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Abstract: Ecological corridor construction is an important support of the current pursuit of high-
quality urbanization. Fuzhou is a mountain–water city characterized by a unique spatial structure.
However, rapid urbanization has exacerbated the rate of ecosystem fragmentation, negatively impact-
ing the livable living environment. The construction of ecological corridors is of great significance for
efforts to restore the broken landscape and form the urban ecosystem as an organic whole in Fuzhou.
In the present study, Fuzhou was considered as the study area, and the water, green, and ventilation
corridors, as well as surface temperature data, were analyzed using the kernel density analysis
method to generate surface-temperature-based ecological nodes. The impacts of various corridors
and surface temperatures on the construction of the Fuzhou ecological corridors were assessed using
ecological theory, and the ecological resistance surfaces of the influencing factors were obtained.
We constructed ecological corridors for the mitigation of the urban heat island in Fuzhou using the
MCR model with four levels and then evaluated the network connectivity of the corridors. The
results revealed the following findings: (1) The study area comprises 32 ecological nodes, including
nine in Minhou County and Changle District, four in Mawei and Cangshan Districts, and two in
Gulou, Taijiang, and Jin’an Districts. (2) Fuzhou contains 63 ecological corridors with a total length
of approximately 494.65 km. These include 31 first-level (201.16 km), 11 second-level (98.56 km),
14 third-level (129.12 km), and 7 fourth-level (65.81 km) corridors. (3) The degree of closure (α), the
point rate of lines (β), the degree of connectivity (γ), and the degree of connectivity (Cr) indexes of
the network structure for the ecological corridors were 0.27, 2.03, 0.72, and 0.87, respectively. They
indicate that the overall ecological effectiveness of the network is high and can provide a theoretical
basis for the construction of ecological corridors in the future.

Keywords: ecological corridor; ecological node identification; minimum cumulative resistance (MCR)
model; construction

1. Introduction

The continuous increases in the urban population [1] and urbanization worldwide [2]
are associated with ecological and environmental issues, such as biodiversity loss, soil
loss, flooding, and haze [3–5]. These issues negatively impact the living environments of
humans. Governments and scholars have thus been led to consider the question of how to
adopt low-carbon, energy-saving, green, and environmental protection methods in order
to solve these problems. Ecological corridors consisting of vegetation, water, and other
elements are of great interest to scholars. The ecological corridors are located in key areas
of the urban ecosystem [6], which can serve as habitats, sources, and sinks, and they are the
bridges and links between habitat plaques [7]. They are the key to realizing the sustainable
development of the city [8–10]. They can reduce the distribution of pollutants and the heat
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island effect [11,12], enhance the connection between isolated plaques [13], and reduce the
negative impact of plaque fragmentation [14].

According to analyses of different cities [15–17]), the water [18], green [19], and ventila-
tion [20] corridors are ecologically beneficial to a city. Models such as the network, current,
and hydrologic analysis methods are commonly used to highlight ecological processes and
determine measures for the protection of ecological corridors [21–23]. Ecological nodes
are vital points in an ecosystem, including the breakpoints and intersections of corridors,
roads, bridges, catchment mouths, the junctions of valleys, and ridges [24–26]. Currently,
ecological nodes are divided into the resource and structured types [27]. Resource-based
ecological nodes generally comprise ecological source areas [28], whereas structural nodes
mainly include the special areas of the ecological structure and areas that play important
roles in biological migration [29]. Ecological nodes are identified using diverse methods.
The study and recognition of resource-based ecological nodes are mainly conducted via the
morphological spatial pattern analysis (MSPA) model [30]. The minimum cumulative resis-
tance (MCR) model is used to identified structural nodes [31–33]. The structural ecological
nodes focus on the dynamic change in the spatial position of the ecological nodes, which
are significant for biological migration in the region.

The large-scale urbanization of Fuzhou has led to changes in land use, which has had
direct impacts on the thermal and wind environments of the city. Studies have shown
that [34–36] Fuzhou is among the four major hot cities in China, and the number of
heat islands in the city are increasing. Fuzhou is a mountain–water city characterized
by a unique spatial structure, which creates the conditions for the construction of urban
ecological corridors. It is possible to integrate mountain and water resources to bring
cold air from the southeast coast into the central city and alleviate the urban heat island
effect. Consequently, the construction of ecological corridors in Fuzhou plays an important
role in improving the urban heat islands and optimizing the living environment. In the
present study, the length of the ecological corridor and characteristics of the ecological
nodes in Fuzhou were investigated. The intersections were obtained by overlaying the grid
map with the water, green, and ventilation corridors and the surface temperature as the
ecological nodes, and then the important ecological nodes were determined by the kernel
density analysis method. According to the characteristics and width of ecological corridors,
ecological resistance surfaces were obtained by coupling the buffer zone between the water,
green, and ventilation corridors, as well as the surface temperatures. Based on the MCR
model, the ecological corridors of Fuzhou were determined and then evaluated using the
network connection theory. This can provide a decision reference for achieving sustainable
urban development in Fuzhou.

2. Study Area and Methods
2.1. Overview of the Study Area

Fuzhou is one of the central cities in the economic zone on the west coast of the Taiwan
Strait, located in the lower reaches of the Minjiang River adjacent to the entrance to the
sea on the east side, with typical estuarine basin landform characteristics. The overall
topography is high in the northwest and low in the southeast. Influenced by the natural
topography, southeasterly winds prevail all year round, followed by northwesterly winds.
It has a subtropical monsoon climate, with long summers and short winter in Fuzhou. The
present study is based on the area surrounded by the Wuhu Mountain, Qishan, Lianhua
Mountain, and Gushan (Figure 1), and these include the Gulou, Jin’an, Taijiang, Mawei,
Cangshan, and Changle Districts, as well as townships in the Minhou County (e.g., Ganzhe,
Shangjie, Nanyu, and Nantong), covering an area of approximately 1759.4 km2.
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resource-sharing platform) was obtained using supervised classification and visual inter-
pretation methods. With reference to the national standard of the Current Land Use Clas-
sification (GB/721010-2017), combined with the current characteristics of land use in Fu-
zhou, based on the landscape classification system, the land use types were classified into 
a total of seven categories, including forest land, buildings, water bodies, unused land, 
roads, farmland, and grassland, after an in-depth discussion of the natural, ecological, and 
landscape characteristics of the land use. The overall accuracy of the classification is 
89.84%, and it has a kappa coefficient of 0.85. Thus, the classification results meet the ac-
curacy requirements. On 22 September 2019, a low-noise Landsat 8 OLI remote sensing 
image showing minor geometric variability and a cloud cover of <2% (downloaded from 
the website of the US Geological Survey) was obtained using an atmospheric correction 
Fa-rectification of the surface temperature. The water corridor map, green corridor map 
[37] and ventilation corridor map [38] of Fuzhou were provided by the University Key 
Lab for Geomatics Technology and Optimized Resources Utilization in Fujian Province. 
In addition, a 30 m-resolution DEM remote sensing image (obtained from the China Geo-
graphical Space Data Cloud Website) and planning documents for Fuzhou, such as the 
Fuzhou General Planning (2010–2020), Fuzhou New District General Planning (2015–
2020), Fuzhou Metropolitan Area Development Planning (2020–2035), Fuzhou Land and 
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2.2. Study Area Data

In 2019, a 2.5 m high-precision image of Fuzhou (downloaded from the Google Maps
resource-sharing platform) was obtained using supervised classification and visual in-
terpretation methods. With reference to the national standard of the Current Land Use
Classification (GB/721010-2017), combined with the current characteristics of land use in
Fuzhou, based on the landscape classification system, the land use types were classified
into a total of seven categories, including forest land, buildings, water bodies, unused land,
roads, farmland, and grassland, after an in-depth discussion of the natural, ecological,
and landscape characteristics of the land use. The overall accuracy of the classification
is 89.84%, and it has a kappa coefficient of 0.85. Thus, the classification results meet the
accuracy requirements. On 22 September 2019, a low-noise Landsat 8 OLI remote sensing
image showing minor geometric variability and a cloud cover of <2% (downloaded from
the website of the US Geological Survey) was obtained using an atmospheric correction
Fa-rectification of the surface temperature. The water corridor map, green corridor map [37]
and ventilation corridor map [38] of Fuzhou were provided by the University Key Lab
for Geomatics Technology and Optimized Resources Utilization in Fujian Province. In
addition, a 30 m-resolution DEM remote sensing image (obtained from the China Geo-
graphical Space Data Cloud Website) and planning documents for Fuzhou, such as the
Fuzhou General Planning (2010–2020), Fuzhou New District General Planning (2015–2020),
Fuzhou Metropolitan Area Development Planning (2020–2035), Fuzhou Land and Space
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General Planning (2021–2035), Fuzhou Urban Comprehensive Transportation Planning
(2021–2035), and other documents, were also utilized.

2.3. Methods
2.3.1. Ecological Node Extraction and Assessment

Ecological nodes are vital locations associated with the ecological processes that occur
between plaques in ecological corridors [39]. In general, in the weakest part of a corridor,
the connected ecological nodes can transform structural linkages into functional connec-
tions between plaques [40,41]. Ecological nodes can represent the intersections between
minimum expense paths [42,43], convergence points of corridors, and intersections between
different levels of corridors [44]. The temperature watershed is the use of hydrological anal-
ysis to simulate the motion path and convergence characteristics of the surface temperature.
The specific approach to its temperature flow direction, the high and low temperature
values of the temperature field, are used as the base raster cells, and the inverse surface
temperature vector number is converted to raster format. The flow direction raster is
created using the flow direction tool, and the flow direction is determined by finding the
steepest descent direction on the image element. Each image element is encoded with
the image element ID of its flow direction, and the ID number is a power of 2. A pooling
network is produced using the flow accumulation tool, and the image elements with higher
sink values are extracted to form a temperature pooling network in the form of a raster.
Based on the water, green, and ventilation corridors and temperature watershed (Figure 2),
intersections are obtained by overlaying each of them. These intersections are not only
the intersections within a single corridor but also the common intersections between two
corridors or three corridors.
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The kernel density analysis is a non-parametric method. Using this method, the
distribution density of an element in space was mainly evaluated by calculating the density
of the surrounding space. The spatial distribution of the ecological nodes was then analyzed
via the weighted kernel density, and the density of an attribute at each location was then
superimposed. Based on the identification of the ecological nodes in the study area, the
distribution densities of all the elements in the area were obtained. Through screening,
areas with a high concentration of ecological nodes were identified, and the degree of
aggregation of the ecological nodes in the spatial distribution was then obtained. In general,
the attribute density in the central position was the highest, and this density gradually
decreased as the distance from the center increased. The impairment can thus be obtained
based on the kernel density function using the following expression [45,46]:

f (x) =
1

nh ∑n
i=1 K

(
xi − x

h

)
(1)

where f(x) is the kernel density estimation function at x in the research space, K is the space
weight function value, h is the search interval threshold of the kernel density function, n
is the number of samples, and xi − x is the sample point x to the spatial distance of the
sample point xi.

2.3.2. Construction of Ecological Corridors

According to previous studies on the characteristics and widths of ecological corri-
dors [47], for the green, water system, and ventilation corridors, as well as the temperature
watershed, the distances of 0–30, 30–80, 80–120, 120–150, and >150 m are five-level width buffers
highlighting the resistance factors in such corridors (Table 1). The resistance factors were then
superimposed to obtain a comprehensive buffer ecological resistance surface that reflects the
movement resistance and trend of the ecological flow using the following expression:

Ri = ∑n
j=1(Cij × Wij) (2)

where Ri is the comprehensive resistance value of the ecological corridor unit i, Cij denotes
the resistance factor j of the ecological corridor unit i, Wij represents the weighted value of
the resistance factor j that corresponds to the ecological corridor unit i, and n is the number
of resistance factors.

Table 1. Resistance factors and resistance values.

Value Range

Resistance Values

Water
Corridor

Green
Corridor

Ventilation
Corridor

Temperature
Watershed

0–30 m 1 1 1 1
30–80 m 2 2 2 2
80–120 m 3 3 3 3

120–150 m 4 4 4 4
>150 m 5 5 5 5

Ecological resistance refers to the resistance of species and the ecological flow to
spreading outside [9]. The higher the resistance is, the more difficult the ecological process
will be [48], and this facilitates the loss in ecological services and functions. In the present
study, the spatial characteristics and resistance associated with the MCR model were
utilized to construct an ecological corridor network. ArcGIS was used to set the start and
end points of target ecological nodes via the Linkage Mapper spatial analysis function and
the Build Network and Map Linkages model builder tools. The costs associated with the
path connections between ecological nodes on the comprehensive ecological resistance
surface of the grid (distance calculation) and the minimum cost back (minimum expense
path) were calculated to extract the linear or strap continuous paths connected via units
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characterized by a low ecological resistance between plaques, that is, the ecological corridor.
This was determined as follows:

Ci = ∑n
j=1

(
Di × Fj

)
(3)

where Ci is the accumulated distance of the ecological corridor units i (i = 1, 2, 3, . . . , m)
to the ecological sources, that is, the calculated minimum cost. Di represents the distance
from the ecological corridor unit i to the ecological source, and Fj denotes the migration
resistance of the species in the space of the ecological corridor unit j (j = 1, 2, 3, . . . , n).

2.3.3. Network Structure Indexes of the Ecological Corridors

Based on the connection theory of the ecological network, the α, β, and γ indexes, as
well as the cost ratio (Cr), were calculated to evaluate and analyze the landscape struc-
ture and degree of connection in the Fuzhou ecological corridor network. The degree of
connection refers to the extent of the links between the nodes in an ecological network. A
high connection of landscapes helps to maintain the ecological processes and biological
diversity [49]. The degree of connection is characterized using the following indexes:

(1) α index

The α index highlights the degree of closure in the network, and it ranges from values
of 0 to 1. The closer the α value is to 1, the better the network closure is, and the higher
the efficiency of the information and energy flow is. This index is calculated using the
following formula:

α =
e − v + p
2v − 5p

(4)

where e represents the number of network cables, v is the number of network nodes, and
p denotes the number of unconnected sub-diagrams in the network, and the value is
commonly 1.

(2) β index

The β index is the point rate of lines in the network, and it is an indicator of the
complexity of the structure of the network. Its values vary between 0–3, and the network
improves as the index increases. The β index is determined using the following formula:

β =
e
v

(5)

where e is the number of network cables and v represents the number of network nodes.

(3) γ index

The γ index reflects the degree of connectivity in the network, and its values range
between 0–1. A γ index close to 1 indicates that almost all nodes in the network are
connected. This index can be calculated using the following formula:

γ =
e

3(v − 2p)
(6)

where e represents the number of connections, v is the number of network nodes, and
p denotes the number of unconnected sub-diagrams in the network, and its value is
commonly 1.

(4) Cost Ratio (Cr)

The Cr is an indicator of the cost of constructing a corridor in the network that is
being investigated, and its values vary from 0 to 1. A Cr close to 1 indicates a high cost of
construction of a corridor in the network. This ratio is determined as follows:

Cr = 1 − l
d

(7)



Forests 2022, 13, 1837 7 of 17

where l represents the number of corridors in the network and d is the length of the corridor
in the network.

3. Results and Analysis
3.1. Analysis of Ecological Nodes in the Corridor

According to data displayed in Figure 3 and presented in Table 2, areas with the most
ecological nodes in the green corridor were Changle District (42), Minhou County (14),
and Mawei District (13). Ecological nodes were uncommon in the center of the urban area,
including Taijiang District (0). In turn, for the ventilation corridor, Minhou County (16)
contained the highest number of ecological nodes, whereas Jin’an (1) and Taijiang (1)
Districts, in the center of the urban area, showed the least number, and the presence of
nodes was mainly affected by the density of the buildings and land use in the study area.
In the water corridor, the highest number of ecological nodes were identified in Minhou
County (37), whereas the least were in Gulou (1) and Taijiang (1) Districts, and the urban
heat island effect in the area was significant.
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Alternatively, overlaying the ventilation and green corridors, Changle District (40)
and Minhou County (31) contained the highest number of ecological nodes, whereas Jin’an
and Taijiang Districts were associated with none. This distribution was unsuitable for
the construction of an ecological corridor network. In turn, overlaying the ventilation
and water corridors, Minhou County (65) and Mawei District (40) were characterized by
many ecological nodes, whereas Gulou (2), Jin’an (3), and Taijiang (3) Districts contained
few. This distribution also creates a significant resistance to the generation of a road path
in the ecological corridor network. Overlaying the green and water corridors, Minhou
County (66), Changle District (36), and Mawei District (36) contained many ecological
nodes, whereas nodes were scarce in Gulou (1) and Taijiang (1) Districts.

Overlaying the green, ventilation, and water corridors, as well as the surface temper-
ature, the areas with high numbers of ecological nodes were Minhou County (124) and
Changle District (106), and this is beneficial for the formation of an ecological corridor.
Whereas Jin’an (23), Taijiang (23), and Gulou (16) showed few nodes, the presence of these
nodes was controlled by the land use type, and few ecological plaques and nodes hindered
the connections in the ecological corridor network.
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Table 2. Corridors overlayed: ecological node distribution statistics.

Corridor
Ecological Nodes in Administrative Regions (Unit: Number)

Cangshan
District

Gulou
District

Mawei
District

Jin’an
District

Taijiang
District

Minhou
County

Changle
District

Green corridor 3 2 13 6 0 14 42
Ventilation corridor 5 3 11 1 1 16 11

Water corridor 4 1 14 2 1 37 10
Ventilation + green corridor 8 4 25 0 0 31 40
Ventilation + water corridor 12 2 40 3 3 65 14

Green + water corridor 9 1 36 5 1 66 36
Green + ventilation + water +

temperature watershed 62 16 72 23 23 124 106

The kernel density values ranged between 0 and 8.87. The kernel density was pro-
portional to the concentration of ecological nodes in an area. Concerning the settlements
associated with the ecological nodes, the darker the color of the center of the settlement
area is, the higher the range of radiation in the area is. The ecological node settlements with
high kernel density values, a deep color, and large radiation range were selected, and then
the geometric center points were analyzed by ArcGIS. At last, 32 ecological nodes were
obtained (Figure 4), which were distributed in different administrative regions. Regarding
the overall space of the study area, the main urban area and the surrounding forest areas
were favorably distributed with respect to the construction of a multi-corridor ecological
network. However, in the eastern coastal areas, the distribution was less favorable, and
this affected the construction of the ecological corridors.
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The data presented in Table 3 show that Minhou County (9) and Changle District (9)
contain the highest number of ecological nodes, followed by Mawei (4) and Cangshan
(4) Districts, and Gulou (2), Jin’an (2), and Taijiang (2) Districts. The number, location,
and distribution of all the ecological nodes in each administrative region are presented in
Table 3.
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Table 3. Spatial distribution of the ecological nodes.

Administrative Region
Ecological Nodes

Quantity Location (Numbering)

Gulou District 2 Fu Shan Country Park (2), North Park of Minjiang Park-Jinshan
Bridge (15)

Taijiang District 2 Minjiang Colorful Garden (22), Minjiang River-Gushan Bridge (14)

Jin’an District 2 Dengyun Lake (3), Jinjishan Park (31)

Cangshan District 4 Beach Park (4), Wulong River-Wanbian Bridge (7), Minjiang
River-Qingliang Mountain (11), Tietou Mountain (30)

Mawei District 4
Minjiang River-Chuanzheng Cultural Scenic Area (12), Minjiang
River-Kuipu Bridge (13), Xili Stream (16), Tail of Tiger and Wolf

Mountain (29)

Changle District 9

Dongtian Rock in Monkey Island (17), Minjiang Estuary National
Wetland Park (18), Chang’an Park (19), Changle West Lake Park (20),

Niushan Park (21), Tiantai Mountain Park (24), Hongguang Lake Park
(25), Changle Hulu Mountain (26), Taiping Mountain (27)

Minhou County 9

Stalagmite Mountain (1), Lianlu Mountain (5), Qishan National Forest
Park (6), Shangzhou Park (8), Dazhangxi-Diaoluoding Mountain (9),
Eighteen Streams Scenic Area (10), Xiyuan River-Qi’an Village (23),

Minjiang River-Liyuzhou Hotel (28), Wulong River-Pushang Bridge (32)

3.2. Ecological Corridor Analysis

Through the superposition of the ecological resistance factors (Figure 5), a comprehen-
sive ecological resistance surface of the buffer area was obtained (Figure 6). The darker
the color is, the higher the value of the comprehensive resistance surface is, the greater the
resistance of the corridor path is, and the more conducive it is to the generation of the corri-
dor. Areas with high comprehensive resistance values in the buffer area included Gulou,
Taijiang, Jin’an, Cangshan, Mawei, and the local areas of the Changle District, as well as the
Shangjie University, Nantong, and Qingkou towns, and the High-Tech Development Zone
in Minhou County.

In the MCR model, a weighted cost method was used for the evaluation and analysis
of the paths to generate the ecological corridor network. Using the Linkage Mapper tool of
the ArcGIS, the minimum number of connected paths between the ecological nodes was
set to 1, 2, 3, or 4. Based on the situation observed in the study area, excess paths were then
merged or deleted.

Figure 7 shows 63 ecological corridors with a total length of 494.65 km. The first-level
ecological corridors, which are shown in red, represent the first path, and the length of
these 31 corridors was approximately 201.16 km, accounting for 40.67%. These corridors
connect important ecological sources and plaques in the study area, such as Qishan National
Forest Park, Gushan Natural Scenic Area, Wuhu and Lianhua mountains, and the Minjiang
River Basin. These features constitute the basic skeleton of the ecological corridors in the
entire study area. The second-level ecological corridors that are shown in yellow represent
the second path, and these 11 corridors that measure approximately 98.56 km in length,
accounting for 19.93%, were primarily in the western part of Minhou County and east of the
Changle District. Notably, no secondary ecological corridor was present in the center of the
study area. In turn, the third-level ecological corridors that are depicted in green comprise
the third path. These 14 corridors, which measure approximately 129.12 km in length,
accounting for 26.10%, were widely distributed in the study area, and these essentially
completed the corridor network. The seven fourth-level ecological corridors, which are
shown in light blue, represent the fourth path, and their total length is approximately
65.81 km, accounting for 13.30%. These corridors were mainly in Minhou County and
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Gulou and Cangshan Districts. Even though the corridors reflect an overall decentralized
layout, several administrative regions in the east contain no corridor.
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Figure 7. Distribution map of the ecological corridors.

The 63 main ecological corridors were counted to determine the number of ecological
corridors at each level connected to each ecological node. As shown in Table 4, the ecological
node of Dongtian Rock in Monkey Island (17) connects four first-level ecological corridors.
The regional cumulative resistance is low, and the quality of the ecological corridors
is high. The area is located on the edge of the Min River, with lush plants and less
impact of urbanization, which is more conducive to the flow of ecological information
and maintenance of a better ecological connectivity. Beach Park (4), Lianlu Mountain (5),
Minjiang River-Chuanzheng Cultural Scenic Area (12), Changle West Lake Park (20), and
Minjiang River-Liyuzhou Hotel (28) are connected to three first-level ecological corridors.
Nos. 12, 20, and 28 are located near the Minjiang River, No. 4 is located near the Wulong
River (open water and good ventilation reduce the cumulative resistance), and No. 5 in is
located in Lianlu Mountain, an area dominated by forests, with a low level of development
and small cumulative resistance. Tiantai Mountain Park (24) connects three second-level
ecological corridors, namely Hongguang Lake Park (25), Chang’an Park (19), and Niushan
Park (21), of which No. 25 is located at the estuary and No. 19 is located by the Minjiang
River. No. 21 is a mountain park, and the water bodies and plants in the park effectively
reduced the cumulative resistance. Niushan Park (21) and Minjiang River-Kuipu Bridge (13)
are connected to two third-level ecological corridors. As they are affected by factors such
as terrain and airport construction, the ecological corridors have greater resistance, and the
quality of the corridors has declined. The ecological node of Wulong River-Pushang Bridge
(32) connects three four-level ecological corridors, which are located in Qishan National
Forest Park (6) and Shangzhou Park (8) and near the North Park of Minjiang Park (15).

Table 4. Number of ecological corridors connected by ecological nodes at each level.

Ecological Node The First-Level
Corridors (Strip)

The Second-Level
Corridors (Strip)

The Third-Level
Corridors (Strip)

The Fourth-Level
Corridors (Strip)

1 1 1 0 0
2 2 2 0 0
3 2 0 1 0
4 3 0 1 0
5 3 0 0 0
6 1 2 0 1
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Table 4. Cont.

Ecological Node The First-Level
Corridors (Strip)

The Second-Level
Corridors (Strip)

The Third-Level
Corridors (Strip)

The Fourth-Level
Corridors (Strip)

7 2 0 1 1
8 2 0 1 0
9 1 1 1 0
10 2 0 0 0
11 2 0 1 0
12 3 0 1 0
13 2 0 2 0
14 2 0 0 0
15 2 0 1 1
16 1 1 1 0
17 4 0 1 0
18 2 1 0 0
19 2 1 2 0
20 3 1 1 0
21 1 1 2 0
22 2 0 1 2
23 2 1 0 1
24 2 3 0 0
25 1 2 1 0
26 1 1 1 0
27 1 1 0 0
28 3 0 0 1
29 2 1 0 0
30 2 0 1 1
31 1 1 2 1
32 2 0 1 3

The Fuzhou General Planning (2010–2020), Fuzhou New District General Planning
(2015–2020), Fuzhou Metropolitan Area Development Planning (2020–2035), Fuzhou Land
and Space Master Planning (2021–2035), Fuzhou Urban Comprehensive Transportation
Planning (2021–2035), and other documents were used to verify the rationality of the
land use function. The path of the ecological corridor conformed to the overall planning
of the urban land and was consistent with the planning of the urban green space and
road networks.

3.3. Evaluation of the Ecological Corridor Network Structure Indexes

The α index at a general level, as shown in Table 5, is 0.27, and the corridors form
a network. Overall, the network is closed, and it was characterized by a high degree
of connection. The β index of 2.03 also indicates a network involving a high degree of
connection. In addition to a high degree of connection between the ecological nodes in the
network, the γ index of 0.72 revealed that, internally, the network is complex. The Cr of
0.87 indicates that the cost of building the ecological corridor is high.

Table 5. Evaluation of the ecological corridor network structure indexes.

Ecological Corridors Network Structure Indexes

Number of corridors Number of nodes Overall length of corridor α index β index γ index Cr index

63 31 494.65 km 0.27 2.03 0.72 0.87

In summary, the overall degree of connection of the ecological corridor network that
was constructed in the present study is high. Considering the obvious circuits between the
ecological nodes, the integrity and complexity of the corridor network are also high. This
network is conducive to the migration and exchange of energy between different creatures.
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This migration and exchange promote the interactions between diverse functional flows
in the study area, and these significantly enhance the protection of biodiversity and the
ecological efficiency. The ecological corridor network integrates the functions and structures
of the water, green, and ventilation corridors and, thus, it is characterized by stable and
comprehensive spatial characteristics. The inclusion of the surface temperature in the
construction of the corridor network improves the cooling effect.

The cost of the ecological corridor network is higher than that revealed by the index;
thus, its construction is limited. Therefore, in the planning and construction of this network,
the economic, ecological, and social benefits must be comprehensively considered.

4. Discussion

With the increasing severity of the widespread ecological problems in China, the man-
agement concept of mountains-water-forests-lakes-grasses-sand was proposed to achieve
ecological systematization and integrity in order to solve regional ecological network
problems and improve the human living environment. The ecological corridors of differ-
ent types, functions, and structures constitute an extremely complex ecological network,
creating direct or indirect connections in space and biological processes with the external en-
vironment through the internal environment, forming a complete and complex ecosystem.
The construction of a single ecological corridor ignores the coupling of ecological processes
with other ecological spaces and does not fully ensure the protection and restoration of the
ecological network. Studies have shown that ecological networks have the ability to stabi-
lize ecosystems, improve the regional ecosystem service capacity, and maintain regional
security [50,51]. In recent years, scholars have conducted further studies on ecological
networks and formed a relatively mature research system. The studies on the ecological cor-
ridors in Fuzhou mainly focus on the analysis of the current situation, ecological protection
and utilization, etc. This study investigates the construction of ecological corridors at the
level of the heat islands. The results show that urban rivers and water bodies can effectively
reduce the summer temperatures, increase humidity, and regulate the urban climate [52].
Therefore, in this study, we constructed ecological corridors by integrating water, green,
and sea breeze resources for the purpose of alleviating the heat island in Fuzhou.

In terms of the land use types (Figure 1), there is less green space in the central part
and more green space in the surrounding mountains, which leads to an uneven distribution
of the thermal environment. The heat islands are concentrated in the central and eastern
parts of the city. The high building density, impermeable pavements, and human activities
in the central part of the city aggravate the heat island, while the eastern part is influenced
by urban expansion and the orderly phase II construction of the airport, which aggravates
the breadth and depth of the heat island space and is consistent with previous studies [53].
Land use is an important component affecting the biological landscape movements, and
the strength of the integrated ecological resistance surface in the buffer zone (Figure 6)
is related to the land use type. The resistance value of the building land is higher than
that of the water body, which is consistent with the previous studies [54]. To alleviate the
current situation, characterized by a large integrated ecological resistance surface in the
central buffer zone, new low-carbon, energy-saving, and emission-reducing technologies
and techniques, such as green roofs, rain gardens, and green buildings, can be adopted
in future urban planning and architectural design. In addition, they can be combined
with the use of wind power, which is energy-efficient and environmentally friendly, in the
eastern region. Studies have shown that the wind plays an important role in regulating the
urban surface temperature [55]. Fuzhou has a typical estuarine basin landform feature, and
the overall topography is high in the northwest and low in the southeast. The southeast
wind prevails in the summer and brings cool, moist, fresh, cold air into the central city
along the Minjiang and Wulong Rivers through the reasonable building forms [56], plant
matching [57], etc.

Ecological nodes are an important part of the ecological corridor and can maintain
the stability of the network structure. In total, 32 ecological nodes were obtained using
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the kernel density analysis method, which were mainly distributed in the Minjiang River,
Wulong River, and the surrounding mountains. A total of 63 ecological corridors were
obtained, which were divided into three path modes: the partially overlapping, similar
parallel, and two-point connection. Some ecological corridors were dominated by the two-
point connection path mode and supplemented with the partially overlapping path mode,
such as 28-5 and 28-23, and some were complemented by similar parallel path modes, such
as 32-15 and 32-B. Twenty-one new ecological nodes were added (Figure 7): five in Minhou
County (A, Q, C, P and S), one in Cangshan District (B), two in Jin’an District (M, and N),
five in Mawei District (D, E, F, O, and U), and eight in Changle District (G, H, J, K, I, L, R
and T). The new ecological nodes were mostly located on the periphery of the city, with
only three being closer to the city center. Although the number is small, the complexity of
the corridors is enriched. A new fourth-level ecological corridor was created at point B,
and three new third-level ecological corridors were created at point M. The generation of
intersections facilitated the flow of energy and enriched the diversity of ecological corridors.
The construction of the ecological corridor of the surrounding mountains should protect
the mountains through ecological protection measures, which can be used as a springboard
for the migration of species [58]. The construction of ecological corridors should avoid
agricultural land and follow national development strategies.

The connectivity of ecological nodes affects the species flow and species diversity [59].
Currently, scholars often use connectivity to evaluate the advantages and disadvantages
of ecological corridor construction. For example, the connectivity and complexity of the
ecological networks in eastern China were analyzed using graph theory [60]. In this
paper, we add the cost ratio to make the construction of the ecological corridors more
realistic. Fuzhou is an important coastal province in China, and with the rapid economic
growth observed in recent years, the ecological environment has become damaged. The
construction of ecological corridors is a purposeful ecological restoration strategy and a
long-term practice. Although it is costly, it can improve the ecological environment of the
city and achieve the sustainable use of resources by enhancing the connectivity of the water,
green, and ventilation spaces through reasonable resource allocation.

Due to the limitations of the study, future research will be conducted in the following
two areas. Firstly, the surface temperature is an important factor in the construction of
an ecological corridor network. Studies of ecological corridors are influenced by external
factors, such as humans and time. During the first phase, which involves the use of remote
sensing data for the analysis, a comprehensive understanding of the actual situation in a
region is difficult. The surface temperature data for different months in a year, including
the summer, provide better basic data to support the construction of an adequate ecological
corridor network. Secondly, ecological corridors and ecological nodes are the focus of the
study of ecological security patterns, which are significant for maintaining the sustainable
development of the region [61]. Ecological corridors are linear or ribbon landscape elements,
which are vulnerable to disturbance from the external environment and should have
corresponding corridor widths and buffer zones, but since the width of ecological corridors
is closely related to the level, one must consider the design objectives and landscape type
of the corridor. The setting of the ecological corridor width will be further discussed in the
subsequent study.

5. Conclusions

Based on the data for the water, green, and ventilation corridors and temperature
watershed, 32 ecological nodes were screened out by the kernel density analysis method,
and 63 ecological corridors and 26 new ecological nodes were constructed using the MCR
model and GIS software. The total length of the ecological corridors is 494.65 km. The α, β,
and γ index values indicate that the selected ecological sources have a good connectivity
with each other and have a high network efficiency.

In the context of urbanization, the spatial distribution of ecological nodes shows an
uneven distribution, with less distribution in the central urban area and more distribution
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in the western Changle District and the eastern Minhou District. The ecological corridors
also show similar unevenness, with the weak connectivity of the local ecological corridors
influenced by urban expansion. Studies have shown that the ecological safety pattern of the
city can effectively control urban expansion and has a positive effect on the optimization of
the urban pattern [62–64]. Therefore, under the guidance of the eastward and southward
expansion policy in Fuzhou, Changle District has ushered in a new construction boom,
with large areas of land being converted to construction land and a substantial increase
in the building density, which has created a greater resistance to the introduction of wind
sources and ventilation inlets. In the process of general urban planning and construction,
the impact of expansion on the urban ecology is monitored, strategic plans for development
are formulated, and the impact on the change in the land forms for the ventilation corridors
is fully evaluated. The main wind inlets and important ventilation paths into the inner
part of the city are protected by various measures, and the planning arguments against
conflicting interests are strengthened [65].
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