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Abstract: The increasing scale of urbanization and human activities has resulted in the
fragmentation of natural habitats, leading to the reduction of ecological landscape connectivity and
biodiversity. Taking Nanping as the study area, the core areas with good connectivity were
extracted as ecological sources using a morphological spatial pattern analysis (MSPA) and
landscape connectivity index. Then the ecosystem service functions of the ecological sources were
evaluated based on the INVEST model. Finally, we extracted the potential ecological corridor based
on the land type, elevation and ecosystem service functions. The results showed that the ecological
source with higher landscape connectivity is distributed in the north and there are clear landscape
connectivity faults in the northern and southern regions. Moreover, the areas with high habitat
quality, soil retention and water production are mainly distributed in the northern ecological source
areas. The 15 potential ecological corridors extracted were distributed unevenly. Among them, the
important ecological corridors formed a triangle network, while the general ecological corridors
were concentrated in the northwest. Therefore, it is suggested that the important core patches in the
north be protected, and the effective connection between the north and south be improved. These
results can provide a scientific basis for ecological construction and hierarchical management of the
ecological networks.

Keywords: landscape connectivity; ecosystem service function; least-cost path; ecological network;
Nanping City

1. Introduction

Rapid urbanization, population growth and high-intensity regional development accompanied
by poorly managed land use result in a series of environmental problems, including the
fragmentation of natural habitats and the reduction of regional biodiversity [1-3]. These
environmental problems result in the destruction of the stability and sustainability of ecosystems,
which also impact human health and productivity [4,5]. A number of government reports have been
released to resolve environmental problems such as ecosystem degradation, ecological habitat
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fragmentation and destruction of ecological processes, including the “New Urban Agenda (NUA)”
and “Transforming our World: The 2030 Agenda for Sustainable Development” [6,7]. In addition, the
Nineteenth National Congress of China report pointed out that there is a need to strengthen the major
national ecological rehabilitation projects and to optimize ecological barriers through the
construction of ecological corridors and biodiversity protection networks. Therefore, the
rehabilitation and protection of the ecological environment has become a significant focus globally.

The survival and development of all life depends on the ecological environment [8,9]. However,
deterioration of the regional ecological environment is resulting in habitat fragmentation and
reduced landscape connectivity, which will hinder natural ecological processes [10,11]. As the basic
elements of landscape patterns, ecological corridors have the ability to connect fragmented habitats,
thereby strengthening the functional relationships between populations and habitats, protecting
ecosystem biodiversity and stability and facilitating the migration of species [12-14]. It is therefore
clear that the rational establishment of potential ecological corridors is required to improve the
ecological environment quality and to guarantee sustainable development [15-19].

Although there have been plenty of studies on the establishment of ecological corridors, the
majority are based on the theory of the “patch—corridor-matrix”. Wilson and Willis (1975) concluded
that corridors can connect the separated habitat patches to alleviate the threat of habitat
fragmentation on biological survival [20]. Dutta et al. (2015) established a comprehensive resistance
surface based on certain indicators, including land-use type, population density and traffic
infrastructure, following which they constructed potential ecological corridors between 16 tiger
reserves in central India [21]. Zhang et al. (2019) constructed potential ecological corridors within
vacant land in Detroit based on species migration routes, rainwater management, urban heat islands,
air quality and other desired social and cultural benefits [19]. These studies mainly focused on the
identification of potential ecological networks based on natural habitat characteristics, such as land-
use types, landscape patterns and target species, or on other social and cultural factors, such as traffic
infrastructure. However, fewer studies have attempted to identify ecological networks based on
ecosystem service functions. Since the spatial distributions of regional ecosystem services can be used
as the basis of environmental protection policies [22], there should be more focus on the functions of
ecological corridors at the landscape and regional scales [23]. Therefore, an analysis of ecological
networks may make landscape management more effective and scientific from a coupled landscape
pattern and ecosystem service functions.

Nanping in China is rich in forest resources, which mainly consist of food as well as providing
an environmental security zone and natural ecological reserved zone [24]; it should be reserved for
providing ecological functions, such as water conservation, soil and water retention and biodiversity
maintenance. However, since Nanping faces increasingly serious environmental problems, the
government has put forwarded the ecological bank project to further improve the ecological
environment. Given the above background, this study applied a morphological spatial pattern
analysis (MSPA) to this region to identify and extract core areas with important ecological
significance for the construction of ecological corridors [25]. The landscape connectivity of the core
areas was then evaluated based on connectivity landscape indices, such as the integral indices of
connectivity (IIC), probability of connectivity (PC) and the percentage of importance (dI). The
ecological sources with good landscape connectivity were selected according to the classification of
their significances for maintaining landscape connectivity. The InVEST model was then used to
evaluate the ecosystem service functions, such as habitat quality, soil retention and water production.
Finally, the potential ecological corridors were identified using the minimum cumulative resistance
(MCR) minimum path method [25], while comprehensively considering the natural characteristics as
well as ecological service functions such as habitat quality, water production and soil retention,
following which the ecological network of Nanping was analyzed based on ecosystem service
functions. The main purpose of the research is to use the landscape pattern and ecosystem service
function to review the potential ecological network, so as to provide theoretical support and
suggestions for the ecological management of Nanping City, and also provide references for
ecological construction in other regions.
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2. Materials and Methods

2.1. Study Area

Nanping is located in the northern Fujian Province, China, southeast of the Wuyi Mountains
(117° 00" -119° 25" E and 26° 30’ -28° 20’ N) and adjacent to the Zhejiang and Jiangxi
provinces in the northeast and northwest, respectively (Figure 1). The study area can be described as
hinterland connecting the coastal and inland areas, with a total area of 26,300 km? accounting for
21.2% of the Fujian Province. The study area experiences a typical subtropical humid monsoon
climate, with an average temperature between 17 C and 26 C and annual precipitation between
1430 mm and 2032 mm. Mountainous areas dominate from the northeast to southwest, and the entire
study area has a wide distribution of low mountains and hills. The study area contains a total of eight
streams and one river system, namely the Minjiang, Jianxi, Futun, Chongyang, Nanpu, Songxi, Maxi,
Shaxi and Jinxi rivers. The region contains seven types of soil, namely red, paddy, yellow, coarse
bone, purple, yellow-brown and mountain meadow soils. The region contains abundant forest
resources, with vegetation types including coniferous forest, evergreen broad-leaf forest and shrubs.
Nanping is the most significant ecological refuge and biological gene bank in the Fujian Province and
even within the entire southeast region of China. While the economy of Nanping has grown steadily
in recent years, rehabilitation of the ecological environment has not occurred in conjunction with
economic development.
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Figure 1. Location and elevation of study area.

2.2. Data Source and Processing

This study utilized land-use data, a digital elevation model (DEM), meteorological data and soil
data. Among them, the land-use data were provided by the Resource and Environmental Science
Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/, last accessed 02 June, 2020),
obtained through manual interactive interpretation with an accuracy of 95% and spatial resolution of
30 m x 30 m. The land-use categories considered were cultivated land, orchard land, forest, grassland,
water area, road networks, built-up area and unused land. DEM data were obtained from the
Advanced Spaceborne Thermal Emission and Reflection Radiometer ASTER global digital elevation
model (GDEM) dataset with a spatial resolution of 30 m [26], downloaded from the Geospatial Data
Cloud website (http:// www.gscloud.cn/, last accessed 02 June, 2020).

Meteorological data were obtained from the China Meteorological Administration
(http://data.cma.cn/, last accessed 02 June 2020), consisting of monthly precipitation (mm) of 17
meteorological stations in Nanping and surroundings. The precipitation data were interpolated into
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30 m x 30 m grid cell data using the Kriging method to analyze precipitation erosion and potential
evapotranspiration. Soil data were derived from a 1:1,000,000 soil dataset downloaded from the
Scientific Data Center for Cold and Arid Regions (http://westdc.westgis.ac.cn, last accessed 02 June
2020). The soil attribute data were converted to spatial data using the Kriging interpolation method.

2.3. Methodology
2.3.1. Extraction of the Ecological Landscape Pattern

Morphological Spatial Pattern Analysis (MSPA)

Morphological spatial pattern analysis (MSPA) is an image processing method developed by
Soille and Vogt (2009), which can be used to measure, identify and disaggregate the spatial pattern
of raster images based on four basic operations of mathematical morphology, namely “erode”,
“dilate”, “open” and “close”. MSPA is mainly used for the analysis of structural connectivity and can
be used to accurately distinguish between landscape types and structures [27]. The MSPA method
applies four parameters, namely “connectivity”, “edge width”, “transition” and “intext” to classify
landscape data into three input data categories, namely foreground, background and missing data

(Table 1).

Table 1. Definition of landscape type based on the morphological spatial pattern analysis (MSPA).

Class Description
Foreground Area under forest pixels
Background Area under non-forest pixels

Foreground pixels surrounded by foreground pixels are greater than

the specified edge width distance from the background. The larger

Core
habitat patches in the foreground pixels can provide a larger habitat for
the species and are the ecological source of the ecological network.
Ilet Foreground pixels that do not contain the core. Isolated, broken small
sle

patches that are not connected.
Pixels that form the transition zone between foreground and
Perforation = background for interior regions of the foreground. The pixels forming
the inner edge would be classified as perforations.
Pixels that form the transition zone between foreground and
Edge background for interior regions of the foreground. The pixels forming
the outer edge would be classified as edge.

Foreground pixels that connect two or more disjunct areas of the core. It

Bridge represents the corridor connected by patches in the ecological network.
Foreground pixels that connect the same core area. Loop is a shortcut
Loop for species migration in the same core area.
Foreground pixels that extend from an area of the core, but do not
Branch connect to another area of the core. Only one end of it is connected to

the edge, bridge, loop or perforation.

Evaluation of Landscape Connectivity

Landscape connectivity can be used as a quantitative indicator of how facilitating a source
landscape patch is for species migration, as a high degree of connectivity facilitates biodiversity
protection and the maintenance of landscape ecological functions [28]. The connectivity of the
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landscape and the importance of the various landscape patches to landscape connectivity can be
reflected under graph theory using the integral index of connectivity (IIC) and the probability of
connectivity (PC). These have become effective and important indices for the measurement of
landscape patterns and functions [29]. The percentage of importance (dI) is also a widely used
landscape connectivity index [30,31]. The landscape connectivity indices were calculated as follows:

noyn GG
1IC = = ]_121 +nly (1)
AL
n n *
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PC ==+ Agu — (2)
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dl = -7 X 100% 3)

In Equations (1)-(3), n is the total number of patches in the landscape; a; and a; represent the
areas of patch i and patch j, respectively; nl;; represents the connection between patch i and patch j;
A, is the total area of the landscape; p;; is the maximum potential for the species to spread directly
in patch i and patch j; I is the connectivity index value of a certain landscape, represented as the IIC
and the PC in the current study; and Iemeve is the connectivity index value of the landscape after
patch i is removed from the landscape.

2.3.2. Evaluation of Ecosystem Services

This study used the INVEST model to evaluate the ecosystem services in the ecological source
area of Nanping from three aspects: (1) habitat quality; (2) soil retention; and (3) water production.
Habitat Quality Assessment

The Habitat Quality Module uses the sensitivity of landscape types and the intensity of external
threats to analyze the habitat distribution responses to external threats in different landscape
patterns. The habitat quality obtained can reflect regional biodiversity as it represents the richness of
regional biodiversity [32,33]. Habitat quality can be estimated as follows:

R Y
W, .
D= Z Z ( r/zR W > Tylrxy.Bijr 4)
=1y=1 r=1""r
D,z
= x([1-—
Q= H ( e KZ) 6)

In Equations (4) and (5), D;; is a measure of habitat degradation of grid x in landscape type j; R
is the number of threat factors; W, is the weight of threat factor r; y refers to all of the grid units of
threat factor r; Y, is the total number of grid units of threat factor r; i,, represents the maximum
impact distance of threat factor r; 7, is the number of threat factors in grid unit y; B, is the legal
accessibility of grid unit x; Sj, is the sensitivity of landscape type y to threat factor r, ranging from 0
to 1; Qy; is the habitat quality index of grid x in landscape type j; H; represents the habitat
suitability of landscape type j; k is the semi-saturation constant equal to half of the maximum of D,;
and z is a constant with a value of 2.5.

Soil Retention Service Function

The soil retention service function includes reduction of erosion and sediment retention, and it
can be estimated as follows:

SEDRET = RKLS, — USLE, + SEDR, (6)
RKLS, = R, - Ky - LS,) (7)
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USLE, =R, - Ky, - LS, - Cy - P, )
x=1 x-1
SEDRy = SE, Z USLE, 1_[ (1—SE,) (9)
y=1 z=y+1

In Equations (6)—(9), SEDRET, and SEDR, refer to the soil retention and sediment retention of
grid x, respectively; SE, is the sediment retention efficiency of grid x; RKLS, is the potential soil
loss of grid x based on the geomorphology and climate conditions; USLE, and USLE, refer to the
Universal Soil Loss Equation (USLE)-calculated actual erosion amounts of grid x and its uphill grid
y, respectively (i.e., the amount of soil erosion under a particular vegetation cover and soil and water
conservation measures); and R,, K,, LS,, C, and P, are the rainfall erosivity factor, soil erodibility
index, terrain factor, vegetation coverage factor and soil and water conservation measure factor of
grid x, respectively.

Water Production Function Evaluation

The water yield module in the InNVEST model estimated the water balance in a grid unit. The
water yield is the difference between rainfall and evapotranspiration on a grid unit, and considers
the surface runoff generation, subsurface flow, canopy retention and water holding capacity of litter
[34,35].

AET,;
ij = (1 —T> X Px (10)
X
AETy; 1+ W,R, »
P, 1+ W.R,+1/R, (1)
AWC,
W,=2 (12)
by
kxj . ETO
R, = 13
x P, (13)
AWC, = Min(MSDx, RDx) x PAWCx (14)

In Equations (10)-(14), Y}, is the annual water production of grid unit x in landscape type j;
AET,; is the annual average evapotranspiration of grid unit x on landscape type j; P, is the annual
average precipitation of grid unit x; AET,;/P, is the Zhang coefficient, proposed by Zhang et al.
(2001) as an approximation algorithm based on the Budyk curve; W, is a non-physical parameter
representing the climate—soil properties (dimensionless); R,; is the dryness index of grid unit x on
landscape type j (dimensionless); AWC, is the available water content of plants; K,; is the crop
coefficient, calculated as the ratio of evapotranspiration ET to potential evapotranspiration ETo of
grid unit x in landscape type j, referred to as the vegetation evapotranspiration coefficient; Z is a
seasonal factor coefficient determined by the seasonal distribution of rainfall, with a value ranging
from 1 to 10; ETo is the potential evapotranspiration (mm); MSD, is the maximum soil depth; and
RD, isroot depth.

2.3.3. Minimum Cumulative Resistance (MCR) Model

The MCR model calculates the costs to overcome the resistances associated with movement from
the sources through different landscape paths, and can reflect the cumulative cost distance from the
target patch to the nearest source patch, thereby representing a form of weighted distance. The MCR
method was proposed by Knaapen et al. (1992) [36] and it can be calculated as

l=m

MCR =fminzDij XRl' (15)

j=n
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In Equation (15), MCR is the minimum value of cumulative resistance to movement from the
source to any point in the area; f,;, represents the positive correlation between the minimum
cumulative resistance and the ecological process; D;; is the spatial distance between grid unit i and
source j; and R; represents the resistance coefficient of grid unit 7.

3. Results

3.1. Analysis on the Landscape Patterns of Nanping Using MSPA

According to the land-use data for Nanping, this study applied forest and other land-cover types
as foreground and background data for MSPA, respectively. Since the forestry area in Nanping was
large, a grid size of 30 m x 30 m was used to retain the important landscape elements in the study
area while also meeting the requirements of research data accuracy. Through running the MSPA with
the eight-neighborhood method, the spatial distributions and areas of seven categories of non-
overlapping landscapes were obtained, namely, the core, bridge, edge, perforation, islet, branch and
loop (Figure 2, Table 2).

N
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- Islet - Branch Loop I:I Background 0—30:|km

Figure 2. Spatial distribution of landscape pattern based on MSPA.

The results showed that the core areas of Nanping had a total area of 1377.24 hm?, accounting
for 80.85% and 63% of the forestry area and total study area, respectively. The core areas were mainly
concentrated in the northern part of the study area with a continuous patchy spatial pattern,
indicating good spatial connectivity. There was a more scattered distribution of core areas in the
central and southeastern parts of the study area, indicating poor connectivity, which was not
conducive to the migration and diffusion of organisms. The bridge area, which acted as a structural
corridor in the natural landscape, played an important role in facilitating the migration and diffusion
of species in the study area. The bridge area connected two core area patches, accounting for 31.984
hm?, only 0.81% and 0.63% of the total forestry area and total study area, respectively. While the
bridge area was mainly distributed between the core areas, the core areas in the southeast part of the
study area were relatively fragmented. In addition, the bridge area was scattered, indicating that the
connectivity of the structural corridors failed to play a significant role in Nanping, China. The edge
area was located along the external edge of the forest land patch and also acted as the transition area
between the core area and the non-green landscape area. The inner edges of the forest land patch was
termed the perforation area, and this area along with the edge both produced edge effects, accounting
for 10.06% and 5.12% of the total forest area, respectively, indicating that the edge area and
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perforation area can to a certain extent act as a buffer against interference to the core area from
outside.

Since only one end of the branch was connected to the edge area, the bridge area, the loop area
or the perforation area, the branch interrupted the corridor connection, accounting for 2.04% and
1.59% of the total forestry area and total study area, respectively, greater than that of the bridge area.
This result indicated that the corridor connection in the study area was significantly affected by the
branch. The islets, as isolated patches not connected with other patches, complemented the core areas
as they act as biological stepping stones scattered throughout the study area. The islets accounted for
only 0.43% of the total forestry area, indicating that forest land in the study area remained dominated
by the construction of ecological corridors. The loops facilitated the migration of species within the
same patches and acted as routes of intra-patch energy exchange, accounting for 0.7% of the total
forestry area, higher than only that of the islets. This result indicated that migration channels used as
energy exchange and material flow within the study area remained small and not conducive to
species migration.

Table 2. Statistical areas of each landscape type.

Landscape Area Accounting for the forestry Accounting for the study
type (hm?) area (%) area (%)
Core 1377.24 80.85 63
Islet 6.81 0.43 0.33
Perforation 83.32 5.12 3.99
Edge 89.70 10.06 7.84
Bridge 31.98 0.81 0.63
Loop 14.69 0.7 0.55
Branch 272.62 2.04 1.59

3.2. Evaluation of Landscape Connectivity in Nanping

To evaluate the landscape connectivity of the study area, the threshold of patch connectivity
distance was set to 5 km through repeated experiments, whereas the probability of connectivity was
set to 0.5. The landscape connectivity of the 24 core areas were then evaluated with a large area
extracted by the MSPA (Table 3). The importance of each patch was indicated by the value of its
ecological patch connectivity index in a positive relationship. The considerable importance of
patches, as represented by dl, indicated the greater contribution of patches to network connectivity.
Therefore, six core areas with dPC values greater than 10 were selected as ecological source areas,
whereas the remaining 18 cores areas were categorized into vital core areas (6 < dPC < 10), important
core areas (2 < dPC < 6) and the general core areas (dPC < 2) (Figure 3). The ranking of the landscape
connectivity index values of the core areas showed that the dIIC values of the 24 core areas were
greater than 0.9, and that the dPC values were greater than 1. The patches 1, 9, 10, 16, 23 and 13, for
which the dPC was greater than 10, were selected as the ecological sources for the subsequent analysis
of ecosystem service functions.

Table 3. Evaluation of the landscape connectivity index of the core areas.

Rank Code dl Rank Code dl
dIIC dPC dIic dPC
1 9 34.37 32.31 13 19 6.17 6.63
2 10 36.35 26.35 14 18 3.70 4.38
3 23 16.03 19.15 15 12 419 4.32
4 1 14.33 15.93 16 8 5.48 4.01
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5 16 13.44 13.44 17 24 2.69 3.67
6 13 9.21 11.25 18 22 294 3.42
7 14 10.75 9.24 19 7 231 2.50
8 3 7.375 9.19 20 17 1.34 1.78
9 21 8.11 9.10 21 2 1.52 1.70
10 6 7.07 8.18 22 11 0.96 1.50
11 4 6.25 8.05 23 20 0.96 1.44

As is evident in the spatial distribution of the connectivity of the ecological source area (Figure
3), the overall connectivity of the study area required improvement, with obvious faults in the north
and south regions. Ecological source areas 9 and 10 in the northern part of the study area were mainly
distributed in the Wuyi Mountain. Since Wuyishan City is a national key ecological function area, it
was characterized by a large area of forest land with relatively better biodiversity and relatively good
landscape connectivity, which was beneficial to the migration of species between patches and the
flow of material energy. Only ecological source area 23 showed notable landscape connectivity in the
southern region. Although a number of core areas existed in the eastern part of the study area, the
important and general core areas acted as the main components, and were characterized by a poor
and relatively scattered landscape connectivity and spatial distribution, respectively. The general
core areas with a relatively small areas and low dPC values distributed in the central part of the study
area were not conducive to the construction of ecological networks.
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Figure 3. Classification of the core area based on the patch importance.

3.3. Evaluation and Analysis of Ecosystem Service Functions

This study used the InNVEST model to evaluate ecosystem service functions in Nanping, such as
habitat quality, soil retention and water production, following which the ecosystem service functions
of the different ecological sources were analyzed. The results showed a high spatial variation in
habitat quality (Figure 4a), with low levels in the central and southeastern regions of Nanping, such
as Jianou City and Jianyang District, and relatively higher levels in the northern mountainous area.
The low levels of habitat quality were mainly due to the widespread distribution of built-up areas in
the center of the study area and to serious soil and water loss resulting from the development of tea
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gardens in the southeast of the study area, indicating a declining habitat quality. The distributions of
high-quality and medium-quality habitat were similar as they were both far from urban construction
areas. The habitat qualities of the six ecological sources were generally high, of which the proportion
of high-quality habitat exceeded 70% (Table 4) and the proportion of low-quality habitat did not
exceed 1%. The proportion of the region with high-quality habitat in the largest ecological source area
(9) was 93.62%, whereas that of the ecological source area 13 in the western region of the study area
was 85.93%. Although the surface area of ecological source area 13 was not large, it was characterized
by a low urban development intensity and improved ability for ecological restoration, with a
proportion of high-quality area less than only that of the ecological source area 9 in the north. The
proportion of area with medium-quality habitat in ecological source area 10 was higher than those in
other ecological source areas.

n7°00"E 118°00"L 1197001 117°0'0"C 118%00"T 119°0°0"C
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167043

Figure 4. Spatial distribution of ecosystem services in Nanping.

There was a scattered spatial distribution of the soil retention ecological service function (Figure
4b). The average soil retention of the six highly-connected ecological source areas in Nanping was
more than 2700 t ha™, of which the average soil retentions of the ecological source areas 1 and 9 in
the northeastern part of the study area and Wuyishan were both more than 3500 t ha-. This result
was mainly due to the functional orientation of the national nature reserves and scenic spots, which
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have high coverage of forest landscape that protect the soil resources. In general, the regional
variations in soil retention in the ecological source areas were consistent with the regional variation
in patch connectivity in ecological source areas, indicating that patch connectivity and soil retention
of the northern ecological source areas (1 and 9) were generally higher than those in the southern
ecological source area (23), and that the western ecological source areas (13 and 16) had the lowest
connectivity and soil retention (Table 3, Table 4). Specifically, ecological source area 9, with the
highest patch importance (dPC =32.31) and situated in Wuyi Mountain, had an average soil retention
of 4493.95 t ha™!, whereas that of ecological source area 23 in the southeastern part of the study area
was 3170.48 t ha™!, which was slightly higher than that of ecological source area 10 in the north.
However, the average soil retention of ecological source areas 13 and 16 located in the western part
of the study area were low, with values of 2849.15 t ha™ and 2721.16 t ha™!, respectively. These results
may be related to the relatively small proportion of ecological source area.

Table 4. Ecosystem service of each ecological source area.

Medium  High Average

. Low ) ) ) Average water  Total water
Ecologica . habitat  habitat soil . .
habitat . . . production production
1 source ) quality  quality  retention
quality% (mm) (mm)
% % (t/ha)
0.08 22.40 77.51 3567.27 1199.94 1475.94x10¢0
9 0.07 6.31 93.62 4493.95 1345.21 2991.79x1090
10 0.08 26.72 73.20 3260.56 1235.98 2544.24x100
13 0 14.07 85.93 2849.15 1348.18 1063.25x106
16 0 23.10 76.90 2721.16 1248.95 1307.09x10¢
23 0.88 21.75 77.37 3170.48 1155.51 1749.55x106

Water production ecological service was estimated based mainly on landscape types and the
physical and chemical properties of the soil, including soil contents of sand, clay and organic carbon.
The results showed an uneven spatial distribution of water production, with that in the northwest
region generally higher than in the south region (Figure 4c). The results in Table 4 showed that
average and total water production in the grid cells of the six ecological sources ranged from 1000 to
1400mm, from 1 x 10°to 3 x 10°mm, respectively. Water production of ecological source areas 9 and
13 in the north and west, respectively, were higher than those of other ecological source areas,
whereas the average water production in ecological source area 23 in the southeast region was
relatively low. More specifically, total water production in ecological source areas 9 and 10 were
significantly higher, reaching 3 x 10° mm and 2.5 x 10° mm, respectively, possibly related to less
anthropogenic disturbance and a relatively stable ecosystem persisting in the northern region for
many years, which resulted in a relatively large ecological base flow under natural conditions.
Average and total water production of ecological source area 13 were 1348.18 mm and 1.06 x 10°mm,
respectively, relatively lower than that of other ecological source areas, and possibly due to this area
being relatively smaller.

3.4. Ecological Network Structure Analysis Based on Ecological Landscape Patterns and Ecosystem Service
Functions

The MCR method is to identify the potential lowest-cost corridor of ecological flow between
patches by comprehensively considering the source, resistance and distance factors. The combined
analysis using MSPA and landscape connectivity evaluation determined six ecological source areas
to constitute the core landscape of the study area. Different resistance values and weights as an
indication of resistance to the migration of species were assigned based on multiple factors, such as
land-use type, elevation, habitat quality, water production and soil retention (Table 5). The weight of
resistance of each evaluation factor was estimated by superposition analysis to construct the
consumption surface model of the study area. The cumulative cost surface of each ecological source
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area was then generated by the consumption surface and ecological source. Finally, the cost path
module was used to extract the minimum cost path of the ecological source area, and the gravity
model was used to construct the interaction matrix of the six ecological source areas (Table 6) to
quantitatively evaluate the interaction intensity between them. The matrix results were used to
extract the ecological corridors, with those with an interaction of > 1.6 classified as important
corridors whereas the remainder was classified as general corridors. Using this method, the potential
ecological corridors in the study area were obtained, and were further analyzed for their spatial
distribution.

Table 5. Score and weight of the resistance factors in the study area.

Index layer Class Cost Weight
Land use Cultivated land 50 0.2933
Yard 100
Forest 10
Grassland 200
Water 500
Traffic area 800
Built-up area 1000
Unused land 600
Elevation <300 15 0.0521
300-600 100
600-900 200
900-1200 300
1200-2200 400
Habitat quality 0-0.36 500 0.4109
0.36-0.77 10
0.77-1 5
Soil retention 0-775.06 50 0.4109
775.06-4391.98 15
4391.98-32939.89 10
Water production 120-764.51 5 0.0896
764.51-1269.15 10
1269.15-1670.43 100

The interaction matrix of the ecological source area calculated by the gravity model was used as
a measure of the intensity of the relationship between the different ecological sources, following
which the importance of the corridor between the ecological source areas to the regional ecological
environment was evaluated. The results showed that the interaction intensity between ecological
source areas 1 and 10 was the strongest, followed by those between ecological source areas 16 and 9
and between ecological source areas 10 and 13, indicating a small resistance of the northern ecological
source areas with a higher possibility of species migration. The interaction intensity between
ecological source areas 1 and 13 was the smallest, mainly due to the long distance between them and
the challenges posed to migration. Ecological source area 23 interacted strongly only with ecological
source areas 10 and 16. Therefore, this study identified the need for placement of a bridge area
between the north and south areas to promote the exchange of material and energy.

From the constructed ecological network shown in Figure 5, it can be seen that 15 potential
ecological corridors were evident between the different ecological sources, including nine important
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ecological corridors and six general ecological corridors, with a 751.67 km total length and 1460.31
km total length. The ecological corridors showed a generally uneven spatial distribution, mainly
concentrated in the northern part of the study area and extending to the southern part. The path
between the north and south areas comprised natural woodland is characterized by lower landscape
resistance and higher habitat quality. The density of ecological corridors in the west was higher than
that in the east, with corridors in the west showing a diffuse distribution and with ecological source
area 16 as the center.

117°00"E 118°0'0"E 119°0'0"E

28°0'0"N

Legend

Code
I:’ General Core Area
I:’ Important Core Area
- Vital Core Area
- Lcological Source
l:l Non-ecological land

Important corridors

27°0'0"N

General corridors

0 20 40
— km

Figure 5. Spatial distribution of the potential ecological corridor.

There were generally relatively short distances between the ecological sources in the north,
posing relatively less challenges to migration. Therefore, the distances between the corridors
connecting different ecological sources were relatively short. For example, the lengths of the three
corridors connected with ecological source area 9 were 55.23 km, 56.53 km and 57.07 km, respectively.
The lengths of the three corridors connecting with ecological source area 23 in the south were
relatively long, thereby posing a greater resistance to species migration between the north and south
regions. Among these, the important ecological corridors formed a triangle network, and the general
ecological corridors were concentrated in the northwest. Since only few corridors connected the east
and the north, the ecological network was shown to require improvement.

Table 6. Interaction matrix based on the gravity model.

Patch ID(Code) 1 10 9 13 16 23
1 0 7.08 1.59 0.66 1.95 1.46
10 0 4.89 1.30 5.85 2.35
9 0 2.79 5.60 1.11
13 0 5.33 0.99
16 0 3.70

23 0
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4. Discussion

With the rapid expansion of cities and the deterioration of the ecological environment, species
habitats are gradually being affected by human activities, and species diversity is also continuously
destroyed. Therefore, how to build ecological networks and formulate comprehensive ecological
protection plans to protect species habitats has become an urgent problem to solve. An ecological
source is the basis of an ecological network, which can provide more ecosystem services such as
product supply, ecological regulation and leisure, and is the main source of animal and plant habitats
[37,38]. The corridor structure is also a key component in an ecological network and an important
channel for animal migration, which has a significant impact on the landscape ecological processes
[39]. In a previous study, ecological networks were mostly constructed based on the spatial structure
of the ecological sources, but the ecosystem service functions of the ecological sources were less
considered [40,41]. In this study, ecological service functions, including habitat quality, soil retention
functions and water production services, were incorporated into the construction of an ecological
network, and then a potential ecological corridor was built in Nanping through the integration of the
landscape structure and ecological functions. The construction of the network not only embodies the
landscape structure, but also integrates the versatility of the ecological region, which can provide a
new idea for the construction of an ecological network.

The ecological network of Nanping City have nine important ecological corridors and six general
ecological corridors. The important ecological corridors give priority to the paths of Wuyi Mountain
and the surrounding natural forest areas, which have a better landscape structure and ecosystem
service functions. These areas were less affected by human disturbance and are rich in forest
resources, so they have diverse ecosystems [42,43]. The general ecological corridors are concentrated
in the western and northern parts of the region. The main crossing areas are the vital core areas and
important core areas far from the city; the patches in these areas are relatively large, and are adjacent
to large ecological sources, so the crossing difficulty was relatively small. Metzger et al. [44] also
pointed out that, as for the forest resources, larger habitat patches usually contain abundant
ecological resources, thus providing a better environment for protecting species.

Land-use changes, unreasonable tourism planning and development, and improper ecological
protection in Nanping City have adverse effects on ecosystem services such as soil conservation,
which thus interfere with the ecological corridors [45,46]. Therefore, it is necessary to strengthen the
land-use management with a future plan, to avoid fragmentation of the regional landscape and
degradation of ecosystem functions, which are mainly due to overdevelopment. Furthermore, the
government needs to ease the contradiction between agricultural land and ecological land, reduce
the negative effects of tourism and improve the ecological restoration of the northern region, which
has a rich biodiversity [47]. In addition, more attention should be paid to the ecological construction
of the central urban area. More stringent ecological protection policies, such as less disorderly
expansion of land resources, construction control and less interference from human activities on the
ecological corridor, should be enforced so as to balance urban economic development and ecological
environment protection [48].

The methodology used in this study can be applied in complex ecological environments to
provide references for ecological landscape restoration and regional ecological corridor management.
However, there were also some shortcomings in this study. Firstly, the sensitivity of the specific
species to the width of the ecological corridor was not considered in the construction of the ecological
network. The width of the ecological corridor should also be one of the factors to be considered in the
future for large species. Secondly, the impact of changes in the regional landscape pattern and
ecosystem service functions on ecological corridors in time had not been analyzed. The ecological
landscape and ecosystem service functions of Nanping City had changed significantly over time; a
study on their changing trends can provide significant references for ecological restoration or
ecological corridor construction. Thirdly, although the ecosystem service functions were included in
the selection of ecological resistance factors, there were still some socio-economic factors that have
not been added. Natural and social factors should be fully considered in the future ecological network
research. These shortcomings will be further improved in future research.
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5. Conclusion

The construction of ecological networks in Nanping City has become an important factor
restricting species diversity and socio-economic development [46,49]. This study applied MSPA and
landscape connectivity indicators to identify the ecological source of Nanping, and then used the
InVEST model to evaluate the ecosystem service functions of the ecological source, such as habitat
quality, soil conservation and water production. Finally, a potential ecological corridor was built
according to natural ecological elements and ecosystem services functions. Based on the analysis of
the spatial distribution of the ecological network, some suggestions on the management optimization
of a regional ecological network were put forward, which will provide reference for the ecological
construction of Nanping City. The results showed that the overall connectivity of the ecological
landscape was not high, and the northern ecological sources generally had a higher level of landscape
connectivity than the southern ecological sources. In addition, the ecosystem service function level of
the ecological source area was consistent with the level of landscape connectivity. The ecological
source area with better landscape connectivity had a higher proportion of habitat quality, high soil
retention and high water production.

On the whole, the internal ecological network is unevenly distributed. The density of the
ecological corridors in the northern and western regions is relatively high, and the corridor distance
is relatively short. The ecological corridors connecting the northern and southern regions are long
and difficult to cross. There are few ecological corridors crossing the tea gardens in the southeast.
Therefore, priority should be given to improving the connecting corridors between the north and
south of the region. Engineering measures, such as storage, drainage and irrigation, could be carried
out to improve the ecosystem service level of the important core areas, such as the tea garden area in
the southeast. In addition, it is necessary to improve the ecological environment around the
construction area in the central area, as well as to increase the number of stepping stones and also
reduce the distance between these stepping stones between the important core areas and the
ecological source. Then the effective connection of the north—south migration path can be built by
reducing the difficulty for species crossing [50]. Moreover, the northern ecological source areas,
especially the Wuyi Mountains, should be protected as the distribution of the ecological corridors
involves the connection between nature reserves; the bridging role of the Wuyi Mountains also
should be fully utilized to improve the level of landscape connectivity and to reduce the
fragmentation of the landscape. A comprehensive management system for biodiversity protection in
Nanping City would be an effective measure to protect species and ensure their migration. These
results can provide certain theoretical support for Nanping City to improve the landscape pattern of
different ecological sources and improve the level of ecosystem services.
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