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Abstract

Accelerated urbanization and population growth lead to the fragmentation of urban green space and loss of biodiversity.
There are few studies on the integration of structural and functional connectivity to solve this problem. Our study aims to
draw up a methodology to synthesize two methods of connectivity evaluation, accordingly, to construct an urban green
infrastructure (UGI) network which is of great significance to maintain the stability of the urban ecosystem. Taking Beijing
as a study area, we first used Morphological Spatial Pattern Analysis (MSPA) to identify the source patches, then combined
with the graph theory-based landscape metrics to discuss the effect of different diffusion distances on the regional land-
scape connectivity and classify the importance level of the source patches. Finally, we used both least-cost path (LCP) and
circuit theory to construct network and identify pinch areas in corridors for network optimization. The results show that (1)
the landscape connectivity of the study area is obviously polarized. Source patches in mountain and hilly areas have good
ecological bases and large areas, and the density of corridors is relatively high, which makes a large contribution to the
overall landscape connectivity; Source patches in plain areas are severely fragmented, and there are only a small number of
potential corridors connecting urban areas and suburban areas. (2) The UGI network is composed of 70 source patches and
148 potential corridors. The diffusion distance that is most beneficial to improve landscape connectivity is 20-25 km. (3)
6 pinch areas that are of great significance for improving the connectivity of the landscape present the coexistence of high
migration resistance and large optimization potential, and urgently need to be restored first. This study provides a method
to combine the structural and the functional analysis to construct a UGI network and formulate more scientifical protection
strategies for planning departments.

Keywords Urban green infrastructure (UGI) - Morphological Spatial Pattern Analysis (MSPA) - Graph theory-based
landscape metrics - Circuit theory - Beijing

Introduction

Urbanization and landscape fragmentation can affect the
material flow and energy balance of the urban natural eco-
systems, making the system more and more vulnerable to
structural changes (Alberti and Marzluff 2004) and becom-
ing one of the main reasons for the loss of biodiversity
(Breuste et al. 2015). Biodiversity plays a multi-layered
role in the delivery of ecosystem services (ESs) (Mace
et al. 2012), and its loss eventually leads to the decline in
natural ecosystem services. Studies have shown that the

M Xi Zheng
zhengxi@bjfu.edu.cn

School of Landscape Architecture, Beijing Forestry
University, Beijing 100083, China

interconnected UGI network can enhance the resilience of
the city, deal with fragmentation and its subsequent nega-
tive effects and provide several ESs (e.g., species protection,
biodiversity conservation and human health) (Dige 2011;
Verdi-Vazquez et al. 2021). Landscape connectivity is a cru-
cial condition for its construction (Madureira et al. 2011) and
is also essential for maintaining critical ecological processes
and several ecosystem services (Quatrini et al. 2019; Ferrari
et al. 2019). It can be defined as structural connectivity and
functional connectivity (Calabrese and Fagan 2004), both
of which play an essential role in constructing the network
(Battisti 2013).

Structural connectivity refers simply to landscape pat-
terns and is not necessarily associated with the movement
behavior of any particular organism (Lookingbill and
Minor 2017). Previous studies have quantified connectivity
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through various metrics, such as FRAGSTATS, which has
been widely used in various ecosystems with its fast and
straightforward operation (Qi and Fan 2016). The most obvi-
ous limitation of this method is that too many types and
quantities of index lead to the representation results of some
metrics overlap to a certain extent. The rationality of metric
selection directly affects the accuracy of evaluation results
(Lookingbill and Minor 2017). MSPA is an image process-
ing method that relies on land use data to quickly and objec-
tively identify seven landscape classes that are important
for maintaining connectivity (Riitters et al. 2009; Shi and
Qin 2018). It has been used in different world countries for
GI assessment at national (Wickham et al. 2009), regional
(Carlier and Moran 2019) and urban scales (Shukla and Jain
2019). However, as with FRAGSTATS landscape metrics,
MSPA is also difficult to explain the response of the eco-
logical process to landscape pattern and quantify the rela-
tive importance of landscape elements accurately (Wang and
Liu 2019). Therefore, the graph theory-based connectivity
metric has been successfully applied to landscape ecology
to make up for this defect (Rayfield et al. 2011). The com-
prehensive evaluation of integrated index of connectivity
(ICC) and probability of connectivity (PC) can incorporate
the diffusion distance and behavioral response of species
into the analysis and estimate the strength of ecological flow
between patches (Pascual-Hortal and Saura 2006).
Functional connectivity is closely related to species' hab-
its and perception (Uezu et al. 2005; Lookingbill and Minor
2017), with high operability in ensuring the integrity and
continuity of the urban ecological process (Wang and Liu
2019). The measurement is represented by the LCP model
(Correa Ayram et al. 2016), which assumes that the con-
nectivity between patches can be estimated according to the
characteristics of the landscape matrix that can promote or
hinder species migration. But the species dispersal behav-
ior is premarily random, so it isn't easy to achieve this goal
only by using LCP analysis (Beier et al. 2009; Cushman
et al. 2013). In recent years, methods with strong species
correlation and high reliability, such as systematic conser-
vation planning (SCP) and network analysis (Cimon-Morin
and Poulin 2018; Fenu and Pau 2018), can reflect the degree
of coincidence between specific species' behavior and net-
work construction to the greatest extent. But in large-scale
research, due to the variety of species involved, migration
behavior has great randomness. It is not appropriate to
simulate the best corridors only based on specific species
because these corridors may not be used by other species.
Moreover, these methods usually cost a lot of workforce and
expense, so they may not be optimal planning methods in
large-scale research. Random walk theory is more consistent
with the behavioral characteristics of species than the meth-
ods mentioned above (Song and Qin 2016). Significantly,
the circuit-theoretic model is one of the most widely used
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connectivity approaches (McRae et al. 2016) in biodiversity
conservation at broad spatial scales (Dickson et al. 2019),
involving the construction of ecological security pattern
(Huang et al. 2019), biodiversity conservation planning
(Yin et al. 2019; Grafius et al. 2017), landscape genetics
(Spear et al. 2010; McRae and Beier 2007), and other dis-
ciplines. The model has been proved to predict the way of
gene flow in heterogeneous landscapes, identify ecological
networks by giving different ecological meanings to physical
quantities (such as resistance, current and conductivity), and
combine the advantages of random walk theory and graph
theory. It should be emphasized that the simulation does not
respond to the diffusion of specific species but the diffusion
of several species with similar diffusion ability or habitat
requirements. Although the results may not be appropriate
due to simulating the migration of a generalized species,
the efficient algorithm can quickly process the network of
millions of nodes or grid cells simultaneously. Especially
for the complex urban environment, this method has irre-
placeable advantages in predicting the movement mode of
random walk species, estimating the probability of success-
ful transmission or death, and measuring the connectivity
of protected areas. It also has high accuracy in constructing
corridors in the absence of total population size, migration
rate, or other data (McRae et al. 2008).

In general, landscape connectivity abstractly expresses
the ability of species to move and survive in the landscape
and the degree of inhibition of landscape elements on it. It
is difficult to fully reflect the material and energy flow in the
region when only a single type of connectivity is consid-
ered (An et al. 2020). The landscape connectivity evaluation
methods should develop to the direction of comprehensive
measurement of structural connectivity and functional con-
nectivity, further reveal the relationship between landscape
structure, species migration behavior or specific ecological
process and landscape connectivity, and give full play to the
advantages of different methods, to more clearly guide UGI
network construction. Some scholars have tried to combine
MSPA and circuit theory to construct the regional ecologi-
cal network for specific species (An et al. 2020) and have
verified the rationality and feasibility of this comprehensive
approach. But it is important to note that different diffusion
distances will affect the region’s overall connectivity and the
probability of patch connectivity (Verbeylen et al. 2003). In
Ann's research, the lack of reasonable discussion and verifi-
cation of distance threshold is still a challenge.

The primary aim of this paper is to protect urban bio-
diversity sustainably and establish a comprehensive UGI
network. Mapping the current structure landscape elements
and analyzing their internal functional connection are two
essential steps in the process of the UGI network construction
(Capotorti et al. 2015). To achieve this, we proposed that cir-
cuit theory combined with MSPA and landscape connectivity
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metrics can help relevant urban planning departments deter-
mine the priority protection elements in UGI network and
supplement the potential connecting corridors. The follow-
ing issues were addressed in this paper: (1) How to quickly
extract structural features of green infrastructure and identify
core elements, (2) how to determine the best green space
construction distance and quantify the relative importance
of source patches, and (3) how to construct corridors and
determine the priority conservation areas by current density
for network optimization.

Materials and Methods
Study Area

Beijing is located at 115°25'E-117°30'E, 39°26'N-41°03' N,
with a total area of 16,410.54km? (Fig. 1). As the capital of
China, its development has been attracting attention, and
its planning mode is often used to be a reference sample for
other cities in China. However, in the past 30 years, with the
rapid development of economy, despite several urban plan-
ning revisions, more and more practical problems have been
exposed in Beijing's urban development, such as the accel-
eration of urban population expansion, the rising of energy
consumption and environmental pollution, the sharp decline
of biodiversity, and the increase of urbanization rate from
55% in 1978 to 86.5% in 2017, with an increase of more than
30%. The contradiction between urban sprawl and ecological

Fig. 1 The spatial location and 115°300°E
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protection is becoming increasingly acute, which aggravates
the disharmony among urban population, natural resources,
and environment. The current development situation of Bei-
jing shows that although the planning has played a certain
role in controlling and guiding the spatial layout of urban
green space, it largely ignores that maintaining biodiversity
is an important prerequisite for the UGI network to perform
its ecological functions.

Facing the realistic goal of urban sustainable development
and the common problems in the process of urbanization in
China, Beijing Planning Department has clearly recognized
the great significance of green space for urban development,
aiming at speeding up the fine management of urban streets
and idle land within the city, and promoting the sustainable
development of ecological conservation areas around the
city. As far as biodiversity protection is concerned, active
measures have also been taken. Government plans to carry
out a comprehensive biodiversity survey of four types of
areas in Beijing: urban green space, plain forest, mountain
forest and wetland, and establish a "Beijing biodiversity
database". However, due to due to neither enough observa-
tional data nor proper planning methods, the exploration of
reshaping the coordinated development pattern of Beijing’s
population, resources and environment still needs further
exploration. Therefore, for UGI network planning, new ideas
and methods must be introduced to ensure that the effective
use of urban land and the management of natural ecosystems
benefit the residents and biodiversity of the city and its sur-
roundings. Comprehensively considering the structure and
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function of urban green space and constructing a systematic
network is an effective way to achieve a holistic urban sus-
tainable development model to deal with predictable urbani-
zation problems.

Methods
Data sources

The Land-Sat 8 remote sensing satellite data and digital
elevation data with a spatial resolution of 30 m were down-
loaded from Geospatial Data Cloud (http://www.gscloud.
CN). Atlas of the Beijing Overall Planning (2016-2035)
were downloaded from the Beijing Municipal Commission
of Planning and Natural Resources (http://ghzrzyw.beijing.
gov.cn/).

Firstly, based on ERDAS software platform, the topo-
graphic map of the study area is used for geometric correc-
tion of TM remote sensing data after band fusion. Then, the
remote sensing images were interpreted into seven types:
farmland, forest land, grassland, water area, built-up land
and other land (Fig. 1) by supervised classification method,
of which forest land, grassland and water area are defined as
components of UGI. Finally, the land use map was converted
to raster format with a cell size of 30 mx 30 m.

Source patches extraction based on MSPA landscape
structure analysis

MSPA is a method based on a series of morphologi-
cal transformations such as erosions, geodesic dilations,
reconstruction by dilation, anchored skeletonization, etc.
(Table S1) (Vogt et al. 2009).It can segment binary pat-
terns into seven mutually exclusive patterns: core, islet,
loop, bridge, perforation, edge, and branch (Soille and Vogt
2009; Vogt et al. 2009), among which core area and bridge
area have important ecological significance for landscape
connectivity.

In this study, we used MSPA to initially select the core
patches from the perspective of landscape structure. Firstly,
based on the land use map of Beijing, Arc GIS was used to
extract the forest land, grassland, and water area as the fore-
ground, and the remaining landscape types were set as the
background to form a riff format binary map. Then, using
Guidos Toolbox software for 8 neighborhood analyses, the
edge width was set to 1 pixel, and the landscape type “core
area” was extracted. In addition, we note that patch area
also plays a decisive role in habitat heterogeneity and bio-
logical carrying capacity, and scattered small patches play
a limited role in maintaining natural ecosystem services.
Therefore, we screened the extracted core patches according
to the cumulative proportion of patches areas of different
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specifications to the total area of regional green space and
removed the fragmentary patches. Finally, source patches
determined by MSPA and patch area were used to calculate
landscape connectivity in the following steps.

The total area of the study area is large and the landscape
distribution is relatively concentrated. Therefore, the scale
with a grid size of 30 m X 30 m can preserve the main land-
scape elements in the study area, and meet the requirements
of research data accuracy.

The distance threshold determination and importance
classification of source patches on an analysis of graph
theory-based landscape metrics

In the evaluation process, the distance threshold is the
critical factor affecting the connectivity evaluation results
whether from a structural or functional perspective. If the
distance threshold is set too low, the patches in the region
are not connected, and the fragmentation is severe; If the
distance threshold is set too high, the patches are intercon-
nected and belong to the same component. Neither of the
above two situations can reflect the actual landscape connec-
tivity of the area. The graph theory-based landscape metrics
introduces the distance threshold as an important parameter
to estimate the existence and strength of ecological flow
between patches. It integrates landscape pattern analysis and
functional analysis. It is not only a vital link that combines
MSPA and circuit theory in a complementary manner but
also an essential node in the transition of green infrastructure
network construction from structural connectivity analysis
to functional connectivity analysis.

Distances between patches can be defined as Euclidean
distances or, preferably, as minimum cost distances that take
into account the variable movement preferences and abilities
of the species through different land cover types (Verbeylen
et al. 2003). The appropriate distance threshold needs to
take the species migration characteristics as a reference to
improve the applicability and scientificity of the planning
results. Beijing’s climate zone and its geographical location
are the pathways through which a variety of migratory birds
migrate in spring and autumn and it plays an essential role
in protecting migratory birds in northern China. Therefore,
the range of bird activity has a particular reference value in
selecting the appropriate distance threshold. According to
the relevant literature, the average search range of birds is
30-32,000 m. The dominant bird species like Anseriformes
birds with a search range of about 10 km, and most species
such as Swans and Grey Cranes have been included in the
Red List of Endangered Animals (Ye 2019; Liu et al. 2010).

In this study, we firstly selected source patches identi-
fied by MSPA. Then we calculated the integral index of
connectivity (ICC), probability of connectivity (PC), the
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number of components (NC), and importance index (dI)
of them by Conefor Sensinode 2.6 software (Saura and
Pascual-Hortal 2007; Wang and Liu 2019). PC is defined
as the probability that two points randomly placed within
the landscape fall into habitat areas that are reachable
from each other, which is negatively correlated with the
distance between the two points. IIC is a metric based on
a binary network, which ranges from 0 tol and increases
with improved connectivity. It is different from the PC
directly assess the probabilities for dispersal between all
pairs of patches, ICC uses estimates of diffusion possi-
bilities between all pairs of patches (Pascual-Hortal and
Saura 2006). Furthermore, ten distance thresholds (1 km,
5 km, 10 km, 15 km, 20 km, 25 km, 30 km, 35 km, 40 km,
45 km) were set according to the search range of birds.
Then the most appropriate distance threshold was obtained
by calculating and analysing the change of metric value
with distance. To show the changing trend of each metric
more clearly, the distance threshold here was set to be
larger than the maximum search range of birds. Finally,
under the optimal distance threshold, the source patches
were divided into four grades according to the natural
breaks in importance index (dI’) value. dI” was obtained
by dI normalization.

The metrics calculated following Egs. (1), (2), (3), and
4):

n n Xy
Zi:l Zj:l T+

cc= 2 M
L
o) sy Pl X3 X 3y
PC = : @)
AL
I- Iremove
dl = —0 x 100% 3)

(a)

dl' = 0.5 x dIIC + 0.5 x dPC “)

where n represents the quantity of patches; a; and a; refer
to the areas of patches i and j; 1; represents the connection
between patches i and j; AL is the total area; p*;; repre-
sents the maximum possibility of species migration between
patches i and j; I is the connectivity index value of ICC and
PC; L. pmove 18 the connectivity index after removing patch i
from the landscape; dI 'is the normalized index of dI.

Corridor construction based on circuit theory

Circuit theory considers landscapes as conductive surface
and assigns different resistance values to landscape patches
according to resistance factors such as vegetation coverage
type and slope, low resistance has permeability and pro-
motes gene flow and species migration. In contrast, high
resistance will cause movement barriers (Fig. 2) (McRae
et al. 2008). Figure 2b shows three types of landscape
patches: assigned unit, infinite, and zero resistance. Cells
with infinite resistance are regarded as species migration
obstacles and are dropped (black), cells with zero resistance
are consolidated into a single node (white) and considered
as ecological areas, and others with a finite resistance are
converted to nodes in the circuit (gray). Adjacent nodes are
connected by resistors, with resistances reflecting a function
of the resistances of the cells they connect. Figure 2a shows
that when the quantity of electric charge is constant, the
heterogeneity of the landscape leads to different densities of
currents in the area, representing the magnitude or frequency
of the possibility of species passing through different nodes
or paths (McRae et al. 2008).

In this study, for different types of land use, highly
suitable forest land represents an ideal habitat for birds
and most medium-sized mammals, so they were assigned
a low resistance value. Although the grassland cannot
be regarded as a favorable habitat, it is less disturbed by
human activities, and act as a weaker barrier to movement

A
WV,

Vv

(b)

Fig.2 Circuit theory schematic diagram. (a) Electron random walk simulates the spread of species. (b) Circuit grid applied to raster analysis.

(McRae et al. 2008)
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than built-up land. Built-up land is the least suitable land-
use type for animal migration which has become a physical
barrier in many cases. For different landscape patterns, the
structure determines their resistance value. Core and bridge
areas are conducive to species habitat and diffusion, so
they were assigned a low resistance value. Islet and branch
areas are isolated from each other, and the possibility of
internal material and energy exchange is relatively slight,
so they were assigned a high resistance value. Additionally,
the topography is also an essential factor affecting species
migration. Low altitude and relatively flat terrain are more
favorable for species diffusion. According to the impact
of different landscape pattern classes identified by MSPA,
land use types, elevation, and slopes on biological migra-
tion, the corresponding resistance values were assigned
by referring to relevant literature (Xu et al. 2015; Shi and
Qin 2018; Huang et al. 2019) (Table 1) in combination
with expert opinions. Among them, the resistance values
of grassland and else land are expert-assigned. The index
weights were assigned by AHP software. Finally, the Link-
age Mapper was used to create a cost-weighted distance

Table 1 Resistance value and weight of different resistance lay-
ers (1-100, unitless) (Xu et al. 2015; Shi and Qin 2018; Huang
et al. 2019)

Resistance layer Weight Resistance Factor ~ Resistance
Value (0-100)
MSPA Landscape  0.36 Core 1
Types Bridge 10
Loop 30
Branch 60
Islet 15
Pore 30
Perforation 80
Background 100
Land Use Types 0.25 Forestland 20
Grassland 30
Cultivated land 50
Water Area 70
Unused Land 60
Built-up land 100
Slope 0.17 i<8° 1
8°<i<15° 20
15°<i<25° 60
25°<i<35° 80
i>35° 100
Elevation 0.22 h<100 m 1

100m<h<300m 20
300m<h<600m 60
600 m<h<1000m 80
h>1000 m 100

@ Springer

surface and simulate the potential corridors between source
patches.

In addition, it should be noted that the irregular or sharp
edges of patches caused by landscape fragmentation will
affect the biotic or abiotic processes that operate at the inter-
face between two ecosystem types, that is, edge influence
(EID) (Banks-Leite et al. 2010). Existing research results show
that when the width of the corridor exceeds 400 m, the edge
effect can be alleviated to a certain extent, and the corridor
narrower than 1200 m will not have a real internal habi-
tat (van Schalkwyk et al. 2020; Carlson et al. 1989; Bueno
et al. 1995). Harris and Sheck suggested that to meet the
migration of more species, the appropriate corridor width
should be measured in kilometers (Harris and Sheck 1991).
Therefore, we set the corridor width to 1.2 km and counted
the area and proportion of the land use types that make up
the corridor.

Optimization of the UGI network

Judging the importance of landscape elements to the over-
all connectivity and identifying the pinch areas in cor-
ridors to improve the landscape connectivity is the key
to UGI network optimization (Kavanagh et al. 2004). We
used the Centrality Mapper tool to evaluate the importance
of source patches by calculating the current flow central-
ity (Carroll et al. 2012). The more significant current flow
centrality, the more critical the patch is to maintain the
overall connectivity of the entire network. The Pinch-point
Mapper tool can calculate the current density through
source patches and corridors to determine the pinch areas
(McRae et al. 2008). “All to one model” was selected,
and the corridor width was set to 1.2 km. This calculation
mode obtains the accumulated current value of the grid
unit through iterative operation, that is, one source patch
in the landscape is grounded, and the other patches are
input with 1 Amp current to calculate the current value
from all patches. The area with high current density in
connecting corridors is the pinch area, where species are
likely to move through, or there is no alternative path. The
significance of the pinch point is that if it is removed or
changed, it will have a more significant impact on func-
tional connectivity.

In summary, we first used MSPA to select source
patches that are important for maintaining structural con-
nectivity. Then the graph theory-based landscape metrics
were used to explore the suitable distance between source
patches and quantify the importance of the patches. After
that, considering the diversity of species and the consump-
tion of workforce and materials, we chose a circuit model
to build corridors. Furthermore, the pinch areas which
have an important influence on species migration were
identified, and corresponding optimization strategies were
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proposed (Fig. 3). In conclusion, this framework based on
MSPA, landscape connectivity metrics, and circuit the-
ory integrates the identification of landscape elements,

connectivity analysis, and network construction to realize
the transition of green infrastructure network from struc-
tural connectivity to functional connectivity.
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Fig.4 Seven landscape pattern types of study area based on MSPA

Results

Source patches extraction results based on MSPA
landscape structure analysis

Figure 4a shows the landscape pattern types generated by the
MSPA calculations. The core patches mainly distributed in the
western and northern mountain areas as well as the hilly areas.
These patches provide main habitats for species and account
for 44.54% of the city area. There are rich scenic resources
such as natural scenic spots, national forest parks, and water
source protection areas, all crucial ecological conservation
areas in Beijing. The central plain area is the main urban dis-
trict of Beijing, with small and scattered core patches, show-
ing apparent two-level differentiation with the core patches in
the mountain and hilly areas. The area of core patches ranges
from 10 hm? to 652,039 hm?, and the patch area below 50
hm? contributed less than 1% to the regional ecological land
area. Considering that patch area has a decisive impact on
habitat heterogeneity and scattered small patches have little
effect on regional ecosystem functions in large-scale studies,
we used 50hm? as the minimum area threshold to extract 70
core patches as source patches (Fig. 4b). Table 2 shows the

Legend
I Source patches

[ Hilly Area
Mountain Area

e Patch code
— —
@ 0 020 40km

area proportions of different land use types in source patches,
among which forest land is the most critical type of ecological
land, with an area of 676,102.09hm?, accounting for 95.30%.
The remaining ecological land includes water, farmland, and
grassland, accounting for 1.76%, 1.7%, and 0.39% respectively.
The total area of non-ecological land (build-up land and else
land) does not exceed 1%.

Optimal distance threshold and importance ranking
result of source patches derived from graph-theory
based connection metrics

Figure 5 shows that the NC value decreases logarithmically
with the increase of dispersal distance. When the distance
threshold is 1 km, the NC is 70, indicating that all patches
are independent of each other and the landscape connectiv-
ity is poor. It strongly decreases from 1 to 20 km, then drops
more slowly up to 25 km, where NC value generally trends
to 1 and is stable further away, indicating that most of the
source patches can reach a state of interconnection. Figure 6
shows that both IIC and PC values tend to increase with dis-
persal distance. The growth rate of IIC shows a significant
turning point at 15 km. It maintains a high growth level until

Table 2 Composition of land

Type forestland water farmland grassland build-up land else Total
use types of source patches

Area(km?) 6769.54 125.32 120.61 27.74 44.29 16.31 7103.81

Proportion 95.30% 1.76% 1.70% 0.39% 0.62% 0.23%  100%
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Fig.5 The change of NC with 80
distance threshold
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25 km, indicating that the landscape connectivity is signifi-
cantly improved in this distance threshold. Then it increases
more slowly up to 40 km, where ICC value generally exceeds
0.89 and remains stable after that. PC value begins to show
a growth trend at 5 km, with the fastest growth rate between
20-25 km and then continues to grow at a slower growth rate.

Figure 7 shows the importance of individual patches
of different sizes at different distances. We found that
the importance of a patch is closely related to the its area
whatever the distance. The most obvious is that the size of
patch No. 70 is significantly larger than other patches, and
its importance always occupies the dominant position. In
terms of other patches, when the distance is less than 10 km,
the importance of small and medium-sized patches can not
be reflected, and the proportion of patches with a dI’ value
greater than 0.01 is only 4%. With the distance increasing to
25 km, the importance of small and medium-sized patches
increased significantly, and the proportion of patches with a

Fig.6 The change of ICC and 091
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dI’ value greater than 0.01 reached 75%. After 25 km, the dI’
value of small and medium-sized patches fluctuates slightly,
and the proportion of patches with a dI’ value greater than
0.01 remain stable at around 75%.

In general, IIC and PC values increase at a significant
rate in the range of 15-25 km, which means that the land-
scape connectivity between the source patches increases
rapidly within this distance range. NC value decreases
gradually after 20 km and finally tends to 1, indicating
that most of the source patches can reach a state of inter-
connection. The importance of small and medium-sized
patches strongly increases from 20 to 25 km, and the num-
ber of patches with a dI’ value greater than or equal to
0.01 stabilizes at about 75% after 25 km. Based on the
above analysis results, we believe that 20-25 km can be
used as the appropriate distance threshold for UGI net-
work construction on the city scale. At the same time, to
ensure the success rate of more species migration as far
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Fig.8 Importance levels of
source patches. Altitude of
mountain area is more than

300 m, that of hilly area is
between 100-300 m, and that of
plain area is less than 100 m

as possible to provide enough natural ecosystem services,
we finally decided to take 25 km as the best performance
distance. Figure 8 shows the importance level of source
patches based on dI' values when the distance parameter
was set to 25 km. Source patches located in the western
and northern mountain areas contribute the most to the
overall connectivity, followed by patches located in hilly
areas, and patches ian the central and eastern plain areas
the least. Table 3 supplements the area and proportion of
source patches with different importance levels.

Construction of UGI network and identification
of ecological pinch areas

Figure 9 shows the construction result of the UGI network.
Patch centrality reflects the relative contribution of each

Extremly Important
Especially Important
Fairly Important
Slightly Important
Plain Area

Hilly Area

Mountain Area

patch to the overall connectivity of the region. Centrality
values of 70 source patches range from 68 to 2081 Amps,
of which the most significant source patch (No.70) has the
highest centrality. We found some differences between the
results calculated by graph theory-based landscape metrics
and those by circuit theory. For example, the results based
on the dI” metric show that patch No.69 plays a vital role in
improving the landscape connectivity. Still, the calculation
results based on the current centrality are quite the opposite.
The reason is that the graph theory-based landscape met-
rics give more consideration to the influence of patch shape
and area on structural connectivity, while circuit theory is
related to vegetation type and the number of potential cor-
ridors between patches, focusing more on the functional
connectivity. Combining the two measurement methods to
determine the importance of source patches is helpful to

Table 3 Total area and

. Type Extremely Especially Fairly Important Slightly important Total
pr.opor.tlon of source patches important important
with different importance levels
Area(km?) 6520.40 34291 88.17 152.33 7103.81
Proportion 91.79% 4.83% 1.24% 2.14% 100%
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Fig. 9 UGI network construc-
tion result

make a more scientific and comprehensive priority protec-
tion decision. We identified 148 potential corridors with a
total length of 1120 km. For the distribution, the potential
corridors in mountain and hilly areas are relatively dense, but
in plain areas, indeed few corridors connecting the central
and western regions. Farmland and forest land constitute the
primary land use types of corridors, accounting for 40.72%
and 30.9% of the total corridor area, respectively (Table 4).

Figure 10 shows the current density of corridors and the
distribution of the pinch areas within them. Most of the cor-
ridors between the source patches have high current density,
indicating that these corridors are vital for species migration.
Some corridors with low current density have poor connec-
tivity. Still, there are pinch areas that are very important for
maintaining connectivity where the current density is high
(white rectangle frames in Fig. 9). Pinch area (a) is located
in hilly areas, and its existing land types are mainly farmland

Legend

Cost Weighted Distance Centrality

l High:16.18 . High:2081.28

Low:0 Low:68.00

and forest land, with a river passing through the area from
north to south. Pinch area (b) is located at the junction of the
hilly areas and the plain areas, where there are some picking
gardens and villages, and the land use type is mainly farmland.
Pinch area (c) is located within the water conservation area
(Huairou Reservoir). Huai River is the main river in this area.
It not only plays the role of flood discharge but also provides
clean water for urban residents. Pinch area (d) overlaps with
the existing urban river corridors, and seven urban parks have
been built along the river banks as adequate protection meas-
ures to improve regional ecological quality. Pinch area (e) is
located at the junction of hilly area and plain area. Wetland
Park and Forest Park are critical green patches in this area, and
the eastern part of the area is surrounded by urban construction
land (mainly residential communities). In terms of pinch area
(f), the expressway has a noticeable segmentation effect on the
landscape connectivity of this area.

Table 4 Area and proportion of

. ! Land use type  Forestland Grassland ~Water Farmland Build-Up Land  Else Total
land use types in corridors
Area(hm?) 37,854.92  4759.04 1159.37 46,581.67 23,634.47 41531 114,404.77
Proportion (%) 33.09 4.16 1.01 40.72 20.66 0.36 100
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Fig. 10 Pinch areas recognition N
based on Circuit theory. The
right satellite images show the
land use around pinch areas,
which are the critical positions
for UGI network optimization

Discussion

Strategies and suggestions for Beijing UGI network
optimization

The results show that 43.29% of the green space in the study
area contribute significantly to landscape connectivity, cov-
ering not only the critical ecological areas such as forest
parks, nature reserves, etc., but also other green space that
is important for structural connection as much as possible,
with a total area of 7103.81 km?. Source patches located in
the western and northern mountain areas have higher for-
est coverage and are less affected to human intervention,
which contributes the most to the overall landscape con-
nectivity. Among them, No.70 source patch has the largest
area and a wide range of radiation, which can connect the
patches across the north and south of the region. It plays an
irreplaceable role in ensuring regional ecological security,
providing species habitats and improving landscape con-
nectivity. Therefore, development and productive construc-
tion activities are strictly prohibited in No. 70 patch, and
measures such as artificial afforestation, transformation of
low-quality and low-efficiency forests should be taken to
improve the quality of forest resources and cultivate for-
est ecosystems. Source patches in hilly areas contain rich

Legend

Current Density

. High:1

Low:0

ecosystem types such as farmland, forest, river, wetland,
etc., where the ecological base is good but vulnerable to
human activities. Therefore, these patches play an essential
role in connecting the plain and mountain areas for species
and gene diffusion. It is recommended to build a series of
country parks of various types according to the character-
istics of the ecosystems to form a leisure and recreational
landscape belt, on the one hand to undertake and supplement
part of the urban functions, on the other hand to promote the
economic development of suburban villages. Source patches
located in the central and eastern plains are surrounded by a
large area of construction land, presenting a highly isolated
spatial pattern. It is recommended to increase the number
of urban micro green spaces and widen linear green spaces
such as river corridors to promote biological migration in
urban areas.

On this basis, we superimposed the potential corridors
and the current land use and put forward the optimization
strategies. The corridors between mountain and hilly areas
are the key to ensure gene flow and biological migration
from mountain to plain areas. They connect diverse eco-
systems such as farmland, forest, and wetlands, and present
the characteristics of short distance, high density, and ease
of construction. The lack of these corridors will affect the
material circulation and energy flow between the natural
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system inside and city’s edge. The No. 100 corridor has a
short length and is greatly affected by village construction
activities. In addition, there are other alternative corridors
in this area, so the No.100 corridor will not be included
in the UGI network. No. 57 and No. 59 corridors are long
and partly passing through villages. It is recommended to
increase the total amount of greenery in villages with high
rural construction density to reduce the resistance to species
migration. For remaining corridors, cultivated land accounts
for a relatively large area. It is recommended to strengthen
the protection of current natural resources and build forest
parks or wetland parks to increase various types of ecologi-
cal land. In plain areas, due to the impact of urban roads
and construction land on biological migration, the identi-
fied potential corridors are characterized by long distance,
small quantity, and high construction difficulty. No. 32 cor-
ridor is not recommended to be included in the UGI net-
work due to the long distance and the relatively small area of
green space inside the corridor. The length of No.18, No.22,
No.26, No.46, and No.49 corridor is more than 2.5 km. It
is suggested to increase urban parks and street green spaces
based on the existing greenway system and river corridors as
stepping stones for wildlife migration. At the intersection of
roads with high traffic volume and potential corridors, wild-
life bridges and green avenues should be built to improve the
success rate of wildlife migration.

Finally, according to the environmental characteristics
around the different pinch areas, corresponding optimiza-
tion suggestions are put forward. For pinch area (a), it is
suggested that the farmland within 15 m on both sides of
the river should be converted into green space as a buffer
zone, or wetland parks should be built in the upstream area
to protect the habitat quality effectively. Pinch area (b) is
highly vulnerable to urban construction and expansion, so
the construction intensity and development mode near cor-
ridors must be strictly enforced in future development plans.
For pinch area (c), the ecological land along the Huai River
now is surrounded by construction land or cut by roads, so
it is urgent to build a vegetation buffer zone with a suitable
width and to create a habitat conducive to the growth of
aquatic plants, the foraging and breeding of benthos and fish
in combination with the restoration of riverbed sediment
diversity. For pinch area (d), a continuous riverside park
system can be constructed based on the existing good habi-
tat quality. Pinch area (e) is located at the junction of hilly
area and plain area, which directly affects the successful
migration of species. It is necessary to appropriately sup-
plement community green spaces, pocket parks, and other
small "stepping stones" to reduce barrier effects of build-up
land. For pinch area (f), it is recommended to connect the
fragmental green patches by strengthening the construc-
tion of a protective greenbelt to maximize the connectivity
between the source patches.

@ Springer

Advantages of combining MSPA, connectivity
metrics and circuit theory to establish UGI network

We discussed how to integrate MSPA, connectivity met-
rics and circuit theory to construct UGI and ascertain the
importance of its elements that meets the needs of landscape
structure connectivity and functional connectivity in UGI
construction, and provides a new research perspective for
UGI construction and optimization. This method avoids the
subjectivity of identifying the source patches and corridors,
especially the circuit theory which combines the characteris-
tics of electronic random walk and is different from previous
landscape connectivity models. It shows obvious advantages
in simulating the movement and diffusion process of species.
The feasibility and usability of this method in UGI planning
applications were verified by comparing the pinch identifica-
tion results with satellite images.

One key feature of MSPA is that it can automatically and
objectively identify core patches and other landscape pattern
classes (Ostapowicz et al. 2008), and this feature can not be
achieved with other methodologies like Fragstats landscape
indices (Li and Wu 2004) or graph theoretic approaches
(Urban and Keitt 2001, Fall et al. 2007). Landscape connec-
tivity metric provides a good compromise to bridge the goals
of adequate correlation between functional and structural
connectivity, which is supposed to be a tool for landscape
planning decision support. It not only quantifies the impor-
tance of source patch, but also explores the distance thresh-
old that is conducive to enhancing connectivity (Saura and
Torné 2009). Circuit theory combines the characteristics of
the electronic random walk and shows a great advantage in
simulating species diffusion in the absence of experimental
data based on field investigation of species diffusion behav-
ior. It can also determine the relative importance of source
patches and identify the pinch areas in the network. This
is a key step that other connectivity models (e.g., LCP and
MSPA) are difficult to achieve, which is of great significance
for making UGI network priority protection strategies.

Challenges and limitations in the process of UGI
network construction

A reasonable setting of landscape resistance value is one
of the challenges of the effective application of the model.
To lower the subjectivity in landscape resistance evalua-
tion, we combined 4 resistance evaluation layers with the
research purpose (MSPA landscape pattern, land use type,
slope and elevation), but in fact, strong subjectivity still
remained. When assigning the value of each resistance
layer according to empirical values or theoretical meth-
ods, the influence of patch heterogeneity and species diffu-
sion behavior on the resistance value is ignored. In future
research, we need to consider the migration and diffusion
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characteristics of different species, and make reason-
able valuations based on observational and experimental
research. In addition, this works is generalized in respect
to species. How can this be expanded to become multi-
layered for multiple indigenous species is also a necessary
question to be discussed in the future research. Perhaps
a more detailed classification of migration distances or
habitat needs of different multiple indigenous species can
better explain this problem. Finally, it should be noted that
due to the strong randomness of species migration, ideally,
in order to achieve more realistic analysis results, the input
and analysis boundaries should be larger. In this study,
we took the regionalization map of Beijing district as the
research scope, which brought inevitable errors when we
evaluated the patches near the boundary. In the further
study, we may consider the establishment of buffer zone
to reduce the error caused by the administrative boundary.

Conclusion

Urbanization and human activities have a serious impact
on the connectivity of green space. Optimizing UGI is
an effective method to improve the connectivity of eco-
logical space, protect biodiversity and promote the orderly
expansion of cities. Took Beijing as the study area, firstly,
we extracted source patches and explored the optimal dis-
tance threshold that is conducive to the improvement of
connectivity based on MSPA and landscape connectivity
metrics. Then, potential connecting corridors which have
important contributions to regional landscape connec-
tivity were identified by circuit theory. According to the
current density, the relative importance of source patches
was analysed, and the pinch areas affecting corridor con-
nectivity were identified for network optimization. The
results showed that the distance threshold of 20-25 km is
most conducive to improving the landscape connectivity
of the region. Large source patches in mountain and hilly
areas of Beijing are important to guarantee the supply of
urban natural ecosystem services. The number of source
patches in central plain areas was small and scattered due
to urban construction encroachment, which can barely
maintain ecological connectivity with patches in mountain
and hilly areas. Therefore, we suggested that the protec-
tive actions such as returning farmland to forest should
be implemented in pinch areas for species migration, and
the ties between different regions should be strengthened.

In this study, the evaluation of structural and functional
connectivity was regarded as the basis of UGI network con-
struction. Circuit theory can identify all potential corridors
and analyse their relative importance, which provides a
simple and feasible method framework for the construction

and optimization of urban UGI networks. However, circuit-
theoretic models abstract and simplify the process of spe-
cies movement between different landscape units, and some
parameters are set based on relevant theoretical assumptions.
We should further study the characteristics of species migra-
tion and obtain experimental data to modify the model, and
promote the application of circuit theory in the field of land-
scape planning. The research results can provide a scientific
basis for the protection planning of the fragmented UGI
network and the design of connecting corridors, and have
important theoretical guiding significance for the construc-
tion of other ecological networks.
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