale. Previous research has demonstrated significant scaling effects
in the coordination relationship between ES supply and human demand [61,62], such as
the comparison of provincial scale, city scale, county scale, and grid scale. However, the
coupling coordination in the NSLP was not considered at different scales. This implied that
the conversion process from a small scale to a large scale was similar to the peak cutting and
valley filling process, in which the high value was cut and the low value was filled, meaning
that the coupling coordination degree tended to be stable [61,63]. Therefore, different
management strategies at different scales should be adopted in ecosystem management to
coordinate the connection between ES supply and human demand.

Finally, many factors were considered to identify ecological restoration priority areas
in the NSLP, but some other natural and human factors may also influence the distribution
of priority areas, such as natural disasters, tourism, mineral resource exploitation, and
ecological engineering construction [64]. Vegetation, soil, and water resources in the restora-
tion area may be damaged by natural disasters like floods, earthquakes, and debris flow,
which can impact the effectiveness of restoration efforts [65]. The impact of human activities
on ecosystem services is a significant source of uncertainty. Different human activities
have varying effects on the function and stability of ecosystem services. Therefore, it is
important to comprehensively consider the influencing factors of ecological restoration in
future efforts. Furthermore, ecological restoration requires substantial investment in terms
of human resources, materials, and finances, making it essential to clarify the objectives
and effectively evaluate the benefits of such restoration work.

5. Conclusions

In this study, we first used the LULC matrix approach to quantify the spatio-temporal
trends of ecosystem service supply and demand in the NSLP from 2000 to 2020. We
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observed an increasing trend in the mean ES balance, with lower values mainly found in the
northern regions. Moreover, the total ES balance in the northern and central parts exhibited
significant decreasing trends. These unbalanced and degraded regions are important areas
for ecological restoration. Furthermore, we explored the coordination relationship between
ecosystem service supply and demand. Most regions of the NSLP showed improving
trends in coupling coordination degrees from 2000 to 2020. Of note, 4.36% of regions
showed moderate disorder and extreme disorder, mainly located in the northern scattered
areas. These disordered areas would also require ecological restoration efforts. Finally, we
identified four ecosystem service enhancement priorities from the perspective of enhancing
ecosystem service supply capacity. The spatial distribution of ecological restoration priority
areas varied significantly across different types of ecosystem services. The top 15% of
ecological restoration priority areas can bring significant ecological benefits. These findings
are crucial for studying changes in ecosystem services and providing effective guidance for
future ecological restoration efforts.
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