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Rapid urbanization has led to the continuous degradation of natural ecological space
within large urban agglomerations, triggering landscape fragmentation and habitat loss,
which poses a great threat to regional ecological sustainability. Ecological networks
(ENs) are a comprehensive control scheme to protect regional ecological sustainability.
However, in the current research about ENs, most studies can only determine the
orientation of ecological corridors but not their specific spatial range. This leads to
the fact that ENs can only be abstract concepts composed of points and lines,
and cannot be implemented into concrete spatial planning. In this study, taking
the Shandong Peninsula urban agglomeration as an example, ecological sources
were identified by morphological spatial pattern analysis (MSPA) and habitat quality
assessment, ecological resistance surfaces were constructed based on habitat risk
assessment (HRA). And circuit theory was used to simulate the ecosystem processes
in heterogeneous landscapes via by calculating the cumulative current value and
cumulative current recovery value, to identify the spatial range and key areas of
ecological corridors. The results showed that the ENs includes 6,263.73 km? of
ecological sources, 12,136.61 km? of ecological corridors, 283.61 km? of pinch points
and 347.51 km? of barriers. Specifically, ecological sources were distributed in a spatial
pattern of five groups, and ecological corridors were short and dense within groups, long
in distance and narrow in width between groups. The pinch points and barriers mainly
exist in the ecological corridors connecting the inner and outer parts of the central city
and in the inter-group corridors. In order to ensure the connectivity and effectiveness
of ENs, it is necessary to focus on the pinch points and barriers and include them
in the priority areas for protection and restoration. Based on MSPA and circuit theory,
this study provides a new method for determining the spatial range of ENs and the
specific locations of priority areas, and provides a feasible solution for the concrete
implementation of ENs to achieve effective ecological protection and restoration.

Keywords: ecological networks, MSPA, habitat risk, circuit theory, spatial range of ecological corridors, pinch
points, barriers, Shandong Peninsula urban agglomerations
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INTRODUCTION

In recent decades, with the acceleration of global environmental
change and urbanization, land cover and related surface processes
have undergone significant changes (Deng et al., 2009; Kong
et al., 2017). Especially in large urban agglomeration, with
the continuous expansion of construction land, the land use
pattern had undergone great changes in quantity, quality and
spatial layout (Peng et al., 2017; Salvati et al., 2018). It was
mainly embodied in the transformation from the original natural
ecosystem with ecological land as the carrier to the socio-
economic system with construction land as the carrier (Rebelo
et al, 2011). In the process of system transformation, on
the one hand, with the decrease of natural ecological space,
a series of ecological functions such as regional biodiversity,
carbon storage, climate regulation and water conservation were
destroyed (Pei et al., 2015; Mcdonald et al., 2018; Wang et al.,
2019; Jin et al., 2020). On the other hand, with the continuous
expansion of urban space, the population have been concentrated
in urban areas, which lead to the continuous increase of pollutant
emissions and accelerated consumption of natural resources
(Elansky et al., 2018; Wang et al., 2019), destroying the ecological
environment and threatening the safety of the entire ecosystem
(Hammad and Tumeizi, 2012; Masum et al., 2017).

Researchers have proposed the concept of ecological networks
(ENs) aimed at avoiding threats to the basic structure and
function of ecosystems from the uncontrolled expansion of urban
construction. ENs is essentially a spatial regulation scheme that
coordinates natural ecosystems with socio-economic systems
(Liang et al, 2018; D’Aloia et al, 2019; De Montis et al,
2019). It identifies the most important areas by comparing the
importance of different landscape patches to ecological processes
and ecological functions, and constructs a network system
that can maintain the integrity of regional ecosystems and the
continuity of ecological processes (Isaac et al., 2018; Cunha and
Magalhies, 2019; Huang X. et al., 2021; Tang et al., 2021). Thus,
it avoids the occupation and disturbance of these areas by urban
expansion and ultimately ensures the ecological sustainability of
regional development (Huang X. et al., 2021). Similar concepts
include ecological infrastructure (EI) (Marchant, 2014; Sigwela
etal., 2017), green infrastructure (GI) (Weber et al., 2006; Liquete
et al., 2015; Coppola et al., 2019; Afionis et al., 2020), ecological
security pattern (ESP) (Peng et al., 2018a, 2019; Huang et al,,
2019; Wang and Pan, 2019).

After decades of development, ENs construction has formed
a basic research paradigm of “identifying ecological sources,
constructing ecological resistance surfaces, and extracting
ecological corridors” (Weber et al., 2006; Peng et al., 2018b;
Huang L. et al,, 2021; Huang X. et al., 2021). Various techniques
within the framework are also evolving. Among them, ecological
sources are habitat patches that are important to regional
ecosystems or have radiating functions. They are the basis for
building ENs, which are generally identified by quantitative
evaluation of ecological importance. Ecological functional
importance is generally determined by calculating the ecosystem
services that ecological patches can provide, such as biodiversity,
climate regulation and pollution prevention (Huang et al., 2019;

Peng et al, 2019; Dai et al, 2021). Landscape connectivity,
ecological sensitivity and environmental suitability are also
important indicators in the ecological importance evaluation
system (Pierik et al., 2016; Su et al., 2016; Zhang et al., 2016).
In addition, morphological spatial pattern analysis (MSPA) is
gradually becoming a key technical method for ecological sources
identification because of its emphasis on structural connectivity
to increase the scientific nature of ecological source selection
(Xiao et al.,, 2020; Huang X. et al., 2021). Ecological resistance
surface is another core element in the ENs construction. It is
generally obtained by assigning values to land use types. Since
direct assignment is too subjective and ignores the internal
differences under the same land use type, it hides the influence of
human activities on the ecological resistance coeflicient (Huang
etal, 2019; Lietal., 2020). Therefore, indicators such as nighttime
light intensity, impervious area, and surface moisture index,
which can reflect the landscape heterogeneity of the study area,
are gradually used for the correction of the resistance surface
(Peng et al., 2018b, 2019; Huang L. et al., 2021). In the ecological
corridor extraction, the minimum cumulative resistance model
(MCR) is the traditional method which can determine the
direction and optimal route of biological flow, but cannot clarify
the spatial extent and key nodes of ecological corridors (Huang
et al., 2019; Dai et al,, 2021). The application of circuit theory
effectively bridges this gap by simulating the direction of bio-flow
through the random walk of electric current and determining
the key locations in the corridor according to the magnitude of
current intensity (Peng et al., 2018b; Yang et al., 2021; Yu et al,,
2021) (Figure 1).

In recent years, research on ENs has gradually begun to
focus on the identification of the spatial range of ENs, where
the core research problem is the determination of the width of
ecological corridors. Once the width of the ecological corridor
is determined, it will make ENs no longer abstract networks
composed of points and lines, but landscape entities with
relatively defined spatial range. This will provide the theoretical
and methodological foundation for promoting ecological
conservation and restoration implementation planning and
further research within the spatial range of ENs (Huang L. et al,,
2021). Peng et al. (2018a) identified the width of ecological
corridors in Yunnan Province based on the threshold of
cummulated resistance. Dong et al. (2020) integrated spatial
continuous wavelet transform and kernel density analysis to
determine the spatial range of ecological corridors in Beijing.
Huang L. et al. (2021) determined the width of ecological
corridors in Shanghai according to different cumulative
resistance thresholds and the change trends of risk indexes.
These studies, based on the edge effect of ecological corridors,
determined the width of ecological corridors according to the
change trend of indicators reflecting the landscape heterogeneity
on both sides inside and outside the corridor, which were
the useful attempt in the study of determining the width of
ecological corridors and promotes the study of the identification
of the spatial range of ENs. However, these methods suffer from
strong subjectivity in the selection of indicators and large spatial
gradients, making the accuracy and spatial precision of ecological
corridor widths doubtful. In general, the current research on
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FIGURE 1 | The basic research paradigm of ecological network construction (blue boxes, identifying ecological sources; orange boxes, constructing ecological
resistance surfaces; green boxes, extracting ecological corridors).

identifying the spatial range of ENs is still in the initial stage, and
further improvements are still needed in the theoretical basis,
identification methods and validity tests. This study proposed
an approach to determine the width of ecological corridors
based on the effective cumulative current values of ecological
corridor simulated by circuit theory, in an attempt to improve
the objectivity and spatial precision in determining the width of
ecological corridor. The purpose of this study is to identify the
key areas within the ENs based on the improved identification
method of ENs spatial range. Then, according to the nature of
the key areas, priority areas for conservation and restoration in
the ENs of large urban agglomeration were identified.

The Shandong Peninsula urban agglomeration, located in
the eastern coastal region of China, is one of the fastest
growing urban agglomerations in China (Peng et al., 2020).
During the past decades of development, it has experienced
a rapid urbanization process, and the structure and function
of the regional ecosystem have suffered a violent impact. This
is also a common problem faced by other rapidly developing
urban agglomeration. Taking the Shandong Peninsula urban
agglomeration as an example, this study is based on a new
approach to determine the ENs spatial range of the urban

agglomeration, and to identify priority areas for conservation
and restoration in the ENs. Specifically, this study has three
research objectives: (1) to integrate MSPA and circuit theory
to identify the spatial range and key areas of ENs in large
urban agglomeration areas; (2) to identify priority conservation
and restoration areas in ENs based on the nature of key areas;
(3) to integrate important areas of ecosystem functions and
key areas of ENs into ecological conservation and restoration
implementation plans for large urban agglomeration. By focusing
on priority areas, to develop implementation planning to
promote the implementation efficiency of restoration and
conservation measures in large urban agglomeration.

STUDY AREA AND DATA SOURCE
Study Area

The Shandong Peninsula urban agglomeration is one of the
important urban agglomeration in northern China, located on
the eastern coast of China and the southern flank of the Bohai
Sea Rim. The specific scope of the Shandong Peninsula urban
agglomeration varies depending on the claims made by the
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FIGURE 2 | Land use types and geographical location of Shandong Peninsula urban agglomeration.
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government and scholars at different times. In this study, we
adopt the widely accepted 8-city scenario proposed by Prof.
Zhou Yixing in “Study on the Development Strategy of Shandong
Peninsula Urban Agglomeration,” including the coastal cities of
Yantai, Weihai, Qingdao, Rizhao, Weifang, Dongying and the
two non-coastal cities of Zibo and Jinan (Figure 2). The total
land area of Shandong Peninsula urban agglomeration is about
73,000 km?, accounting for 46.5% of the Shangdong province. By
the end of 2018, the resident population of Shandong Peninsula
urban agglomeration was 45,984,200, accounting for 45.77% of
Shangdong province; the regional GDP was 4,891,191 billion
yuan, accounting for 63.96% of Shandong province, and the
per capita GDP was 106,400 yuan, 1.39 times of the province’s
average. Since 2,000, with the accelerated urbanization process,
the ecological space within the urban agglomeration has been
squeezed and degraded, and the biodiversity has been drastically
reduced. Strict ecological protection and restoration measures
must be taken to improve the ecological situation, maintain
the ecological security of urban agglomerations and achieve
sustainable regional development.

Data Source

Land use data, nighttime light index, normalized difference
vegetation index (NDVI), leaf-area index (LAI), raster
of averaged PM2.5 Concentrations, meteorological data
(precipitation, temperature, wind speed), and road traffic data
were applied to the study, and general information on each data
is shown in Table 1. Among them, NDVI was obtained from the
MOD13Q1 dataset based on the data time series from January to
December 2018 to calculate the monthly average value of raster
data that is produced every 16 days. LAI was obtained from the
MODI15A2H dataset based on the data time series from January
to March and September to December 2018 (i.e., in winter half-
year) to calculate the average value of raster data that is produced
every 8 days. The rest of the data were obtained by clipping
from the downloaded raw data. Specifically, land use data were
used for the calculation of habitat quality, habitat risk and
MSPA; nighttime light index was used for constructing ecological
resistance surfaces; NDVI and meteorological data were used
for the calculation of the net primary productivity of vegetation;
LAI and raster of averaged PM2.5 Concentrations were used
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TABLE 1 | General status of data for study.

Name of data Processing methods Formats

Temporal reference Data sources

Land use data Clip 30 m*30 m raster 2018 http://www.resdc.cn/
Nighttime light index Clip 1 km*1 km raster 2018 https://www.ngdc.noaa.gov/
NDVI Clip 250 m*250 m raster monthly average value in 2018 https://lpdaac.usgs.gov/

LAI Clip 500 m*500 m raster monthly average value in 2018 https://lpdaac.usgs.gov/
PMy 5 concentrations Clip 1 km*1 km raster 2018 http://fizz.phys.dal.ca/
Precipitation Clip 1 km*1 km raster 2018 http://www.geodata.cn/
Temperature Clip 1 km*1 km raster 2018 http://www.geodata.cn/
Wind speed Clip 100 m*100 m raster 2018 https://globalsolaratlas.info/
Solar radiation Clip 100 m*100 m raster 2018 https://globalsolaratlas.info/
Traffic data Clip vector 2018 https://lbs.amap.com/

for the calculation of PM2.5 removal function (according to the
statistics, most of the PM2.5 occurs in the winter half year, so this
study calculated the ability of vegetation to remove PM2.5 in the
winter half year); road traffic data were used for the calculation
of habitat quality, habitat risk. All data were converted into a
consistent resolution (100 m * 100 m).

RESEARCH METHODOLOGY

Identifying Ecological Sources Based on
Morphological Spatial Pattern Analysis
and Habitat Quality

MSPA is an image processing method based on mathematical
morphological principles such as erosion, expansion, open
operation and closed operation to measure, identify and segment
the spatial pattern of raster images (Soille and Vogt, 2009; Xiao
et al., 2020; Huang X. et al,, 2021). It can distinguish the type
and structure of landscape more precisely. Combining with the
current situation of landscape types in Shandong Peninsula urban
agglomeration, natural landscapes with high ecosystem service
value and less human interference, such as forest, grassland, water
and wetland, were used as the foreground data for MSPA analysis.
Cultivated land, construction land and bare land were used as
the background data due to the lack of living environment for
species to feed. According to the parameter settings of MSPA,
the 30 x 30 m land use type raster map of Shandong Peninsula
urban agglomeration was firstly converted into binary images of
foreground and background, and then processed into seven types
of landscape elements by Guidos Toolbox software to obtain core,
islet, perforation, edge, bridge, loop, and branch.

Since MSPA only reflects the morphological and structural
importance of landscape patches in the regional landscape
pattern, it cannot evaluate the habitat suitability within the
landscape patches. Therefore, based on the MSPA analysis, this
study introduced the habitat quality model to further assess the
habitat suitability of the core area, and identified the high habitat
quality patches in the core area as ecological sources. The habitat
quality module of the InVEST model (Sharp et al., 2016) was
used to assess the habitat quality of the core area. It assesses the
distribution and degradation of habitats in different landscapes
based on the habitat quality calculated from the distance,

TABLE 2 | Parameter settings for threat sources.

Threat Maximum distance Weight Decay
Paddy field 6 0.5 Linear
Dryland 6 0.7 Linear
City 9 1 Exponential
Rural settlement 5 0.6 Exponential
Other construction land 4 0.6 Exponential
Road 4 0.5 Exponential
Bare land 4 0.3 Exponential

intensity and response of different habitats to threat sources, and
can reflect the state of biodiversity within a landscape patch and
its potential level to provide survival conditions for species (Li
et al,, 2018; Sun et al,, 2019). In this study, habitat quality was
measured by the habitat quality module in InVEST3.1.2 model.
The main parameters were set with reference to the example data
of InVEST model, previous studies (Sharp et al., 2016; Li et al.,
2018; Sun et al., 2019; Xu et al., 2019; Zhai et al., 2020) and actual
situation within the study area, as shown in Tables 2, 3.

Constructing Ecological Resistance
Surfaces Based on Habitat Risk

The scientific construction of ecological resistance surface is
important for the accuracy of ENs identification. Past studies
usually determined different ecological resistance values based on
different land use types (Peng et al., 2018a,b; Huang et al., 2019).
However, within urban agglomeration, landscape characteristics
such as the degree of economic development and intensity of
human activities vary greatly from region to region, leading to
great landscape variability of the same land use type in different
regions. Setting resistance values based only on land use types
cannot objectively and accurately reflect the degree of landscape
disturbance to biological flows. Therefore, this study introduced
the habitat risk model to construct ecological resistance surface.
The Habitat Risk Assessment (HRA) model is commonly used
to evaluate the impact of human activities on ecosystem health,
and can reflect the degree of human activities' disturbance to
ecosystems. This fits perfectly with the connotation of ecological
resistance surfaces. HRA is based on ecological risk theory
and spatial overlay analysis, which combines the frequency and
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TABLE 3 | Sensitivity coefficient of habitats to threat sources.

Land-use type Habitat suitability score

Sensitivity to threats

Paddy field Dryland uc RC Road Bare land
Paddy field 0.6 0 0.3 0.5 0.4 0.3 0.1
Dryland 0.4 0.3 0 0.5 0.4 0.3 0.1
Forest 1 0.8 0.5 1 0.9 0.7 0.3
Grassland 0.8 0.4 0.4 0.6 0.5 0.5 0.3
Wetland 0.9 0.7 0.7 0.9 0.8 0.5 0.3
uc 0 0 0 0 0 0 0
RC 0 0 0 0 0 0
Bare land 0 0 0 0 0 0 0

degree of threat of habitat threat factors, the degree of impact on
habitat factors and self-restoration ability to simulate and assess
the degree of disturbance to ecological land (Arkema et al., 2014;
Duggan et al., 2015; Wyatt et al., 2017). In this study, the habitat
risk was calculated by the habitat risk module in InVEST3.1.2
(Sharp etal., 2016). And the selection of habitat factors and threat
sources were kept consistent with the habitat quality module,
and the base parameters were set according to the HRA model
guidelines, and the exposure, impact and risk were calculated as
follows:

M=
EY

* |0
=

E== ) (1)
Z d,'*w,‘
i=1
N C,
'Z‘i d,-*lw,
1=
C=+ 1 (2)
Z dikw;
i=1
Rj=V(E-1)2+(C—1) 3)
J
Ri= )R 4
=1

In the formula, E denotes exposure, C denotes influence, Rij
denotes the risk of habitat i caused by ecological threat factor j,
Ri is the habitat risk value of habitat I, ei is the average ecological
threat impact score of all patches of the threatened species, ci is
the score of all plaques affected by the habitat factor, wi is the
threat score for each grid, di is the data quality score, and N is the
number of each habitat evaluation criterion.

However, it is clear from the calculation process of habitat
risk that habitat risk can only reflect the ecological resistance
value of ecological land. For non-habitats, this study introduced
the strength of nighttime light index to reflect the spatial
extent and activity intensity of human activities on biological
flow. Nighttime light index effectively reflects the spatial extent
and activity intensity of human activities in urban area (Yang
et al., 2020), and wildlife would avoid areas usually with higher

light intensity during their activities to avoid human threats
(Gaston et al., 2013).

Identifying the Spatial Range of

Ecological Corridors and Their Key

Areas Based on Circuit Theory

Identifying the Spatial Range of Ecological Corridors
Circuit theory combines circuits in physics with ecology through
random walk theory (McRae and Beier, 2007; McRae et al., 2008).
In the process of species migration or dispersal, the landscape
is considered as a conductive surface with low resistance
in high permeability landscapes and high resistance in low
permeability landscapes. The circuit theory model assumes that
species migration or dispersal through different resistance values
produces differential current densities by connecting source
patches and creating cumulative current values as a depletion
path (Peng et al., 2018a; Huang L. et al., 2021). Higher cumulative
current values indicate better connectivity between the two
ecological sources in the area, with more species or more frequent
passage of a species through the area, i.e., more frequent use
of the ecological corridor. Therefore, this method cannot only
simulate the migration routes of organisms between ecological
sources by current direction, but also determine the spatial
range of ecological corridors by extracting the effective value
of cumulative current values (current value > 0). In this study,
the Linkage Mapper module (Version 2.0.0) in Circuitscape
(McRae and Beier, 2007; McRae et al., 2008)" was used to identify
the direction of ecological corridors, and corridor ranges were
determined using the cumulative current value.

Identifying the Key Areas in Ecological Corridors

In circuit theory, the cumulative current value reflects the net
migration of random wanderers. The higher the cumulative
current value of a grid, the more important the grid is to the
landscape. The areas of the corridor with the highest cumulative
current density are called pinch points (McRae et al., 2008;
Xiao et al.,, 2020; Yu et al., 2021), which indicate that species
are more likely to pass through the area between habitats or
that there are no other available pathways. If pinch points are
removed or altered, this will have a very significant impact

'http://www.circuitscape.org/
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on regional landscape connectivity. Therefore, pinch points are
critical areas on ecological corridors and are priority areas for
ecological conservation.

The area of the corridor with the highest cumulative current
recovery value is called the barrier (Peng et al., 2018a). The
ecological corridor at the barrier is actually in a fractured
state, and the connectivity between ecological sources must
be enhanced by ecological restoration measures. Therefore,
barriers are fractured areas in ENs and are priority areas
for ecological restoration. The pinchpoint mapper and barrier
mapper modules in Circuitscape see text footnote 1were used to
identify pinchpoint and barrier.

RESEARCH RESULTS

Spatial Distribution Characteristics of
Ecological Sources in Shandong

Peninsula Urban Agglomeration

Figure 3 shows the results of MSPA analysis. After spatial
statistics, it can be found that the core areas account for about
11.04% of the total area of the study area and about 45.96% of
the natural ecological space. They were distributed in clusters
within the study area. The areas of high habitat quality in the
study area (Figure 4) were more consistent with the core areas
in terms of spatial distribution. And the ecological sources of
the Shandong Peninsula urban agglomeration were obtained
by extracting the habitat quality high value areas in the core
areas. The ecological sources mainly consisted of forests and
wetlands, with a total of 146 locations and a total area of 6,263.73
km?, accounting for about 8.35% of the study area. In terms
of spatial distribution (Figure 5), the ecological sources were

concentrated in the hilly mountainous and coastal areas of the
study area, and were distributed in five groups. The first is the
Jinan-Zibo group, including the northern part of Mount Tai,
Mount Lu and Mount Yi; the second is the Dongying-Weifang
group, including the coastal wetlands of the two regions; the
third is the Rizhao group, mainly the Wulian Mountain in
Rizhao; the fourth is the Yantai-Weihai group, including the
continuous hills of Kunyu Mountain, Mount Ai; The fifth group
is the Yantai-Qingdao group, which includes Daji Mountain,
Daze Mountain and Mount Cha in the border area between
Yantai and Qingdao. In addition to the five groups, a few
isolated patches such as Laoshan Mountain were also included. In
general, ecological sources were scarce in the central part of the
urban agglomeration, resulting in the fragmentation of ecological
sources in the Shandong Peninsula urban agglomeration and long
distances between source groups.

Spatial Differences in Ecological
Resistance Surfaces in the Shandong

Peninsula Urban Agglomeration

As shown in Figure 6, the spatial heterogeneity of ecological
resistance surfaces in the Shandong Peninsula urban
agglomeration integrating habitat risk and nighttime light
index was significant, which fully reflected the scope and
intensity of human activities within the urban agglomeration.
Coastal cities such as Yantai, Weihai and Qingdao formed a
continuous space of high resistance values along the coastline.
Inland cities such as Jinan, Zibo and Weifang formed large-scale
contiguous areas of high resistance value near their central urban
areas. Small and medium-sized towns between major cities
formed areas with the next highest resistance values. In addition,
the transportation networks connecting cities and towns also
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FIGURE 3 | MSPA landscape classification.
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FIGURE 5 | Spatial distribution of ecological sources in Shandong Peninsula urban agglomeration.
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have relatively high resistance values. The average resistance
value within the urban agglomeration was 21.61. Among them,
Qingdao had the highest average resistance value of 25.044,
while Zibo, Jinan and Weihai had higher average resistance
values than the regional average of 23.79/23.38/22.12. Yantai
and Rizhao had the lowest average resistance values of 19.28
and 17.96, respectively. In general, the natural ecological space
in the Shandong Peninsula urban agglomeration was squeezed
into relatively closed ecological clusters by the contiguous urban
space and the dense road traffic network. The inter-group

connections were cut and hindered, resulting in a serious impact
on the integrity and connectivity of the ecosystem within the
urban agglomeration.

Spatial Distribution of Ecological
Networks in Shandong Peninsula Urban

Agglomeration
Based on the identification and calculation results of ecological
sources and ecological resistance surfaces, combined with
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FIGURE 6 | Spatial differentiation of ecological resistance surface in Shandong Peninsula urban agglomeration.
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FIGURE 7 | Spatial orientation of ecological corridors in Shandong Peninsula urban agglomeration.
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circuit theory calculations, the ecological corridors of Shandong
Peninsula urban agglomeration were identified. As shown in
Figure 7, the total length of ecological corridors in the Shandong
Peninsula urban agglomeration was 2994.74 km, and the average
length of ecological corridors in each ecological source group was
9.14 km, of which the average distance of ecological corridors
in the Jinan-Zibo group was 7.22 km and the average distance
in the Rizhao group was 18.27 km. The average length of the
inter-group corridors was 76.86 km, among which the No. 1
inter-group corridor and No. 6 inter-group corridor were more

than 80 km apart, indicating that the connection between the
ecological source groups was weak, and the risk of disturbance
and breakage was relatively high.

On the basis of the calculated ecological corridor orientation,
the spatial range of the ecological corridor was obtained by
calculating the cumulative current values between the sources
and extracting the effective current values. As shown in Figure 8,
the average value of cumulative current value of ecological
corridors in urban agglomeration was 0.049, the highest value was
1, and the lowest value tends to be 0. The total area of ecological
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FIGURE 8 | Cumulative current value of ecological corridors in Shandong Peninsula urban agglomeration.
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FIGURE 9 | Spatial distribution of ecological networks (ENs) in Shandong Peninsula urban agglomeration.
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corridors was 5872.86 km?. In general, the average width of
ecological corridors within urban agglomeration was 1.96 km.
However, the width of ecological corridors in different regions
varies greatly. The average width of the inter-group corridors was
1.45 km, and the average width of the No. 1 inter-group corridor
was the narrowest at 1.12 km, while the average width of the
corridors in the Jinan-Zibo eco-source cluster was 3.18 km. This
was mainly due to the fact that the inter-group corridors have to
traverse human settlements with strong landscape heterogeneity,
and the corridor space was severely squeezed, so they were mostly

in a narrow linear configuration. On the other hand, most of
the ecological corridors in the ecological source groups were
natural ecological spaces, and the corridors were less disturbed
and squeezed, so they were mostly faceted. This also indicates
that biological activities in this area were unrestricted or little
restricted, and can flow almost freely.

Integrating ecological sources and ecological corridors, the
spatial range of the ENs of the Shandong Peninsula urban
agglomeration was identified (Figure 9). The total area of
the ENs was 12136.61 km?, accounting for 16.18% of the
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FIGURE 10 | Spatial distribution of conservation priority areas in the ENs of Shandong Peninsula urban agglomeration.
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total area of the study area. Among them, they were mainly
distributed in Dongying, Zibo and Yantai, accounting for
25.26/19.91/18.27%, respectively; Weihai, Rizhao and Weifang
each accounted for about 15%; Jinan and Qingdao accounted
for the lowest percentage, about 10% each. The overall ENs
also shown the spatial characteristics that dense surrounding
and scarcity in the middle, influenced by the concentrated
distribution of ecological sources in the periphery of the
urban agglomeration.

Priority Conservation and Restoration
Areas in the Ecological Networks of
Shandong Peninsula Urban

Agglomeration

The priority conservation areas are the pinch points on the
ecological corridor. As shown in Figure 10, the total area of the
high value of cumulative current intensity (pinch points) was
about 283.61 km?, accounting for 2.33% of the total area of the
ENs. The pinch points were concentrated on the inter-group
corridors and the corridors within the Yantai-Weihai group.
Most of these corridors passed through dense urban areas and
were poorly replaceable; once the function of the pinch point
was degraded or lost, it will affect the connection of the whole
ENs. Therefore, including the pinch point areas into the priority

conservation areas of the ENs and ensuring the smooth flow
of ecological corridors in the pinch point areas was the key
to ensure that the ecological corridors effectively perform their
ecological functions.

The priority restoration area is the barrier on the ecological
corridor. As shown in Figure 11, the high value areas
of cumulative current recovery value (barriers) were mainly
distributed in the eastern part of the central urban area of Jinan,
the eastern part of the central urban area of Zibo, the eastern
part of Qingdao, the southern part of the central urban area of
Yantai and the southern part of the southwestern part of the
central urban area of Weihai, with a total of 266 locations and a
total area of 347.51 km?, accounting for 2.86% of the total area
of the ENs. Among them, there were 61 obstacle points with
an area of more than 1 km?, mainly distributed in the No. 1
inter-group corridor, No. 6 inter-group corridor and within the
Yantai-Weihai ecological source group. These areas were densely
populated with towns, concentrated contiguous construction
land, intensive human activities, fragmented ecological land,
narrow ecological corridors, and actual in a fractured state.
Among them, the most urgent need for restoration measures
was the area where pinch points and barriers overlap, with an
area of 88.37 km?. These areas were the only corridors for
biological flow between sources, with no alternative paths, but
at the same time were in a broken state, indicating that there
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FIGURE 11 | Spatial distribution of restoration priority areas in the ENs of Shandong Peninsula urban agglomeration.
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were no available paths between the ecological sources connected
by this corridor. Therefore, if restoration measures were not
taken in time, the connectivity of the urban agglomeration
ecosystem and the effectiveness of ecological functions will be
seriously affected.

In general, although the ENs in the Shandong Peninsula urban
agglomeration consisted of large ecological sources and large-
scale ecological corridors, the construction of ENs needs to focus
on only a small part of the study area while maintaining the
status quo. Most ecological corridors were in a reliable state,
and the area that was in a broken state and must be restored
does not exceed 350 km?. Although it is difficult to maintain
the status quo, which is needed to control the rate, scale and
direction of urban expansion. However, by focusing on priority
areas for restoration and conservation, it provides a viable option
for ENs construction.

DISCUSSION AND CONCLUSION

The Role of Ecosystem Functionally

Important Areas in Ecological Networks
In this study, we identified ecological sources based on MSPA
analysis and habitat quality assessment, constructed ecological

resistance surfaces based on habitat risk and nighttime light
data, and identified ecological corridors based on circuit
theory. In general, we constructed an ENs for the Shandong
Peninsula urban agglomeration from the perspective of
maintaining ecosystem connectivity. However, the ENs should
promote nature conservation on the one hand, and take
into account the human demand for ecological products
on the other hand, especially in large urban agglomeration.
Therefore, ENs should not only maintain the integrity and
connectivity of ecosystems, but also maintain and promote
the effective performance of ecosystem functions and the
effective supply of ecosystem services. Ecosystem functions
include four aspects such as production function, regulation
function, habitat maintenance function and information
function (O’Farrell and Anderson, 2010). Ecosystem functionally
important areas are key areas within an ecosystem that can
effectively perform ecosystem functions. In the past studies,
ecosystem functionally important areas were often directly
considered as ecological sources (Weber et al, 2006; Peng
et al., 2018b). However, connecting ecosystem functionally
important areas (e.g., water connotation areas and recreational
recreation areas) using ecological corridors does not seem
to promote ecosystem function per se. Considering the
natural ecological conditions and ecological needs of the study
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FIGURE 12 | Spatial overlap of ENs and ecosystem functionally important areas.

area, this study discusses the role of ecosystem functionally
important area in the ENs by identifying important area of
carbon sequestration function and PM2.5 removal function
in the regulating function (the detailed calculation process in
Supplementary Material).

In terms of spatial distribution (Figure 12), the scope and
area of the ecosystem functionally important areas are much
larger than the ecological sources. If the ecosystem functionally
important areas are included in the ecological sources, it is likely
to identify ineffective ecological corridors, increase the scale and
protection cost of the ENs, and reduce the nature conservation
value and efficiency. Looking at the spatial overlay of ecological
networks and ecosystem functionally important areas, a clear
spatial hierarchy can be found. The ecological sources are the
core, the ecological corridors are the channels that disperse
around the ecological sources, and the ecosystem functionally
important areas surround them. Therefore, we consider the
ecosystem functionally important areas as a low-intensity land
use buffer around the ecological network, which protects the
ENs from the high-intensity disturbances associated with urban
development and is an important part of the ENs. It can also be
considered as a transition area between the natural ecosystem
represented by the ENs and the socio-economic system, which
provides both a buffer zone for the protection of the ENs and an
effective ecosystem service for human society.

Achieving nature conservation and maintaining ecosystem
functions are two aspects of ENs, which should not be confused
with each other but not completely separated. We believe

that on the basis of constructing ENs that maintains regional
biodiversity and regional ecosystem connectivity, integrating
ecosystem functionally important areas into the ENs and acting
as buffer zones for the core elements of the ENs can realize the
integration of the structure and function of the ENs.

Implications for the Implementation Plan
of Ecological Conservation and
Restoration in Shandong Peninsula

Urban Agglomeration

For different spatial elements in the ENs, according to
the ecological characteristics of various spatial elements and
their sensitivity to human activities, the implementation
plan for ecological conservation and restoration of large
urban agglomeration should develop different conservation and
restoration measures. First, the ecological source areas that need
strict conservation. For core habitats such as Mount Lu, Mount
Yi and Kunyu mountain, ecological conservation measures
must be strictly implemented to enhance the conservation and
maintenance of habitat systems on the premise of ecological
conservation; the intensity of human activities must be reduced as
much as possible, and all large-scale production and construction
activities are prohibited. Second, ecological corridors that need
to be maintained and constructed. For the priority conservation
areas on ecological corridors, land use type conversion should
be strictly restricted to avoid the loss of ecological functions and
affect the efficiency and stability of ENs connectivity. For the
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priority restoration areas on ecological corridors, engineering
measures such as returning farmland to forest and grass,
ecological re-greening, and building wildlife corridors should be
taken to restore corridor functions and improve the connectivity
of ENs. Third, ecosystem functionally important areas that
need to be maintained and protected. Destructive and high-
intensity urban development should be avoided in these areas,
and agricultural development, tourism development and other
development and utilization activities should be carried out
without destroying the corresponding ecological functions.

Limitations and Directions for Future
Work

In China, ecosystem conservation and restoration has been
elevated to a national strategy in response to the enormous
threats to the country’s natural ecosystem caused by rapid
urban expansion over the past decades. Especially in large
urban agglomeration, there is an urgent need to identify key
ecological spaces and prioritize conservation and restoration.
Based on the integration of MSPA and circuit theory, this
study develops an integrated approach to identify the
spatial range and key areas of ENs and integrate ecosystem
functionally important areas into them to form a spatial
scheme of ENs that both achieve nature conservation and
maintain ecosystem functions. In the ENs identification,
we improved the method of setting ecological resistance
surface. Unlike most past studies that assigned ecological
resistance values based on land use types, we constructed
ecological resistance surfaces based on habitat risk and
nighttime lighting data. This method takes into account the
landscape variability of the same land type in different areas,
which makes the setting of resistance values more objective.
Based on the effective current intensity and cumulative
recovery current values of the ecological corridor calculated
by circuit theory, this study identified the width and key
areas of the ecological corridor. Compared with most past
studies that could only identify the direction of ecological
corridors, this made the ENs no longer an abstract network
of points and lines, but a spatially presentable landscape
entity. And it allows ENs planning and ecological protection
and restoration measures for large urban agglomeration
to be implemented to specific patches. By focusing on
priority conservation and restoration areas in ENs, the
effectiveness and connectivity of ENs can be ensured as
much as possible by concentrating ecological investments in
a few priority areas with limited investments. In addition,
we have explored the integration of ecologically important
areas into ENs, rather than simply including ecologically
important areas into ecological sources, to avoid the creation of
ineffective corridors.

However, combined with the existing studies, we believe
that there are still some shortcomings in this study that
need to be further explored. The determination of the width
of ecological corridors is still a difficult problem in ENs

research (Weber et al, 2006; Wang et al, 2019; Huang
L. et al, 2021). Research on ecological corridor width
determination is not mature. This study took the effective
current value of the ecological corridor calculated by the
model as the spatial range of the ecological corridor. Although
it avoids the subjectivity of indicator selection and spatial
gradient setting in existing methods and improves the spatial
precision of corridor identification, it does not take into
account the landscape characteristics, spatial heterogeneity
and functional effectiveness inside and outside the corridor.
These are the key indicators that may affect the corridor
width. Therefore, the accuracy and validity of ecological
corridor width still need to be further tested and studied.
The design of ecological corridors strictly depends on the
spatial scale (Fichera et al, 2015; Liang et al, 2018), so
what is the appropriate width of ecological corridors under
different geographic environments and spatial scales? Further
research should be conducted from different perspective and
corridor ecological effect measurement. In addition, in-depth
research is needed on the coupling and coordination of
nature conservation and ecosystem functions in ENs. In
addition to the simple inclusion of ecosystem functionally
important areas into ecological networks, the coupling and
coordination relationship between biodiversity conservation
and multiple ecosystem functions, and the difference in
sensitivity of different ecosystem functions to human activities
should be explored.

CONCLUSION

Most previous studies on ENs can only determine the orientation
of ecological corridors, and were not mature enough in
determining their spatial range. In this study, an integrated
approach based on MSPA analysis and circuit theory was
developed for determining the spatial range of ENs of the
Shandong Peninsula urban agglomeration and the priority
areas for restoration and protection. The results shown that
the ENs of the Shandong Peninsula urban agglomeration
consists of 6,263.73 km? of ecological sources and 12136.61
km? of ecological corridors, accounting for about 16.18% of
the total area of the study area. Ecological sources were
distributed in groups, and ecological corridors were distributed
in a network within each source group and in a narrow
line between source groups. The priority conservation areas
and priority restoration areas in the ENs were pinch points
and barriers on the ecological corridors, respectively, with
a total area of 542.75 km?. Planners and the government
should focus implementation planning on priority areas through
effective restoration and protection measures, such as eco-
redlining policies, eco-agriculture, and reforestation. This
method can provide spatial guidance for the implementation
of ENs and urban planning for the Shandong Peninsula
urban agglomeration. This approach prioritizes ENs in a
simple but effective way, which may help planners and the
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government to implement ecological protection and restoration
projects, and more funds and resources should be allocated
to priority areas.
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