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Abstract: As the global population increases and cities expand, increasing social needs and ecosystem
degradation generally coexist, especially in China’s urban agglomerations. Identifying ecological
security patterns (ESPs) for urban agglomerations serves as an effective way to sustain regional
ecological security and promote harmonious ecological conservation and economic development.
Focusing on the Fujian Delta Urban Agglomeration (FDUA) as an example, this study aims to present
a framework for linking the supply and demand of ecosystem services (ESs) to identify ESPs in 2020.
First, the ecological sources are delimited by coupling the supply and demand of four critical ESs
(carbon storage, water provision, grain production, and outdoor recreation). Afterward, the resistance
coefficient is modified using nighttime light intensity data and the ecological risk index, the second
of which combines the effects of the soil erosion sensitivity index, the geological disaster risk index,
and the land desertification risk index. Then, ecological corridors are determined by employing the
minimum cumulative resistance method. With the integration of ecological sources and corridors,
the ESPs of the FDUA can be identified. The results show a distinct supply—demand mismatch for
ESs, with supply exhibiting an upward gradient from coastal cities to inland mountain cities and
demand showing the opposite trend. The ESPs consist of 8359 km? of ecological sources that are
predominantly forests, 171 ecological corridors with a total length of 789.04 km, 34 pinch points,
26 barriers, and 48 break points. This paper presents a realizable approach for constructing ESPs for
urban agglomerations, which will help decision makers optimize ecological sources and ecological
protection policies.

Keywords: ecological security pattern; ecosystem services supply and demand; ecological sources;
ecological corridor; fujian delta urban agglomeration

1. Introduction

As the global population continues to grow and urban built-up areas expand, urban
land transformation will be one of the most irreversible human impacts on the global
biosphere [1-3]. The transformation of land use patterns, especially the remarkable loss of
ecological land, has changed ecosystem structures and processes and, thus, caused various
problems, including landscape fragmentation, biodiversity loss, soil erosion, and water
pollution [4-9]. Identifying ways to decrease the negative effect of urbanization on the
ecological environment and to achieve urban sustainability has become essential.

An ecological security pattern (ESP) describes an underlying spatial pattern of ecosys-
tems delineated to preserve natural biodiversity and a sustainable supply of ecosystem
services (ESs) in a given region [10-12]. The construction of an ESP is an effective way to
guarantee urban ecological security. ESPs comprise strategic landscape points and patches
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that are vital to the safeguarding and control of certain ecological processes [13]. Cur-
rent paradigms for constructing ESPs consist of ecological source identification, ecological
resistance surface construction, and ecological corridor recognition [14-16].

Specifically, ecological source selection is the first and most basic step in constructing an
ESP. Ecological sources are patches that perform important ES functions, which are generally
identified by two main approaches. In the first approach, large ecological patches, such
as nature reserves, forested land, and habitats, are directly selected as source areas [17,18].
This method ignores the ecosystem conditions of the region, although it is simple and
convenient. The second way to determine ecological sources is by constructing evaluation
systems in which ecological sensitivity, ES function, ecological adaptability, and ecological
risk are usually considered [19,20]. Among these approaches, the most popular view
is the assessment of ecological importance in the consideration of ESs [14]. ESs can be
viewed as a bridge linking natural systems to human wellbeing [21,22]. ESs are how
ecosystems provide products, as well as services such as food supply, water retention,
carbon storage, and recreation, to humans [23,24]. The purpose of identifying ecological
sources is to find ecological patches with more ESs to satisfy the consumption demands of
humans [25]. However, most studies have focused only on the supply of ESs in ecological
source identification, with less attention given to the potential to meet the ecological
demand of human society. Consequently, it is difficult to provide sufficient information
to characterize sustainable ecological patterns without trade-offs between the supply and
demand of ESs.

In fact, the concept of ESs was initially developed as a human-centered perspective
and intended to improve human well-being and achieve sustainable development. The
increasing demand and excessive use of ESs by humans could cause a shortage in the
supply of ESs and pose a serious threat to ecosystem security [26,27]. Therefore, incorpo-
rating both ES supply and demand in ESP construction can help regulate the tradeoffs
between economic growth and ecological protection and enhance the social value of re-
search results [28-30]. Although there has been increasing concern over the past decade
about the significance of considering the demand for ESs [31], there are few cases wherein
supply—-demand analysis has been used for source identification in ESP construction.

The Fujian Delta Urban Agglomeration (FDUA) is an essential node of the West Straits
Economic Zone of China and a departure point of the Maritime Silk Road. Increasingly
intense urban development has affected local landscape pattern characteristics to a large
extent and further brought about many ecological issues, including ES function degrada-
tion. At present, the FDUA is suffering from an issue related to the association between
ecological protection and socioeconomic development. To address this issue, the FDUA
is selected as the study area of this paper. Specifically, the objectives of the paper are to
(1) assess both the supply and demand of ESs by considering water provision, carbon
storage, grain production, and outdoor recreation; (2) identify ecological sources by linking
supply and demand for ESs; (3) extract ecological corridors by employing the minimum
cumulative resistance (MCR) method with the resistance coefficient corrected by nighttime
light intensity (NLI) data and the ecological risk index, which is calculated by integrating
multiple risk factors, such as the geological disaster risk index, the soil erosion sensitivity
index, and the land desertification risk index; and (4) provide advice on the optimization of
ecological sources and the development of ecological policies based on the identified ESPs
for the FDUA.

2. Materials and Methods
2.1. Study Area

Located on the southeastern coast of China, the FDUA (116°53'-119°01’ E, 23°33/-25°56' N)
includes the cities of Xiamen, Zhangzhou, and Quanzhou, as shown in Figure 1. The
region covers an area of 2.53 x 10* km?, accounting for 20.87% of the land area of Fujian
Province. The region has complex geomorphological conditions and is a hilly and basin
plain area. The inland landscape is mainly composed of low hills. The northern part of the



Sustainability 2023, 15, 578

30f23

area is high in altitude, effectively preventing cold air from traveling south and forming the
natural green barrier of the FDUA. The southern part is mostly composed of a river valley
basin and a coastal plain, which is significantly influenced by the subtropical maritime
monsoon climate. The overall ecological environment is good, with a forest coverage rate
of approximately 61.3%. However, due to the special topographic conditions of narrow
coastal zones and limited buffering capacity, ecological security problems, such as damage
to key ecological service functions, disturbances of ESPs, and decreasing security space,
are particularly prominent. The cities and towns in the region are vulnerable to natural
disasters, such as typhoons and floods.
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Figure 1. Geographic location of (right) the Fujian Delta Urban Agglomeration and (left) its adminis-
trative divisions.

As one of the coastal development areas in China, the FDUA has undergone rapid
economic development in recent years. According to the Fujian Statistical Yearbook, by
the end of 2020, the region’s gross domestic product (GDP) was CNY 2108.83 billion, and
the total population reached 19.03 million, accounting for 48.03% and 45.73% of the GDP
and the population of Fujian Province, respectively. With continuous urbanization and
concentration, demand for ESs has grown significantly, resulting in a dramatic decrease
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in ecological resources. Human activities have disrupted natural ecological processes and
regional ecosystem balance to a certain extent. Because of the great challenges to ecological
security and the sustainable development of human society, identifying ESPs by analyzing
the imbalance of ES supply and demand has become an urgent issue.

2.2. Data Sources
In this study, the following datasets were used:

1. Land use and land cover (LULC) data for 2020 were derived from the Resource and En-
vironmental Science Data Center (http://www.resdc.cn/ (accessed on 28 July 2021)).

2. Digital elevation model (DEM) data were provided by the geospatial data cloud
(http:/ /www.gscloud.cn/(accessed on 10 June 2020)).

3. Normalized Difference Vegetation Index (NDVI) data for 2020 were derived from
the MOD13Q1 dataset, with a spatial resolution of 250 m (http:/ /Ipdaac.usgs.gov/
(accessed on 28 July 2021)).

4. Evapotranspiration (ET) data for 2020 were derived from the MOD16A3 dataset, with
a spatial resolution of 500 m.

5. Annual precipitation data for 2020 and multiyear average precipitation data were
downloaded from the National Earth System Science Data Center, with a spatial
resolution of 1 km (http://www.geodata.cn/ (accessed on 28 July 2021)).

6.  Annual runoff data for 2020, with a spatial resolution of 30 m, were provided by China
Geographic Scientific Data (www.csdn.store (accessed on 28 July 2021)).

7. Carbon storage data for 2015 were mainly obtained from the China National Ecological
Science Data Center (http://www.cnern.org.cn/ (accessed on 4 August 2021)).

8.  Population data, grain yield, and consumption data were obtained from the Statistical
Yearbook published by the Fujian Municipal Bureau of Statistics (http://tjj.fujian.gov.
cn/ (accessed on 4 August 2021)). Water consumption data were obtained from the
Fujian Bulletin of Water Resources.

9.  NPP VIIRS nighttime light data of an annual product for 2020, with a spatial resolution
of 15 arc second (approximately 500 m), were provided by the NOAA /NGDC (https://
eogdata.mines.edu/nighttime_light/annual /v21/2020/ (accessed on 4 August 2021)).

10. Slope and aspect data were derived from the DEM, lithology data were obtained
from geological surveys, and distance-to-river and distance-to-fault data were ob-
tained through ArcGIS software, as necessary parameters for geological disaster
risks evaluation.

11.  Soil erosion special survey and monitoring data were derived from a comprehensive
survey and evaluation of the carrying capacity of resources and the environment in
Fujian Province from Nanjing Center, China Geology Survey (Table 1).

All data were converted to a common spatial reference (CGCS2000/Gauss-Kruger
zone 20), and the grid of raster data was resampled to 100 m x 100 m.

2.3. Methods

This study emphasized ecological sources coupling the supply and demand of ESs
for the purpose of constructing ESPs. By recognizing and maintaining the crucial spatial
pattern, the sustainability of ESs within a given region can be enhanced. The method in-
cludes three steps in accordance with the “ecological sources—ecological corridor-ecological
pattern” paradigm [32]. First, ecological sources were recognized by incorporating the
supply and demand of ESs. Then, the resistance coefficient was revised using nighttime
light intensity data and the ecological risk index, combined with the geological disaster risk
index, the soil erosion sensitivity index, and the land desertification risk index. Finally, eco-
logical corridors were selected using the MCR model and some key nodes were recognized
according to circuit theory. Figure 2 shows the overall technological framework.
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Table 1. Data source and usage.

Data Usage Data Source
LULC Carbon storage, outdoor recreation http://www.resdc.cn/ (accessed on
service, and ESP identification 28 July 2021)
DEM Geological disaster risk calculation http://www.gscloud.cn/ (accessed on
& 10 June 2020)

Slope, aspect, lithology, distance to
river, and distance to fault

Geological disaster risk evaluation

Calculated using ArcGIS software

http:/ /Ipdaac.usgs.gov/ (accessed on

NDVI Grain production service identification 28 July 2021)
- . . http:/ /Ipdaac.usgs.gov/ (accessed on
ET Water provision service calculation 28 July 2021)
o - . . http:/ /www.geodata.cn/ (accessed on
Annual precipitation data Water provision service calculation 28 July 2021)

Annual runoff data
Water consumption data

Population, grain yield, and

consumption data

Nighttime light data

Soil erosion special survey and

Water provision service calculation
Water provision service calculation

Grain production service identification

Ecological resistance coefficient
calculation

Soil erosion risk evaluation

www.csdn.store (accessed on 28 July 2021)
Fujian Bulletin of Water Resource
http:/ /tjj.fujian.gov.cn/ (accessed on
4 August 2021)
https:/ /eogdata.mines.edu/nighttime_light/
anual/v21/2020/ (accessed on 4 August 2021)

Nanjing Center, China Geology Survey

monitoring data
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Figure 2. Research framework for ESP construction, which includes an assessment of ES supply and
demand, ecological source identification, ecological risk evaluation, resistance coefficient revision,
and ecological corridor selection.

2.3.1. Identification of Ecological Sources

The first step of ESP construction is to determine ecological sources that refer to
key areas contributing to ecological processes, maintaining regional ecological security,
and providing ESs [10,11,14]. Regions with high ecological value are usually selected as
ecological sources. From the perspective of provisioning ESs to humans, ecological sources
should ensure not only a sustainable supply of ESs but also effective human demand [31,33].
As a result, the ecological sources considered in this study are recognized by linking the
provision and demand of ESs.

Selection of ESs

Given the special ecological and environmental issues and factors affecting urban
agglomeration, high water resource demand and high carbon emissions should not be
neglected. Due to the undulating topography, forestland is the dominant land cover
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type, and there is a lack of sufficient cropland in the FDUA. Therefore, grain supply is
important to ecological security. In addition, outdoor recreation services cannot be ignored,
as humans need outdoor green space to be close to and experience nature, especially in
highly urbanized areas. As a result, four important ESs—carbon storage, water provision,
grain production, and outdoor recreation—are selected.

Assessment of ES Supply and Demand

(1) Carbon storage

As an essential regulating function, carbon storage is measured by the quantity of
carbon that remains in different pools [34-36]. Carbon density values vary among land
use types, and changes in regional land use patterns can lead to ecosystem carbon stock
changes in ecosystem carbon storage. Thus, we estimate the carbon density as shown in
Table 2, a very important input parameter, in each carbon pool for different land cover
types through the InVEST model, using data derived from the China Ecosystem Research
Network Data Center (http://www.nesdc.org.cn/ (accessed on 4 August 2021)), and we
also refer to several studies [37-40].

Ses = Z:;l A; x (C_above; + C_below; + C_soil; + C_dead;) 1)

where S is the supply of carbon storage services (ton); A; is the area of the ith type of
LULC; C_above; denotes the carbon density of aboveground biomass (t/ha); C_below;
denotes the carbon density of belowground biomass (t/ha); C_soil; represents the carbon
density of soil (t/ha); C_dead; represents the carbon density of dead matter (t/ha); i denotes
the index of LULC; and # represents the number of land use types.

Table 2. Carbon density in various components of different land use types t/ha.

Land Use Type Above Below Soil Dead
Cultivated land 11.80 0 82.60 2.20
Forest 155.69 60.67 124.80 16.80
Bushwood 6.31 4.84 35.89 3.480
Grassland 1.85 26.87 54.04 3.03
Water 8.43 4.10 0 0
Construction 0 0 0 0
land
Unused land 0.36 0.53 21.95 0

Demand for carbon sequestration services is characterized using carbon emissions,
which are obtained by multiplying standard coal consumption with a carbon emission rate
(Equation (2)). Coal consumption originates from industry, agriculture, the service industry,
and household sources. For the purpose of spatial mapping, carbon emissions associated
with industry, agriculture, the service industry, and household sources are assigned equally
to the grids containing agricultural, industrial, commercial and service, and residential land,
respectively. Agricultural land mainly includes cropland and grazed grassland; industrial
land includes land for mining and industrial manufacturing; commercial and service land
refers to land used for commercial, financial, catering, hotel, and other operating service
buildings and their corresponding ancillary facilities; and residential land consists of rural
and urban residential land.

Des = (Ef+Ea+ Es + Ep) x G ()

where D is the demand for carbon storage services (ton); Ej, E 4, Eg and Ej, are the standard
coal consumption from industry, agriculture, service industry, and households, respectively
(ton); and C; is the carbon emission rate of coal, which is set to 0.68, according to China’s
National Development and Reform Commission.
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(2) Water provision

Water provision is the service that an ecosystem provides to retain and intercept
rainfall within a given region [41].Water provision in the FDUA is calculated using the
water balance equation (Equation (3)).

Sw =P —ET —runoff (©)]

where Sy, is the annual water yield (m3); P represents the annual rainfall amount (mm); ET
denotes annual evapotranspiration (mm); and runof f denotes annual runoff (mm).

Water demand can be expressed by actual water consumption in agriculture, industry,
households, and ecological processes [42]. The amount of water consumed for agriculture,
industry, household, and ecological processes in the FDUA is equally assigned to grids
used as agricultural, industrial, residential, and ecological land, respectively. Ecological
land mainly includes forestland and natural grassland.

Dy = Wa + Wi+ Wp + Wg 4)

where D, denotes the water demand (m3) and W4, W;, Wp and W, are the annual water
consumption (m?) of agriculture, industry, households, and ecological processes, respectively.

(3) Grain production

The grain production function is a significant manifestation of agricultural ESs, and
the normalized differential vegetation index (NDVI) extracted from remote sensing data is
indicative of potential grain yield [43,44]. According to the linear relationship between crop
yield and the NDVI, grain production is rasterized and spatially distributed (Equation (5)).
In this study, the grain yield data by district and county are derived from the statistical
yearbook officially released online by the Fujian Provincial Bureau of Statistics.

_NDVIy ep )
§ 7 NDVI !

where Sg is the supply of grain (t/ha); NDVIj; is the jth pixel of the NDV'I of the ith county;
NDV; is the NDVI of the ith county; and GP; is the grain yield of the ith county (t/ha).

To evaluate the degree of food security, it is necessary to measure the demand for grain.
In this study, we mainly focus on the household consumption of grain [45]. Thus, grain
demand is estimated using daily consumption by urban and rural residents multiplied by
the population density (Equation (6)).

D¢ = Gy x popy + Gr X popy (6)

where D, is demand for grain (t/ha); G, and G, represent annual grain consumed per
person residing in urban and rural areas, which are 98.38 (t) and 167.12 (t), respectively;
and pop, and pop, denote the population density (person/ha) in urban and rural areas,
respectively.

(4) Outdoor recreation services

Opportunities for daily outdoor recreation are especially important, as urban dwellers
often have limited exposure to natural or seminatural ecosystems [46]. The supply of
recreation services is estimated by the degree of naturalness, which is related to the potential
of different types of LULC to provide access to nature. LULC types are grouped and ranked
from 0 (low) to 10 (high) to evaluate the degree of naturalness according to the intensity
of human use and activities [47], as shown in Table 3 [27]. The underlying demand for
recreation services is expressed as the fundamental right of all people to enjoy exposure
to nature. The local government of Fujian Province recommended including 15.03 m? of
green space per capita by 2020 [48].

NV; — NVyin

Sor - NVmax - NVmin

@)
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Doy = Gavg X pop (8)

where S, and D,, denote the supply and demand of outdoor recreation services, respec-
tively; NV; is the NV of the ith type of LULC; NV}, and NV,,;, are the maximum and
minimum NVs, respectively; pop denotes population density; and Ggyg denotes govern-
ment guidance on green space.

Table 3. Naturalness values (NVs) of different LULC types.

LULC NV LULC NV LULC NV
Built areas 0 Gardens 6 Green urban areas 6
Bare soil 2 Wetlands 6 Cropland 3
Deciduous
broadleaf 10 Wateli 6 Evergreen 10
reservoirs broadleaf forest
forest
Coniferous 8 Artificial 4 Shrubland /Grassland 8
forest water

Ecological Source Identification

In this study, the ecological source should not only guarantee sufficient supply but also
satisfy human demand. Thus, ecological sources are identified by linking the actual supply
of the ecosystem with the demand of humans. The following indicators are employed to
reveal the ES supply—demand balance of a single ES for each pixel.

First, an ecological source should guarantee a sustainable supply of ESs. As shown in
Equation (9), after normalizing the supply of the four ESs to remove the dimensionality
effect, the mean value for the ecological background is computed.

1—n  Si— Simin

- Si,min
where Sup denotes the average supply of the multiple ESs, S; is the value of the ith ES
supply, S; max and S; in, respectively, indicate the maximum and minimum values of the
corresponding ES; and n denotes the number of ES categories which, in this study, equals 4.
Whether the supply and demand of ESs are spatially well-matched can be measured
by an indicator known as the ecological supply-demand ratio (ESDR), which can also
indicate an ecosystem’s potential ability to maintain the sustainability of ESs [49,50].

Si — Di
(Si,max + Di,max)/z

ESDR; = (10)

where D; denotes the value of demand for the ith ES, with D; ,,,,, set as the corresponding
maximum value of human demand. A positive ESDR; implies a surplus of ESs, whereas a
negative value denotes a deficit and a zero value refers to a balanced state.

To assess the supply and demand of various ESs as a whole, the comprehensive
ecological supply—demand ratio (CESDR) can be employed as a descriptor of the state of
ESs, determined by the arithmetic mean of the ESDR [29].

1
CESDR = - Y . ESDR; (11)

In this paper, ecological sources with high supply and comprehensive supply—demand
ratios of ESs are extracted, which should not only have high supply to maintain ecological
function but also a stable state for supply—demand relationships. Specifically, the calcula-
tion results of Sup; and CESDR are first ranked into three levels with the natural breaks
classification method, and then patches are extracted from the intersection of regions with
level 3 of Sup; and CESDR.
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2.3.2. Construction of the Ecological Resistance Surface

The ecological resistance coefficient refers to the cumulative resistance overcome by a
species as it moves through a heterogeneous landscape. The traditional method of assigning
resistance coefficients considers only the LULC type, assuming that different land-use types
are associated with different resistance values for the movement of species and energy. The
method for assigning the basic resistance coefficient value based on LULC type is shown in
Table 4. However, the potential impact of human activity and regional ecological risk are
also related to the resistance coefficient [51].

Table 4. Basic resistance coefficient value (R) assignment.

LuLc Forest Grassland  Cropland  Waterbody  Bare Soil Built
Type Areas
R 1 10 30 50 300 500

The FDUA is exposed to ecological risk, including geological disasters, land deserti-
fication, and soil erosion risk. Ecological risk has a certain impact on regional ecological
connectivity, which in turn hinders species’ migration processes. The FDUA is a typical
southern red-soil hilly area that is highly susceptible to soil erosion due to frequent and
intensive precipitation and heavy granite weathering. Severe soil and wind erosion cause
serious losses of clay materials, such as aluminum and iron in the soil, resulting in land
desertification. The geological structure of the FDUA is complex, with many mountainous
areas and steep slopes in some areas, coupled with heavy rainfall during the typhoon
season, leading to greater susceptibility to geological hazards, such as landslides, col-
lapses, and mudslides in the region. These geological problems pose great risks to the
ecosystem and affect landscape connectivity between patches. In Equation (12), the soil
erosion sensitivity index SE; indicates the magnitude of the soil erosion problems, which
is determined according to the intensity of the soil erosion investigation and monitoring
results. The sensitivity index values of soil erosion are set as 0.9, 0.7, 0.5, 0.3, and 0.1 based
on the corresponding intensity of soil erosion (severe, intense, moderate, light, and slight,
respectively). The geological disaster risk index GDR; is calculated using the “hazard-
vulnerability—exposure” three-dimensional evaluation approach, which is represented as
GDR; = H x V x E, where H, V, and E are the hazard, vulnerability, and exposure of
geological disasters, respectively. The details of the method, introduced in [52], are not
presented, due to space limitations. Then, disaster risk is classified by the natural break
point method into five levels (highest, higher, moderate, lower, and lowest) with values of
0.9,0.7,0.5, 0.3, and 0.1, respectively. Land desertification risk index LD; data were derived
from the Department of Natural Resources of Fujian Province. Risk levels are classified
into 5 levels (highest, higher, moderate, lower, and lowest) with scores of 0.9, 0.7, 0.5, 0.3,
and 0.1, respectively.

Because high ecological risk implies high resistance among species, the ecological
risk index is introduced to revise the basic resistance coefficient. In addition, the basic
resistance coefficient cannot represent spatial variation within the same LULC type. Many
studies have established a strong correlation between nighttime light data and economic
activity [53,54]. Nighttime light intensity is characterized by NPP VIIRS nighttime light
data. Higher radiation values of the nighttime light data indicate stronger nighttime light
intensity. To better embody diversity with respect to the same land use type, NPP VIIRS
nighttime light data reflecting the intensity of human activity are adopted to revise the
basic ecological resistance.

ERI; = mean(SE;, GDR;, LD;) (12)
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NL; ERI;
NL, ERI,

where the ecological risk index ERI; is assessed with the mean values of the geological
disaster risk index GDR;, the land desertification risk index LD;, and the soil erosion
sensitivity index SE;; RR; and R; denote the revised and basic resistance coefficient grid i,
respectively; NL; represents the radiance value of nighttime light of grid i; and NL, and
ERI, represent the average radiance value of nighttime light and the average ecological
risk index of land-use type a corresponding to grid i, respectively.

RR; = X Rj X

(13)

2.3.3. Identification of Ecological Corridors

As important channels for energy flow and species migration, ecological corridors
improve ecological connectivity among ecological sources [55]. The MCR model shows
good outcomes for the effective identification of ecological corridors and provides a spatial
analysis method for studying and analyzing regional material flows [56]. Ecological
corridors are identified through the MCR model using Linkage Mapper software. The
formula is as follows: '

MCR = f min Z}j;” Dj; x RR; (14)

where MCR denotes the minimum cumulative resistance value; f is a function of the
positive correlation representing the positive relation of the least resistance of any point
to all sources in space; D;; is the spatial distance between grid i and grid j; and RR; is the
ecological resistance coefficient of grid i.

3. Results
3.1. Spatial Patterns of Ecological Sources
3.1.1. Supply and Demand of ESs

(1) Supply of ESs

The average value of the carbon storage supply for the study area was 19.75 t/ha, and
the maximum value was 32.21 t/ha. Most of the northern, western, and south-central parts
of the FDUA consist of coniferous and evergreen broadleaf forests, where carbon storage
values are particularly high. The northern, western, and south-central parts of the FDUA
have relatively high carbon storage values, mainly due to high forest coverage in these
regions, which are dominated by coniferous and evergreen broadleaf forests. In contrast,
urban areas show the lowest values of carbon storage supply.

The average, maximum and minimum values of water provision of ESs in the study
area were 5.52 x 10° t/ha, 1.60 x 10* t/ha, and 0, respectively. High values of water
provision were concentrated in the northern, western, and southwestern parts of the study
area, while low values appeared in the northeastern part and southeast coastal zone (see
Figure 3). This pattern is attributed to the hydrological characteristics of the FDUA: rainfall
rose from northeast to southwest, while surface runoff in the northeastern region was
higher than in the western and northwestern regions of the study area.

The total supply of grain production was 9.22 x 10° t. High grain production service
values showed an irregular distribution, as these cultivated land areas were scattered in
mountain valleys and alluvial plains, due to the rolling and fragmented terrain. In addition,
the study area included a larger area of high grain yield in the northern part than in the
southern part.

The supply of outdoor recreation ESs, with an average value of 0.26 ha/ha, showed
a spatial distribution similar to that of carbon storage: higher values were mainly con-
centrated in forested mountainous areas, while the urban center showed low outdoor
recreation values.
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Figure 3. Supply of ESs: (a) carbon storage; (b) water provision; (c) grain production; (d) outdoor
recreation.

(2) Demand for ESs

As shown in Figure 4a, overall, there was low demand for carbon storage in most
areas, with an average value of 25.93 t/ha. Carbon storage demand was higher and more
concentrated in urban areas, due to the larger resident population and relatively intensive
human activities.

Total water consumption reached 5.63 billion tons. As shown in Figure 4b, high
demand for water was mainly distributed in two kinds of areas: (1) the eastern region of
the study area, where there were high levels of urbanization, and (2) spatially scattered
patches of cultivated land with irrigated crops that consumed high volumes of water.

The total grain consumption level was 4.64 x 10° t, which means that grain production
supply was insufficient and a considerable proportion of grain needed to be imported.
The demand for grain production displayed a spatial pattern similar to that of carbon
storage, as shown in Figure 4c. High demand primarily occurred in the densely populated
northeastern coastal areas as well as inland urban residential areas.
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The average value of outdoor recreation service demand was low at 0.11 ha/ha, which
means that most areas showed low demand for outdoor services, due to the hilly terrain
occupying over 80% of the study area where population density is low. The city center
showed the highest outdoor recreation demand levels, but with an irregular distribution,
as shown in Figure 4d.

Demand
(t/ha)

» 3.39x10*

Demand
(t/ha)
" 1.07x10*

H,

0 510 20 30 40 0 510 20 30 40
e — —

u,

km T — —

(a) (b)

Demand
(ha/ha)

1.7
] 3
H,

0 510 20 30 40 0 510 20 30 40
T — — T — —

() (d)

Figure 4. Demand for ESs: (a) carbon storage; (b) water provision; (c) grain production; (d) outdoor

recreation.

3.1.2. ES Supply-Demand Ratio Analysis

The ESDR of carbon storage services shows that demand for carbon storage in urban
centers exceeded their supply, as shown in Figure 5. Water provision services in most areas
were at a surplus, except in eastern coastal areas and middle urban areas of the FDUA,
where the ecosystem’s water provision failed to cover consumption. The imbalance in grain
production supply and demand was more severe than for the other ESs, mainly due to the
high demand for grain supply services resulting from the large resident population of the
central urban area and surrounding towns. For the ESDR of outdoor recreation services,
urban areas suffered from higher demand than supply of outdoor recreation.
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Figure 5. Supply-demand ratio of ESs: (a) carbon storage; (b) water provision; (c) grain production;
(d) outdoor recreation.

In general, it was found that in the study area, the supply and demand of ESs were
significantly imbalanced. In terms of carbon storage services and outdoor recreation
services, regions of high provision were mainly located in forestlands, while high carbon
emissions and recreational demand were distributed in densely populated areas. Regarding
the water provision services, water supply was significantly higher in the west than in the
eastern city centers, because the west is characterized by more rainfall and less evaporation
and runoff. In contrast, water consumption is more concentrated in the city center, due
to its larger size and higher-density population. Regarding the grain yield services, the
spatial distributions of supply and demand were more consistent and well-matched in the
mountainous forest area, mainly due to low supply and demand in this region.

3.2. Spatial Distribution of Ecological Sources

Overall, there was a spatial pattern in the supply of ESs, with high values occurring in
the west and low values recorded in the east (Figure 6a). The urbanized areas along the
coast, such as Quangang, Huai, Fengze, Shishi, and Jinjiang, and the urban areas in the
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central part of the FDUA, such as Xiangcheng and Longwen, had a limited supply of ESs,
given their large artificial-surface proportions, limited vegetation cover, and weak ecological
conditions. The CESDR of ESs presented clear signs of spatial disparity (Figure 6b). High
CESDR values were concentrated in the western region with low population density and
dense vegetation, resulting from the combination of a high supply and low demand of ESs,
which led to a strong capacity to satisfy the ecological requirements of local inhabitants
and maintain a sustainable supply of ESs. In the eastern and central regions, where areas
of built-up land were large and densely populated, the low CESDR meant the ecosystem
supply could hardly meet human ecological demand.

Supply of ESs
0.75
|

- 0 ’ - -1.24

0 510 20 30 40 0 510 20 30 40
O — — o — —

(@) (b)
Figure 6. Supply and CESDR of ESs: (a) supply of ESs; (b) CESDR of ESs.

As shown in Figure 6, although the spatial patterns of the two metrics were similar,
some differences were found. Especially in Anxi and Pinghe, the supply of ESs was rela-
tively low, but the CESDR was not low, indicating poor ecological conditions in these areas,
but sufficient potential to support ecological needs. A coordinated promotion of economic
and ecological development should be carried out to improve the quality of ecosystems to
meet much of the demand for ecology. Patches in Dehua, Hua’an, and Nanjing showed
high supplies and high CESDR levels, implying that the ecological conditions in these
areas satisfy ecological demand. Hence, such patches could be recognized as suitable
ecological sources.

As shown in Figure 7, the identified ecological sources include 119 patches covering
an area of 8359 km?, occupying 33.10% of the area of the FDUA. These patches were
mostly located in the northern and western hilly and mountainous areas of the region.
Some small patches were scattered east of the FDUA and were critical for maintaining the
coastal protection function. These ecological sources were mainly composed of forestland,
cropland, grassland, and shrubland, among which forestland dominated, accounting for
73.8% of the total ecological source area. There was significant variation in the distribution
of ecological sources in different administrative regions, and the distribution was as follows:
53.83% in Quanzhou, 43.26% in Zhangzhou, and 2.91% in Xiamen.
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Figure 7. Spatial patterns of ecological sources.

3.3. Spatial Patterns of the Ecological Resistance Surface Coefficient

Ecological risk was used to measure the resistance surface coefficient, which reflects
the hindrance to species’ migration. The results (Figure 8) show that the geological disaster
risk tended to increase from the southern region to the northern inland region. Disaster
risk grades by area were ranked as follows: moderate > high > lowest > low > highest,
covering 36.02%, 24.11%, 20.04%, 15.79%, and 4.04% of the study area, respectively. The
total area with the moderate, high, and highest geological disaster risk levels accounted
for 64% of the total area, indicating that the geological hazard risk in the FDUA was
generally high. In addition, the sensitivity of soil erosion was generally not high. Most
areas were classified as of lowest- and low-sensitivity, accounting for 69.60% of the total
area, and the highest-sensitivity areas accounted for 9.71% of the total area. Areas of high
and highest sensitivity were scattered in hilly areas covered by red soil. Moreover, a few
features resulting from human activities, such as land reclamation on slopes and destroyed
vegetation coverage, affected soil erosion during rainfall events. As shown in Figure 8c,
overall, the land desertification index values were mostly low. Land desertification risk
was higher in the eastern coastal zone, mainly as a result of the marine climate, seawater
erosion, and artificial effects of activities such as development and construction. The spatial
characteristics of ecological risk are shown in Figure 8d. Regions of high and highest risks
were concentrated in the northern region of the study area, including Anxi County and
Yongchun County, where altitudes are higher and the population density is lower, and in
the eastern coastal areas, including the cities of Shishi, Jinjiang, and Huli District, where
land utilization is intensive and ecological conditions are fragile.

The modified resistance surface was derived from the basic ecological resistance
surface and the ecological risk, as shown in Figure 9. In comparison with the original
values of basic resistance, which ranged from 1 to 500, the spatial diversity of the modified
result was more distinct. Among the administrative districts, Huli District had the highest
average ecological resistance coefficient value (598.89), followed by Siming District (426.24).
Dehua County had the lowest average ecological resistance coefficient value (23.08). Higher
ecological resistance coefficients were found mainly around the urban center along the
eastern coast. The areas with low ecological resistance coefficients were mainly located in
the northern and southwestern areas of the FDUA with high vegetation coverage.
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Figure 8. Spatial patterns of ecological risks: (a) geological disaster risk; (b) soil erosion sensitivity;
(c) land desertification risk; (d) ecological risk.

3.4. Spatial Distribution of Ecological Corridors

The minimum cost paths between the patches of ecological sources were selected by
the MCR model using Linkage Mapper software. As shown in Figure 10, the ESP of the
FDUA consisted of ecological sources, with forestland mainly connected by ecological
corridors, including 119 ecological source patches, 171 ecological corridors with a total
length of 789.04 km, 34 pinch points, 26 barriers, and 48 break points. The ecological
corridors were distributed in a web-like shape, effectively linking the ecological patches and
providing potential passages for material circulation and energy flow. Ecological corridors
had significantly different spatial distributions: ecological sources in the northwest and
southwest were large and stretched over long distances, so corridors covered short distances
and were few in number; ecological patches in the east were small, fragile, and common, so
there were more corridors to connect these patches. Hence, the maintenance of ecological
corridors is essential to improving connectivity across the ecological network.
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Figure 10. ESPs in the study area: (a) ecological corridor; (b) pinch points and barriers; (c) ecological
break points.

The identified pinch points, accounting for an area of 13.82 km?, showed a fragmented
distribution and spread out in a narrow strip, mainly overlapping with corridors and
positioned close to ecological sources. Pinch points were mostly distributed in urban
parks, farmland, industrial land, and small pond wetlands in the eastern urban area. This
might be a result of the threats of cropland development and urban expansion that hinder
connectivity. Barriers were also scattered in the eastern urban area, covering an area of
82.18 km?. In terms of LULC types, barriers were mainly located on adjacent industrial
lands, at transportation junctions and in residential areas. The ecological corridors in these
areas were particularly short and narrow and might be directly cut off with the increase in
resistance values at barrier points. As shown in Figure 10c, ecological break points were
identified as intersection points between road network and ecological corridors, where
the ecological corridor was susceptible to disturbance. Ecological break points appeared
more intensive in the northeastern part of the study area. A crisscrossing traffic network
divided the landscape into fragmented ecological patches, creating ecological breaks in the
continuous corridor network, which was unfavorable to species migration and exchange.
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4. Discussion
4.1. Spatial Pattern of ES Supply and Demand Mismatches

We used multiple datasets to evaluate the supply and demand of four essential ESs.
The supply of ESs and demand for those ESs are not spatially coupled, and areas with
high demand for a particular ES normally have a low supply of the same ES. The findings
suggest that water provision and carbon storage services are generally in surplus in the
FDUA, but all ESs suffer from a spatial mismatch between supply and demand, particularly
in the urban center, due to greater demand. Depending on the assessment results, a spatial
analysis of the provision and demand for ESs can quantify how much additional supply
of services is required and identify areas where ecological demand should be reduced.
Thus, the mismatch between supply and demand for ESs is expected to be mitigated.
Furthermore, to achieve this goal, it is unrealistic to only increase the supply of ESs. For
instance, the significant disparity between supply and demand for water provision suggests
that demand reduction policies are inevitable in urban areas, because reducing consumption
or improving water-use efficiency is more promising than substantially increasing water
supply to meet ES demand.

4.2. Optimization of Ecological Sources

As expected, the spatial distribution of ecological sources was uneven. Figures 5-7
show that the selected ecological sources are mainly located in the western part of the
study area, while ecological demand pressure shows an agglomerated distribution in
the eastern and northern parts of the study area. The uneven distribution of ecological
sources makes it difficult for ecological services provided by the existing ecological sources
to effectively cover high-demand areas. The mismatch between the supply of natural
ecological services and the demand for human ecological services will cause a degradation
of ecosystem structure and affect ecological function. Therefore, expanding ecological
sources is a strategy for balancing the supply and demand of regional ecological services.

4.3. Guidance for the Development of Ecological Policies in the FDUA

After overlaying the identified ecological sources with nature reserves above the
province level, the overlapping area between the two accounts for 59.90% of the total area
of the reserves, as shown in Figure 11. The coincident part includes the national forest
park and nature reserve areas, such as the Daiyunshan nature reserve area and Shiniushan
forest park, showing that the ESP is constructed with full consideration of areas critical to
protecting the local ecological environment. Moreover, Figure 12 shows that most ecological
sources are located within key ecological function areas planned by the government. The
identified ecological corridors are spatially close to those planned by the government. Such
spatial consistency proves the reliability of the method proposed in this paper. However,
it should be noted that the coverage area of these nature reserves is relatively small, and
the establishment of protected areas alone is not sufficient to meet ecological demands. In
addition, current regional ecological protection policies still focus on the designation of
ecological red lines that include forest parks, nature reserves, geological parks, critical scenic
areas, wetland parks, world heritage sites, and so on. Ecological security is maintained
through a policy of prohibiting land development within the ecological red line boundary
to protect habitats of endangered species and ecosystems. Although policy has had some
positive effects on the conservation of ecological lands, it does not adequately consider
ecosystem structure and function or measure the supply and demand of ecosystems. The
effects of ecological protection would be stronger if the delineation of the ecological red
line could be integrated into the supply and demand of ecosystems.
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5. Conclusions

The study of ESPs, considering ecological supply and demand, is important for protect-
ing regional ecological security and maintaining regional sustainability. Taking the FDUA
as an example, this paper identified ESPs based on the MCR model. Ecological sources
were characterized by the intersection of patches with high supply and a comprehensive
supply—demand ratio of the ESs. The ecological risk index was constructed by combining
various factors, such as the soil erosion sensitivity index, the geological disaster risk index,
and the land desertification risk index. Th ecological risk index was then coupled with
the night light index to correct basic ecological resistance. Ecological corridors, pinch
points, barriers, and ecological break points were identified through a MCR model and
circuit theory.

The supply and demand of ESs showed significant spatial heterogeneity. This was par-
ticularly evident from coastal hilly cities to inland mountain cities, where supply showed
an increasing gradient, while demand showed the opposite trend. There was a distinct
mismatch between the supply and demand of ESs in the study area, which made the
spatial distribution of ecological sources uneven to some extent. The corridors connect-
ing ecological sources are distributed along mountains and forest belts. The ESPs in
the FDUA consisted of 119 ecological source patches, 171 ecological corridors, 34 pinch
points, 26 barriers, and 48 break points. Most of the pinch points, barriers, and break
points were concentrated in the eastern region with heavy human disturbance, where
ecological protection and restoration should be strengthened to ensure the smooth flow of
ecological corridors.

It should be noted that this study has some limitations. First, we assessed four kinds
of ESs, due to data limitations. It was difficult to completely identify ESs. Evaluation
methods need to be improved to better identify ecological sources, especially for estimating
ES demand. Second, the ecological sources were extracted based on spatial characteristics
of the supply and demand of ESs. However, determining ways to control the optimal area
proportion of ecological sources in the study area still needs to be further studied. Third,
regarding ecological corridors, this study identified corridors without considering their
width. A corridor’s width directly affects its ecological function. Further efforts should be
made to determine the width of each corridor involved in a security pattern.
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