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The supply—demand for ecosystem services (ESs) is the bridge between ecological
security patterns (ESPs) and human wellbeing. This study proposed a research
framework of ESP of "supply—demand-corridor-node” and took Xuzhou, China,
as a research case, providing a new perspective for the construction of ESPs. The
framework was divided into four sections: identifying the ecological source based
on the ESs supply; utilizing multi-source economic-social data to characterize the
demand of ESs and constructing a resistance surface; defining the ecological corridor
in the study area by employing the Linkage Mapper; and identifying crucial ecological
protection/restoration areas along the ecological corridor. The results showed that
the area of the supply source of ESs in Xuzhou City is 573.89 km?2, accounting for
5.19% of the city’s total area. The spatial distribution of 105 ecological corridors
revealed that there were multiple and dense ecological corridors in the middle of the
city, but few in the northwest and southeast. A total of 14 ecological protection areas
were located primarily in the south of the urban area, and 10 ecological restoration
areas were located primarily in the middle and north of the urban area, with a total
area of 4.74 km2. The findings of this article will be useful in developing ESPs and
determining important ecological protection/restoration areas in Xuzhou, China. The
research framework could potentially be used in other areas.

KEYWORDS

ecological security pattern, important ecological regions, supply-demand of ecosystem
services, circuit theory, research framework

1. Introduction

In recent years, global climate change and the growth of human activities have caused a
number of problems between people and the natural environment, such as ecological patch
fragmentation, biodiversity loss, the heat island effect, and soil erosion (1-3). These problems
have seriously threatened regional and national ecological security and slowed down sustainable
development. In this situation, ecological security patterns (ESPs) offer a practical way to keep
the balance between local environmental protection and economic growth. This has become a
hot topic of research around the world, especially in China, which is urbanizing quickly (4).
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FIGURE 3
Spatial distribution of ecosystem service demand in Xuzhou.

nighttime light index to modify the ecological resistance coefficient
to construct the resistance surface as follows:

* _ TLII
" TLI,

X Ry (8)

where R* is the corrected grid resistance coefficient; TLI; is the night
light intensity value of grid I; TLI, is the average night light intensity
value of land type a; and R, is the base resistance value of grid i.
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4.3. Extraction of an ecological corridor

The circuit theory simulates the migration and diffusion process
of species by using the characteristic of the random walk of electrons
in the circuit. This scheme can relatively accurately simulate the
diffusion path of species in a heterogeneous landscape, even in the
absence of species migration data (36). At present, the ecological
corridor has been used as a tool to connect the natural ecological
source and the needs of human society (44). This article uses the
Linkage Pathways Tool module to identify the ecological corridor,
which can draw the lowest cost link between core patches according
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to the core patch and resistance grid. At the same time, the
contribution degree of landscape connectivity can be determined
through centrality analysis. The greater the centrality of an ecological
patch indicates that it can have sufficient material, energy, and
information exchange with other patches and that it is easy to
establish contact with other patches in the face of disturbance.
Therefore, its ability to resist disturbance is relatively strong. The
Centrality Mapper tool is used to calculate the flow centrality
of the optimal ecological corridor and quantitatively analyze the
importance level of the ecological corridor.

4.4, |dentify ecological protection and
restoration nodes

Ecological pinch points represent areas with high-flow density
in the ecological network, that is, areas with a high probability
of species migration or no alternative path. Priority should be
given to protecting such areas during the construction of the
ecological network (47). In this article, Pinchpoint Mapper is used to
identifying ecological protection areas. Pinchpoint Mapper combines
the Circuitscape algorithm with the base map generated by Linkage
Mapper to achieve the research purpose. Ecological barrier points
refer to areas where the migration process of species between
source areas is greatly hindered (48). Taking ecological barrier

10.3389/fpubh.2023.1087588

points as ecological restoration nodes can significantly improve the
connectivity between ecological sources. The operation of the Barrier
Mapper tool is based on the extraction of ecological corridors by
the Linkage Mapper tool. This tool can not only detect the complete
obstacle points that hinder the migration of species but also detect
the obstacle areas that have some obstacles but do not completely
affect the migration of species. This article considers only the areas
that have complete obstacles to the migration of species.

5. Results

5.1. The spatial pattern of supply—demand
of ESs

Figure 4 shows that the water yield service decreases gradually
from east to west. This was related to the local precipitation,
soil properties, and evapotranspiration. The high-value area was
distributed in the northeast of Xuzhou City, which was an important
water conservation area. Soil conservation services were distributed
spatially in Xuzhou in a zonal and dot-overlapping pattern. High-
value areas were mainly concentrated in the northern Jiawang
District and the peripheral areas of the central urban area, while
the rest are mostly low-value areas. Xuzhou’s carbon storage service
generally presented a pattern of low in the center and high on the
edge, high in the north, and low in the south. High-value areas were

Lt
C ]2
[N
K
B

0510 20 30 40
- KM

FIGURE 4

Four types of ESs supply in Xuzhou (A) water yield, (B) soil conservation, (C) carbon storage, and (D) habitat quality.
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FIGURE 5

Spatial distribution of ecological sources (A) and resistance surface (B) in Xuzhou.
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mainly distributed in Jiawang District in the north of Xuzhou City,
Luoma Lake Basin in the east, Dasha River Basin in the northwest,
and the green area around the city outside the central urban area. The
high-value areas of habitat quality were mainly distributed in areas
where forests and lakes were concentrated.

A total of 1,107 important ecological sources were extracted from
the classification of extremely important regions. If all ecological
sources were included in the scope of ESPs, it would lead to
fragmentation of the ecological space, which was not conducive to the
overall regional optimization strategy. Referring to previous studies
(49, 50), this article further extracted patches with an area of more
than 0.8 km? as the ESs supply source, representing the main areas
with strong ESs formation and supply capacity in Xuzhou. Finally,
47 patches were chosen as ecological sources. The overall area of
the ecological source was 573.89 km?, accounting for 5.19% of the
city’s total area. The greatest ecological source patch covered 152.26
km?. The ecological source areas, as illustrated in Figure 5A, were
concentrated in places where the mountain and water systems are
adequately maintained. For instance, the southern part of Fengxian
County, the northern part of Jiawang District and Tongshan County,
and the Luoma Lake water system in Xinyi. Figure 5B depicted the
demand for ESs in Xuzhou, which was identified as a barrier to the
supply of ESs. The average ecological resistance was 18.60 nW/cm?/sr,
with a maximum of 721.52 nW/cm?/sr and a low of 0.79 nW/cm?/sr.
The ecological resistance depicts the collective predicament in space.
The ecological resistance represented the predicament of humanity
in space. Among them, regions with high resistance values were
typically more populated, with a concentration in urban cores such
as Quanshan District, Gulou District, Yunlong District, and others.
Moreover, urbanized regions such as Fengxian County, Peixian
County, Pizhou City, Xinyi City, and Suining County had high

resistance values.

5.2. Extraction of an ecological corridor
The ecological corridor was calculated using Linkage Mapper

and superimposed with the study area’s source and resistance surface
(Figure 6). The ecological corridors in Xuzhou were interconnected
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in a network, showing that the overall ecological quality was good
but connectivity was limited. The article identified 105 ecological
corridors that were distributed in a crisscross network. In the central
portion of the study area, there were numerous and dense corridors,
whereas there were few ecological corridors in the northwest and
southeast. The ecological corridors in Xuzhou were overlapped,
connected, and blocked each other. At the same time, the ecological
corridor had a considerable curve, which could generate a more
varied environment and was favorable for increasing the corridor’s
species richness.

5.3. Identification of ecological
protection/restoration nodes

On the basis of realizing ecological corridor extraction, the
key nodes in the corridor were further identified by combining
Pinchpoint Mapper and Barrier Mapper tools (Figure 7). The main
urban area’s southern region was where 14 significant ecological
protection nodes had been found in this article, with a sparse
distribution in Jiawang District, Tongshan District, Pizhou City, and
Xinyi City. The pinch point was the area in the ecological corridor
that needs to be protected. The connectivity between ESs would be
impacted if the pinch point’s function was lost or damaged. Obstacle
points were the places that hindered the connection of ecological
patches. The connection between the landscape and ecological
stability could be greatly enhanced by the restoration of barrier
points. The existing corridor had 10 barriers, and the most of which
were found in Tongshan District, Quanshan District, and Gulou
District. Key ecological protection/restoration areas in Xuzhou City
covered a total area of 4.74 km?.

6. Discussion

6.1. The relationship between
supply—demand of ESs and ESPs

Ecological security is the manifestation of ESs, and the supply-
demand of ESs is the bridge between ecological security and

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1087588
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Wang et al. 10.3389/fpubh.2023.1087588
}N\
2
WA
Ecological corridor
- Important ecological source
- 721.518 nW/cm2/sr
0.790 nW/cm2/s
e 0510 20 30 40
KM
FIGURE 6

Spatial distribution of ecological corridors in Xuzhou.
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Critical ecological protection/restoration areas in Xuzhou.
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human wellbeing. Ecological security is an abstract concept that
refers to the ecological environment in which humans live and
develop being entirely or partially free of risks and having the
capacity to address important ecological issues. The objective of
the creation of the ESP is to ensure the survival requirements of
human society and to realize the sustainable growth of humans
and the ecological environment. Its evaluation is centered on the
stress and reaction between the ecosystem and human health. The
supply-demand of ESs also emphasizes the relationship between
the ecosystem and human wellbeing, which is the various benefits
that mankind obtains from the ecosystem. Ecological security, on
the one hand, is a representation of ESs. ESs supply will fail as a

Frontiersin Public Health

result of economic and social development harming the ecological
environment, which will reduce human demand for ESs. For
example, due to the long-term discharge of agricultural, industrial,
and domestic sewage along the coast of Chinas Taihu Lake, the
breakout of the blue-green algae crisis in Taihu Lake in 2007
directly resulted in a water shortage of millions of people. On the
other hand, the balance between the supply and demand of ESs
is the link between ecological security and human wellbeing. For
instance, urban heat island, air pollution, and other problems are
the result of an imbalance between the supply and demand of ESs,
which has severely impacted the human and ecological environment’s
sustainable growth.
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The introduction of the perspective of supply and demand for
ESs provides crucial theoretical guidance for the development of
ESPs. Internationally, this article seems to be the first time to use
ecosystem service demand to build the resistance surface of ESP.
The supply of ESs from the source to other units is influenced by
factors such as accessibility, cost, and the level of economic and
social development, which are frequently reflected in human demand
for ecological services. This concept offers novel insights for the
construction of ESPs.

6.2. Influence of resistance threshold on the
ecological corridor

The main function of an ecological corridor is to connect different
ecological source areas to maintain ecological processes. The spatial
scope of the corridor directly affects the supply and demand of ESs
(31, 51). The extent of an ecological corridor can be identified by
cumulative resistance with a specific threshold, but there is still no
consensus on the best approach (8). The distribution of ecological
corridors in the study area showed spatial heterogeneity. In the areas
with little change of slope and elevation and little human influence,
the resistance of species migration and energy flow is small, and
the spatial range of the ecological corridor is long. In contrast,
in cultivated land and construction areas with high slope, high
altitude or more man-made impacts, it is difficult to have appropriate
circulation channels for ecological elements (10).

The ecological function of a corridor is closely related to
its spatial scope, which plays a significant part in maintaining
ecology. The corridor range distribution was examined in this
study using various resistance thresholds, which revealed identical
spatial distribution and various width ranges (52). This study
attempted to define the spatial extent of the ecological corridor
by raising the cumulative resistance threshold from 1 to 10K
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(Figure 8). Although the total area of the ecological corridor
has increased, the location of pinch points and obstacle points
has not changed significantly, indicating that the model is
effective for the judgment of the protection/restoration area (16).
The larger the threshold value is set, the wider the ecological
protection/restoration area will be, and the more expensive the
actual protection and restoration will be. This study considers
that Xuzhou has a large urban area and a limited budget for
ecological protection/restoration. At the same time, under the
control of territorial space planning, the oversized ecological network
will encroach on a large number of permanent basic farmland
and existing construction space, resulting in great difficulty in
coordination and thus reducing operability. It is assumed that the
funds and policies for ecological protection and restoration can only
support 20% of the whole research area (16, 31). Therefore, 3K is
selected as the threshold range.

6.3. Policy suggestions on crucial regions of
ecological protection/restoration in Xuzhou

Our overall approach to the ecological protection/restoration
proposal in Xuzhou is to take into account the supply and demand
of ESs, focus on corridor connectivity, and carry out ecological
conservation/restoration at key nodes. This is because the most
important function of ecological protection or restoration nodes is
to be able to achieve focus on key locations within ecologically fragile
areas. Combined with the research results, we found that ecological
protection nodes are concentrated in the inter-patch corridor and
the internal corridor in the south of Jiawang District and Tongshan
District, while ecological restoration nodes are mainly distributed
in Quanshan District and Gulou District, mostly concentrated in
densely populated built-up areas and related development and
construction projects.
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p node: Xuzhou National Forest Park
1. Delimit the ecological protection red line, and all kinds of development
activities that do not conform to the main function positioning are strictly
within the red line;
2. D and quarrying, sand mining, soil
mining and other deforestation activities are prohibited in the ecological
space control area;
3. Cutting trees in forest parks must comply with the provisions of relevant
forestry laws and regulations, business plans and technical regulations;
4. The construction of forest park facilities and scenic spots must be carried
out in accordance with the overall planning and design;
5. Except for necessary protection and ancillary facilities, hotels, guest
houses, sanatoriums and other engineering facilities shall not be built in
precious scenery, important scenic spots and core scenic spots.

l:| County administrative boundary
) ¢ Ecological protection node
’ Ecological restoration node
P 1A
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FIGURE 9
Two cases of key ecological protection/restoration areas in Xuzhou.
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Ecological restoration node: Pan'an Lake Wetland Park

1. With the help of the third national land survey, find out the natural
resources in the coal mining subsidence area;

2. Realize the comprehensive construction mode of basic farmland

bsid land i logical

restoration and wetland landscape reconstruction;

3. Based on the advantages of regional industrial resources,
vigorously promote the construction of continuous industrial platform
in coal mining subsidence areas;

4.Timely and appropriately adjust the compensation standard for the
requisition and relocation of coal mining subsidence areas, and
improve the living security mechanism of landless farmers;

5. "Government enterprise combination" establishes a long-term
governance system and mechanism.

First of all, the protection of the ecological source should consider
delimiting the core area, ensuring the habitat of the population
and the intact natural landscape, and establishing the buffer zone
outside the core area, so as to reduce the disturbance of human
activities to the natural nature of the ecological source area as far as
possible (19, 53). Second, ecological corridors are defined at different
spatial and temporal scales to connect ecological sources and improve
habitats by building forest road networks or building ecological
bridges with local ecosystems. Finally, for the main supply areas of
ESs such as nature reserves, forest parks, and reservoirs, it is necessary
to develop tourism resources and eco-cultural industries to promote
the realization of the value of ecological products.

The identification of ESP can determine the overall situation of
regional ecological protection/restoration. However, the ecological
protection and restoration oriented to the implementation of the
project need to determine the specific nodes. We selected two
nodes that represent typical patterns of ecological protection and
restoration (Figure 9).

For the ecological protection node, we chose Xuzhou Beltway
National Forest. Xuzhou Ring City National Forest Park has a
beautiful natural landscape and rich animal and plant resources.
The region should, therefore, be protected through the establishment
of regulatory measures. For example, through Chinas ecological
red line policy, to limit the ecological red line of different types
of development activities, including deforestation reclamation and
deforestation quarrying, sand mining, and soil mining. For the
ecological restoration node, we chose Pan’an Lake, Xuzhou. The area
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was once Xuzhou’s largest coal-mining subsidence area, with an area
of 12.6 km?. Such areas are typical of Xuzhou. On the one hand,
the restoration of this kind of area should be done through the
water system, construction of wetland ecological conservation area,
and implementation of ecological interception and other ecological
projects. On the other hand, a series of standards have been developed
to regulate ecological restoration projects, such as “the technical
standards for ecological restoration in North China Plain coal-
mining subsidence areas.”

7. Conclusion and limitations

Ecological security is the manifestation of ESs, and the supply-
demand of ESs is the bridge between ecological security and human
wellbeing. The research has three possible contributions: (1) coupling
the supply-demand theory of ESs with the construction of ESPs,
(2) proposing a research framework for the ESPs of “supply-
demand-corridor-node;” and (3) using the circuit theory model, the
important ecological protection/restoration areas in the study area
were identified. The results showed that the area of the supply source
of ESs in Xuzhou City is 573.89 km?, accounting for 5.19% of the
study area. The greatest ecological source patch covered 152.26 km?.
The spatial distribution of 105 ecological corridors revealed that there
were multiple and dense ecological corridors in the middle of the city,
but few in the northwest and southeast. In all, 14 ecological protection
areas were located primarily in the south of the urban area, and 10
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ecological restoration areas were located primarily in the middle and
north of the urban area, with a total area of 4.74 km?. The findings
of this article would be useful in developing ESPs and determining
important ecological protection/restoration areas in Xuzhou, China.
This article shows that the supply and demand assessment of ESs
not only integrates ecological processes and ecological functions but
also fully considers the needs of economic society for ecology. The
introduction of the perspective of supply—demand of ESs provides
important theoretical guidance for the construction of ESPs.

There are still some limitations to this study. First of all, we
did not consider the trade-offs and synergies between different
ESs. Therefore, when we extract important ecological patches by
superimposing a variety of ESs, duplication may occur (54, 55).
Second, there are challenges in methods and standards when using
ESs demand as the resistance surface. This article is only a preliminary
exploration, which needs to be studied more systematically in the
future. Finally, it is difficult to distinguish the supply and demand
of ESs. For example, food production is not only the material supply
of ESs but also the demand of human beings for ESs. More scientific
index selection needs further research.
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