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Abstract: With the advancement of urbanization, the stress on the green infrastructure around the
urban agglomeration has intensified, which causes severe ecological problems. The uncertainty of
urban growth makes it difficult to achieve effective protection only by setting protection red lines
and other rigid measures. It is of practical significance to optimize the resilience of the stressed green
infrastructure. To this end, we explore a scenario simulation analysis method for the resilience
management of green infrastructure under stress. This research applies artificial neural network
cellular automata to simulate the impacts of the Chang-Zhu-Tan urban agglomeration expansion
on the green infrastructure in 2030 in three scenarios: no planning control, urban planning control,
and ecological protection planning control. Based on the analysis, we identify four green
infrastructure areas under stress and formulate resilience management measures, respectively. The
results show that: (1) The distribution pattern of green infrastructure under stress is different in
three scenarios. Even in the scenario of ecological protection planning and control, urban growth
can easily break through the ecological protection boundary; (2) Residential, industrial, and traffic
facility land are the main types of urban land causing green infrastructure stress, while forest, shrub,
and wetland are the main types of the stressed green infrastructure; (3) Efficient protection of green
infrastructure and the management of the urban growth boundary should be promoted by resilient
management measures such as urban planning adjustment, regulatory detailed planning,
development strength control and setting up the ecological protection facilities for the stressed
green infrastructure areas of the planning scenarios and the no-planning control scenarios, for the
areas to be occupied by urban land, and for the important ecological corridors. The results of this
study provide an empirical foundation for formulating policies and the methods of this study can
be applied to urban ecological planning and green infrastructure management practice in other
areas as well.

Keywords: green infrastructure; resilience management; biodiversity; scenario analysis; cellular
automata model

1. Introduction

According to the data from the seventh census of China and the national population
development plan, the urbanization rate of Chinese permanent residents has reached
63.89% in 2020 and will rise to 70% in 2030, while the figure was only 36.09% in 2000. Each
1% increase in China’s urbanization rate requires 3459 km? of construction land [1]. Urban
agglomerations, as the key receiving areas for the urbanized population, are expanding
faster than independent cities in general, and therefore, the green infrastructure around
them will be under more serious stress. Green infrastructure refers to the natural
ecosystem with important ecological value, including green space such as forest and
grassland, and blue space such as wetland and water systems, designed and managed to
deliver different kinds of ecosystem services [2—4]. The green infrastructure of urban
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agglomerations not only has various functions such as maintaining regional biodiversity,
regulating climate, providing recreational services, and guaranteeing water supply, but
also plays an important role in promoting urban transformation and enhancing urban
development dynamics [5-8]. Because of the need for construction land in the
urbanization process, the green infrastructure of urban agglomerations is often more
vulnerable to stress [9,10]. The green infrastructure of three major urban agglomerations
in China— Yangtze River Delta, Pearl River Delta, and Beijing-Tianjin-Hebei —decreased
by 951 km?, 97 km?, and 212 km?, respectively, from 1992 to 2010 [11]. In this regard,
China’s territorial spatial planning system puts forward the spatial control requirements
of “three zones and three lines”, which sets the urban development boundary, permanent
basic agricultural land, and ecological protection red lines. However, such boundaries do
not specify rigid space and flexible space. Therefore, it is of great practical significance to
understand the dynamics of green infrastructure of urban agglomerations, and to protect
the original function of green infrastructure while meeting the development of urban
agglomerations with empirical analysis.

Green infrastructure management can be divided into two categories. One is focused
on meeting urban development, mainly through the method of cellular automata
simulation to delineate the urban-growth boundary (UGB), and the construction of green
infrastructure outside the boundary is prohibited, as represented by Beijing, Huizhou, and
other cities [12,13]. The other category takes green infrastructure protection as the starting
point and delineates the green infrastructure protection boundary mainly through the
evaluation results of ecological suitability, with Wuhan, Chengdu, and other cities as
representatives [14].

Although the two management methods have different focuses, they both implement
static rigid control of green infrastructure. While both cities and green infrastructure are
complex network systems that are constantly changing dynamically, traditional static and
rigid control measures can hardly solve the complex contradictory problems between
urban development and green infrastructure protection [15,16]. This has led to the
breakthrough of the red line of green infrastructure control. The core green infrastructure
is difficult to hold, and different types of ecological protection red lines have been broken
one after another.

A resilient urban green infrastructure can help to solve the problem of urban growth
stressing green infrastructure, because of its adaption to a constantly changing
environment dynamically. Resilience as a term was used by physicist Thomas Young in
1807 to describe elastic deformation in the context of materials science. While the
traditional concept of resilience in ecology was used to describe the persistence of natural
systems in response to changes in external elements and human factors, the concept of
resilience has evolved to focus on “transformational capacity”, ie. the ability of
ecosystems to change, adapt, and change in response to pressures and constraints.
Ecological resilience, on the other hand, emphasizes the amount of disturbance that an
ecosystem can withstand without changing its self-organizing processes and structure,
and refers to the degree to which an ecosystem can adapt to change in the face of external
pressures and before reforming a stable structural system [17]. The main purpose of
optimizing the resilience of green infrastructure is to enhance the ability of green
infrastructure to resist disturbances, cope with changes and adapt to changes through
relevant control measures and strategies to achieve the harmonious development of
urban-ecological systems [18].

Research on ecological resilience has focused on ecosystem resilience evaluation and
construction [19-21], ecological resilience optimization [22,23], and the role of ecological
resilience [24]. In China, the research on ecological resilience is still in its infancy, and the
relevant studies mainly focus on the application [25,26] and the theory of ecological
resilience [27] in the ecological design of resilience, and there is a relative lack of research
on the optimization of ecosystem resilience. Ecological resilience has an important impact
on improving the self-organization capacity of urban ecosystems [28] and plays an
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important role in promoting the coordination of multiple objectives between the complex
systems of urban development and green infrastructure protection [15]. While studies on
green infrastructure optimization do exist, they mainly focus on ecological spatial
structure [29,30], governance control measures[31,32], and spatial networks[33,34]. There
is a relative lack of research on optimization and guiding control strategies for rapidly
developing urbanized areas, especially in the study of ecological spatial toughness control
and optimization of urban agglomerations [35].

Moreover, the development process between urban growth and green infrastructure
protection is less considered, and the relevant optimization measures are still for the
improvement of static rigid control measures. Green infrastructure protection and urban
growth are the results of the joint action of self-organization and other organizations [36],
and the traditional research methods are unable to identify the dynamic diffusion process
of the two types of space. Regarding this issue, the minimum cumulative resistance model
(MCR) can well reflect the intrinsic linkage process of ecological processes [37], and the
self-organizing kernel embedded in the cellular automata model (CA model) can simulate
the spatio-temporal evolution process of urban expansion [38]. Additionally, both of these
methods are widely applied in this field.

To summarize, the current rapid urban development in China has imposed great
stress on green infrastructure which is essential for biodiversity, and the existing
controlling measures have problems coping with the dynamic urban space and green
infrastructure change process. Resilient control measures are desired to protect green
infrastructure under uncertainty. Therefore, this research aims to formulate resilient
strategies for the green infrastructure stressed by uncertain urban growth.

More specifically, to achieve this, the following research questions will be answered:

1. How can the dynamic urban growth stressing green infrastructure under uncertainty
be presented?

2. What are the stressed areas of the green infrastructure and their characteristics
accordingly?

3. What are the resilient strategies for the identified stressed green infrastructure based
on their characteristics?

2. Context and Data
2.1. Context

Chang-Zhu-Tan urban agglomeration is located in the central-eastern part of Hunan
Province, including Changsha, Zhuzhou, and Xiangtan cities, which are distributed in the
shape of a triangle along Xiangjiang River, with less than 20 km between them. With the
development of the urban agglomeration, the green infrastructure of Chang-Zhu-Tan
urban agglomeration is seriously reduced [39,40], among which the area of important
green infrastructure is reduced by construction land in Muyun town from 2004 to 2010 by
427.67 hm?[41]. At this stage, Changsha-Zhuzhou-Tan urban agglomeration is facing the
development of urban integration. The pressure of green infrastructure around the urban
agglomeration is further highlighted. Based on a collection of remote sensing images data,
this study covers the main administrative areas of Changsha, Zhuzhou, and Xiangtan
cities with a total area of 22,104.4 km?, including most of the districts and counties under
the jurisdiction of Changsha, Zhuzhou, and Xiangtan cities, but excluding a few areas
such as Ningxiang City, Shaoshan City, the western part of Xiangxiang City, and Yanling
County (Figure 1).
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Figure 1. Location of the study area and its land-use map in 2018.

2.2. Data Sources

The data used include the following: 30 m resolution satellite image data, DEM data,
and vegetation cover data of Chang-Zhu-Tan Urban agglomeration in 1999, 2008, and
2018 (source: Geospatial Data Cloud, http://www.gscloud.cn/ (accessed on 8 July 2020)),
the Chang-Zhu-Tan Urban agglomeration Regional Plan (2008-2020) (adjusted in 2014)
[42], the Master Plan of Ecological Green Heart Area of Chang-Zhu-Tan Urban
agglomeration (2010-2030) (revised in 2018) [43], the Changsha City Urban Master Plan
(2003-2020) (revised in 2014) [44], the Xiangtan City Urban Master Plan (2010-2020)
(revised in 2017) [45], and the Zhuzhou City Urban Master Plan (2006-2020) (revised in
2017) [46]. Among them, the satellite image data of Chang-Zhu-Tan urban agglomeration
in 1999, 2008, and 2018 were classified into arable land, forest land, grassland, water area,
construction land, and unused land by using Erdas Imagine supervised interpretation
function [47-49]. Additionally, the color difference of the surface coverage patches shown
in different areas is combined with the Erdas Imagine classification to determine the main
landmark elements of the geographical areas. The decoded data from the three years are
then used to compare with satellite images using visual corrections to obtain the land-use
data of the Chang-Zhu-Tan urban agglomeration. To reduce the number of operations,
the final relevant land-use data are obtained by resampling in 100 m units with the GIS
nearest neighbor assignment.

3. Methods

This research follows the following steps: Firstly, the green infrastructure of Chang-
Zhu-Tan urban agglomeration is identified by using the principles of landscape ecology.
Additionally, then the Cellular Automata (CA) model is used to simulate the green
infrastructure in different control measure scenarios. Finally, the characteristics of the
green infrastructure under stress are analyzed and the relevant resilience control and
development strategies are formulated. The relevant methodological flow is shown in
Figure 2.
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Figure 2. Research methodology.

3.1. Integrated Green Infrastructure of Urban Agglomeration Identification and Extraction

The green infrastructure range identification of the Chang-Zhu-Tan urban
agglomeration should be integrated with the principle of landscape ecological security
patterns [39,50]. Firstly, three representative indicator species representing the main
environment characteristics of the study area are selected, i.e., Chinese pool heron, red-
billed leiothrix, and Siberian weasel, representing medium pheasants living in the
wetland ecosystem, small pheasants living in the forest ecosystem, and mammals
inhabiting in multiple ecosystems, respectively. They are used to identify the green
infrastructure and species migration ecological corridors that have important values for
species survival and reproduction [51]. Secondly, key habitats of indicator species need to
be identified as green infrastructure of significant value. Thirdly, the minimal cumulative
resistance (MCR) model is used to simulate the process of the indicator species
overcoming spatial resistance to spread out from the habitat, and the core habitat space
range of different species is used as the “source” to identify the biological migration
corridor between different ecological patches [52-54]. Fourthly, the migration corridors of
different species are superimposed. Additionally, the multi-species migration corridors
are treated as primary corridors with a width of 200 m, considering the conservation of
biodiversity [55]. Finally, the whole green infrastructure range can be obtained by
integrating the habitat and ecological corridor. As a result, the ecological spatial context
of the Chang-Zhu-Tan urban agglomeration is obtained comprehensively.

The formula used is:

MCR = f ¥(D;; x R;) (1)

where MCR is the minimum cumulative resistance value, which reflects the minimum
cost of indicator species in the process of moving from source to destination; f is a
positive correlation function characterizing the relative accessibility of a path from a
source patch to a point in space; Diiis the spatial distance of the landscape basal plane i
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traversed by a species from source patch j to a point in space; and R; Ris the relative
resistance coefficient of indicator species (Table 1).

Table 1. Relative resistance coefficients of indicator species (0-100).

Red-Billed

Resistance Chinese Pool Heron Leiothrix Siberian Weasel
Coefficients/Land Use (Ardeolabacchus) [56— ) ] (Mustela sibirica)
Type 59] (Leiothrix lutea) [64-67]
[60-63]

Tillable field 15 5 10
Woodland 5 1 5
Grassland 5 5 5

Waters 5 10 35
Construction land 50 50 40
Unused land 20 10 5

3.2. Simulation of Urban Growth in Different Scenarios

The impacts of the urban growth of the Chang-Zhu-Tan urban agglomeration on the
green infrastructure are simulated with the artificial neural network cellular automata
model in the open source software “Geographic Simulation and Optimization System”
(GeoSOS) [68]. This method is used to simulate the self-organized growth process of urban
construction land expansion in a bottom-up manner and visualize the impact of urban
growth on green infrastructure [69]. Additionally, this approach’s biggest advantage is
that the model information can be obtained by training the neural network, which is
especially suitable for research in the field of complex systems [70], and the used detailed
formula is as follows:

Pfi,ij =1+ (1ny)9) x3; Wj,iw (2)
where Pj;; is the probability of a cell being developed, y is a random number between 0
and 1, the value of a ranges from 1 to 10, neti(kt) is the signal received by the jth neuron
of the hidden layer, and wyj,! is the weight between the hidden layer and the output layer
[71]. The convertibility between different land uses is shown in Table 2, where 1 represents
convertibility and 0 represents non-convertibility.

Table 2. Convertibility between different land-use types.

Tillable Unused Constructio
Land-Use Type Grassland Field Woodland Land Water n Land

Grassland 1 1 1 1 0 1
Tillable field 1 1 1 1 0 1
Woodland 1 1 1 1 0 1
Unused land 0 0 0 0 0 1
Waters 0 0 0 0 1 0
Construction land 0 0 0 0 0 1

The spatial variables of the urban growth model are set with the 30 m resolution data
of 2018 [72-77] (Table 3). All the influencing factors are normalized; this is the input into
the artificial neural network CA model in GeoSOS as the parameter affecting the
probability of land conversion, to simulate the urban growth in the year 2018 based on the
urban growth law from the year 1999 to the year 2008. Additionally, after calibration, the
simulated results are compared with the actual maps in 2018. In the simulation setting, o
equals 5 and the conversion threshold is taken as 0.8 [78]. The validation results show that
the overall accuracy of the model is 90.87% and the Kappa coefficient is 0.82, which is
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higher than the normally applied 0.8 [77]. Therefore, this calibrated model is used as the
basis to simulate the expansion of Chang-Zhu-Tan urban agglomeration in the year 2030
with different control measures to understand the stress imposed on green infrastructure.

Table 3. Spatial variables of the urban growth model.

Type Variables Abbreviation Contents

Evaluate the i t of
Digital elevation vathate The impact

Terrain DEM topography on scenario
model Pog .p y .
simulation.
Evaluate the impact of
. Distance to the . . distance from the
Location . DisCentral city . .
central city administrative center on
scenario simulation.
Distance to the road DisRoad
Distance to the
. DisRail )
. railway Evaluate the impact of surface
Transportati . . .
Distance to the N road distance on scenario
on . DisHighway . .
highway simulation.
Distance to the . . .
DisNational highway

national highway

The spatial expansion of urban growth is a self-organizing process, but other
organizational factors such as different development policies and control strategies can
have a significant impact on the development of urban agglomerations [79]. In terms of
the driving factors of other organizations affecting urban growth mainly urban planning
and ecological protection planning have been included, we have analyzed the main
influencing factors on the development of urban agglomerations in China and determined
three scenarios of green infrastructure stress in Chang-Zhu-Tan urban agglomeration
with different control measures, namely, “no planning control”, under control of urban
planning, and ecological protection planning control. The “no planning control” scenario
measure does not equal to the absence of control measures, but the simulation of urban
growth with the original development pattern of urban agglomerations without new
planning control measures. The second scenario is based on ongoing urban planning to
predict future urban spatial development. According to urban planning, different
conversion coefficients are assigned to land use, including urban comprehensive function
area (1), urban new town group, high-tech group of science and education (3), industrial
park (5), other non-urban land function areas (7), the ecological green heart protection
area of urban agglomeration (9), and normalized processing is carried out [42]. The third
scenario is to take the existing green infrastructure as the protection area of ecological
planning and simulate its future situation under the stress of urban construction land. The
conversion coefficient of green infrastructure is assigned 3, and the non-green
infrastructure is assigned 7 [80].

3.3. Stressed Green Infrastructure Identification

By superposition analysis of the spatial changes of Chang-Zhu-Tan urban
agglomeration in 2030 in three scenarios, the conflict areas between urban growth and
green infrastructure in different scenarios are obtained, namely the stressed areas of the
green infrastructure of urban agglomeration. This serves as the area for further analysis.

3.4. Green Infrastructure Stress Characteristics and Resilience Measures

By superimposing and analyzing the green infrastructure under stress in different
areas, we have classified the areas into three categories based on degrees of stress on green
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infrastructure: first, the part of green infrastructure that will not be affected by urban
growth in the three scenarios can be divided into the safety zone of green infrastructure;
second, the green infrastructure affected by urban growth in two or one of the scenarios
is under the stress of uncertainty, which requires the adoption of compatible and flexible
management and control measures; third, in the three scenarios, the part of the green
infrastructure to be occupied by urban growth will face the greatest pressure from
urbanization. The development control measures, taking into account both ecological
functions and construction land functions, should be considered. Therefore, the second
and third parts of green infrastructure are threatened by urban growth and need to be
included in key management zones.

In terms of the main driving force of urban expansion, self-organization growth, and
other-organization planning, an ecological corridor plays an important role in
maintaining regional green infrastructure [81-83]. The key management zones of green
infrastructure are divided into the following categories (Table 4): (1) external factors that
cause changed green infrastructure with urban planning control and the ecological
protection planning control scenario; these spaces are further divided into stress zones
with the urban planning control alone, with ecological protection planning control alone
and joint stress zones of both; (2) the no planning control self-organizational model
developed stressed green infrastructure, and the area affected by it alone are together
classified as the stress zones in the no planning control, excluding the areas of the next
type; (3) in all the three scenarios, the part of green infrastructure under the stress of urban
growth are the zones that will soon be occupied by urban development land; (4) the
biological migration corridor affected by urban growth is classified as the stress zones of
the core ecological corridor.

The stress zones of green infrastructure may be invaded by urban growth, and there
is great uncertainty in future development and construction, so resilience optimization
measures need to be formulated. To do so, we firstly analyze the causes of stress in
different areas and then the planning and control measures accordingly, such as
adjustment of planning, replacement of land, and control of development intensity are
advised, in order to enhance the ability of green infrastructure to adapt to the change
[18,84,85]. On the other hand, the zones that will soon be occupied by urban development
land are the key areas for future construction activities; control and guidance strategies
can be formulated according to the compatibility of different development land types to
different habitats [25,86-88] (Table 4).

Table 4. Stressed green infrastructure types and strategies.

Stressed Green
Infrastructure Stressful Situation Strategies
Types

(1) Stressed areas in the urban planning

. Adjustment of planning
control scenario

Zones stressed by

. (2) Stressed areas in the ecological Strengthening protection
urban growth in . A )
. protection planning control scenario management
one scenario . , , .
(3) Stressed areas in the “no planning Formulation ecological
control” scenario protection planning

(1) Stressed areas in the urban planning  Adjustment of planning

control scenario and the ecological and strengthening
Zones stressed by  protection planning control scenario protection management

urban growth in
two scenarios

Adjustment of urban
planning and formulation
ecological protection
planning

(2) Stressed areas in the urban planning
control scenario and “no planning
control” scenario




Land 2022, 11, 1481

9 of 22

Repl f
(3) Stressed areas in the ecological eplacement of urban

protection planning control scenario and
“no planning control” scenario

development land and
control of development
intensity

Development compatible
landscape ecological

Zones stressed by
urban growths in
all three scenarios

Zones that will be occupied by urban

development land )
protection measures

4. Results
4.1. Green Infrastructure and Corridor in the Chang-Zhu-Tan Urban Agglomeration

The green infrastructure of the Chang-Zhu-Tan urban agglomeration is obtained by
identifying the main habitats of different species and superimposing them together
(Figure 3). The green infrastructure of the Chang-Zhu-Tan urban agglomeration has a
total area of 15,690.19 km?, which is mainly concentrated in the western and eastern parts
of the Changsha built-up area, the northwestern and southern parts of the Xiangtan built-
up area, and the eastern and northern parts of the Zhuzhou built-up area. The length of
primary corridors is 363.19 km long and areas are 143.56 km? and they are mainly
concentrated in the peripheral area of the built-up area of the urban agglomeration and
the southern part of Changsha city, the northern part of Xiangtan city, and the southern
part of Zhuzhou city.

113°0'0"F 114°0'0"F.

28°0'0"N
T
28°0°0"N

27"()"0"N

Legend

27900°N

=3 study scope boundary
[ Core ecological comidor

Bl Green infrastructure scope

0510 20 30 40
e km

113°00"F 114°00'E

Figure 3. Green infrastructure and corridors in 2018.

4.2. Stressed Green Infrastructure Analysis in Different Scenarios
4.2.1. Stressed Green Infrastructure Characteristics

The simulation results show the patterns of the stressed green infrastructure in the
“no planning control” scenario (Figure 4), the stressed green infrastructure in the urban
planning control scenario (Figure 5), and the stressed green infrastructure in the ecological
protection planning control scenario (Figure 6). The details of the stressed area and their
characteristics are shown in Table 5.
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28°0°0"N
L

27°0'0"N
L

13°00"E T400"E,

Legend

F—  Sway scope boundary
Core ecological corridor
B oological space under stress

051200 300 40
Green Infrasiucture scope (5 0 m— m— )i}

28°0'0"N

27°00°N

113%00'T 114°00'T

113°Q'0"b 1l4°(|)‘0“h

Legend

E sty svope boundary
Care ecological commidor
B Ecolopical space undor stress

0510 20 30 40
Bl Gireon infrasruetre scope o — )]

28°00"N

2700"N

T T
113°00"E 114°00"T

Figure 5. Stressed green infrastructure in the “urban planning control” scenario in 2030.
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2030.

Table 5. Characteristics of stressed green infrastructure in different scenarios.

Scenarios  Areas Ranges Characteristics
The western and southern parts
of the built-up area of The urban agglomeration is in a “spread-out” expansion
“No Changsha, the northeastern part mode. The western and southern parts of Changsha, the

planning 202.80 km? of the built-up area of Xiangtan, northeastern part of Xiangtan, and the eastern and western

control” and the eastern and western ~ parts of Zhuzhou, as areas of high ecological value, have
parts of the built-up area of relatively more stressed green infrastructure.
Zhuzhou.
The western and northern parts The expansion of the urban agglomeration to the north and
Urban of the built-up area of west is evident, and the relevant areas are planned as key

planning 210.35 km

, Changsha, the northern part of
the built-up area of Xiangtan,

areas in the urban agglomeration plan, with urban functional
areas such as new riverfront areas, ecological new towns, and

control . . B
and the southeastern part of the industrial parks planned for the long term, exacerbating the
built-up area of Zhuzhou. state of green infrastructure under stress.
The extent of the green infrastructure under stress
The western and southern parts corresponds to the key development areas. The western and
. of the built-up area of southern parts of Changsha, as the key areas for the
Ecological . Lo -
rotection Changsha, the eastern and construction of the Xiangjiang New District, have been
p ) 182.64 km?2 northern parts of the built-up  developing rapidly in recent years, while the eastern and
planning . . N
control area of Xiangtan, and the northern parts of Xiangtan, as the direction of the

southeastern part of the built-updevelopment of the integrated city of Chang-Zhu-Tan Urban

area of Zhuzhou.

agglomeration, have been under greater pressure of green
infrastructure.
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The analysis of green infrastructure under stress in the three scenarios shows that the
stressed zone of green infrastructure is the smallest in the ecological protection planning
control scenario, the second largest in the “no planning control” scenario, and the largest
in the urban planning control scenario. This indicates that when the construction is carried
out according to urban planning, the surrounding green infrastructure is under greater
pressure and the green infrastructure is more affected. Meanwhile, by analyzing the
characteristics of the stressed areas, we find that the green infrastructure in the southwest
of Changsha City, the north and east of Xiangtan City, and the north and west of Zhuzhou
City are under greater pressure in the three scenarios, which also coincides with the
development direction of the city integration and urban agglomeration development
strategy of the Changsha-Zhuzhou-Tan urban agglomeration. The western area of
Changsha City, as the key construction area of Xiangjiang New District, has stressed green
infrastructure in all three scenarios. However, the stressed area in the northern part of
Changsha City in the urban planning control scenario is significantly larger than that in
the other two scenarios, which is also related to the fact that the northern part of Changsha
City is considered the key development area in the urban general planning. Notably, this
analysis proves that the planning and control as “other-organized” measures can only
affect urban growth to a certain extent, but cannot fundamentally change the urban “self-
organized” growth process. Secondly, the three scenarios have different impacts on the
local green infrastructure, indicating that there are areas of the green infrastructure under
uncertain urbanization stress, which are the areas for resilient green infrastructure control.

4.2.2. Identification of the Control Area of the Green Infrastructure

A comprehensive analysis of the stressed green infrastructure reveals that in the three
scenarios, the safety zone of green infrastructure, which is not affected by urban growth,
accounts for 98% of the total green infrastructure, while the total stressed zone of green
infrastructure is only 269.86 km? (Table 6 and Figure 7).

Table 6. Different control areas of the green infrastructure.

Types

Characteristics Areas Locations

The safety zone of green Green infrastructure

15.420.33 km? Western and eastern Changsha, northwestern and

infrastructure without stress southern Xiangtan, eastern and northern Zhuzhou
Green infrastructure with
. . Areas to the north and south of Changsha, northeast
alternative future in 133.64 km? .
. . of Xiangtan, and south of Zhuzhou
multi-scenarios St d
ressed green
. . 8 The western part of the built-up area of Changsha,
Zones that will soon be infrastructure the northern part of the built rea of Xianet
. northern pa uilt-up area iangtan,
occupied by urban 136.22 km? P P &

development land

and the southeastern part of the built-up area of
Zhuzhou
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Figure 7. Different control areas of the green infrastructure.

4.3. Resilient Strategies for the ldentified Key Green Infrastructure Control Areas
4.3.1. Identification of Key Green Infrastructure Control Area

By overlaying the stressed green infrastructure patterns and urban land-use planning
maps in different scenarios in GIS, four detailed types of key ecological control spaces are
identified. The detailed information is shown in Table 7.

Table 7. Identification of key green infrastructure control areas.

Types Area Location Stressing Urban Stressed Disturbed Species
Development Land  Ecosystem
North and west of the built-
Stressed area Orth anc wes® of The dut-up . . Small pheasant species,
) area of Changsha, north of the = Residential land, .
in the 67.12 . . . . Forest, shrub, small mammal species,
. built-up area of Xiangtan, and industrial land, and .
planning km? . . _ and wetland  and wetland medium-
. south of the built-up area of  public service land . .
scenario sized pheasant species
Zhuzhou
The western and southern
Stressed area .
in the “no parts of the built-up area of Residential land
. 23.00 Changsha, the northeastern . *  Forest, shrub, Small pheasant species and
planning . public green land, .
hs km?  part of Xiangtan, the western . . and meadow  small mammal species
control and industrial land
scenari and southeastern part of
© Zhuzhou
Zones that North and west of the built-up Residential land Small pheasant species and
will soonbe 43.52 p ’ P P

occupied by  km?
urban

area of Changsha, north of the public service land,
built-up area of Xiangtan,

and land for roads

Forest, shrub,

wetland medium-sized
and wetland

pheasant species
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development
land

northeast, and south of the  and transportation
built-up area of Zhuzhou facilities

Stressed area
of core 19.54
Ecological ~ km?
Corridor

Biomigratory corridors in the  public green land,

Residential land, Small pheasant species,

Forest, shrub, small mammal species,
and wetland and wetland medium-
sized pheasant species

north of Changsha and the  and land for roads
east of Xiangtan and transportation
facilities

4.3.2. Resilience Management Strategies of the Stressed Green Infrastructure

The protection measures in Table 4 are applied to the stressed green infrastructure in
the empirical case, and resilience management strategies are formulated according to the
stress characteristics of the four key control areas of green infrastructure (Table 8).

Table 8. Measures to improve the resilience of the stressed green infrastructure.

Types

Resilience Management Strategies

Stressed area in the
planning scenario

Residential land: The planning of urban residential land should be adjusted, the important
forest and wetland ecosystems should be retained, the scale and intensity of residential area
construction should be strictly restricted, and the interference with the existing green
infrastructure should be reduced in combination with the construction of community parks
and residential green space.

Industrial land: Adjust the planning of urban industrial land, change the industrial land
within the region to non-construction land, or change it into urban park green space.

Public service land: Adjust urban public service land planning to preserve important
ecosystems; restrict the type of land used for low-density education, culture, and sports
facilities, and strictly control their scales.

Residential land: It should be included in the scope of urban ecological protection planning
and control of detailed planning to avoid development as residential land.
Public green land: Special planning for urban public green space has been formulated; the

Stressed area in the “no original forest and wetland ecosystems should be retained, and local plants should be used to

planning control”
scenario

construct parks. The construction intensity of urban hard squares should be strictly
controlled.

Industrial land: The key monitoring areas included in the urban ecological protection
planning shall be strictly monitored and managed, and the industrial construction projects
shall be guided to be replaced with industrial parks in non-stress areas.

Zones that will soon be
occupied by urban
development land

Residential land: Priority should be given to the formulation of detailed control planning,
strict restrictions should be given to building density and floor area ratio, and important
woodland patches and wetland patches should be reserved as residential park green space.
Public service land: Priority should be given to the preparation of a detailed control plan,
strictly limiting the building density and plot ratio, and retaining important ecological
patches as public green space inside the park.

Land for roads and transportation facilities: Priority should be given to the compilation of
detailed control planning, and the construction of road traffic attached green space should be
combined with the requirements of urban ecological protection planning to avoid
aggravating habitat fragmentation of protected species.

Stressed area of core
Ecological Corridor

Residential land: Priority should be given to the preparation of a detailed control plan and
the corridor area should be designated as a residential green space to avoid the layout of
residential buildings interfering with biological migration activities.

Public green land: Priority should be given to the formulation of detailed control planning,
and local plants should be strictly used in the construction of green space in the park while
ensuring the width of the biological migration corridor.




Land 2022, 11, 1481

15 of 22

Land for roads and transportation facilities: Priority should be given to the preparation of
detailed control plans and the construction of underpass culverts or ecological bridges for
protected species to cross, to avoid roads interrupting the migration process.

5. Discussions

The research on urban growth and ecological resilience focuses on the representation
of their feature of coupling relations [25,28,32,35] but there is a lack of comprehensive
analysis in the context of urban growth uncertainty. Both cities and green infrastructure
are complex network systems that are constantly changing, and traditional static and rigid
control measures can hardly solve the complex contradictory problems between urban
development and green infrastructure protection [15,16]. Uncertainty exists in
organizational drivers, such as planning policies and their implementation, leading to
different future patterns of urban growth. Therefore, this study proposes a scenario-
analysis approach by combining the minimum cumulative resistance model (MCR) with
cellular automata (CA) to reflect the intrinsic dynamic linkage process of ecological
processes under uncertainties [37,38]. Based on our simulation results, urban land
expansion in urban agglomeration is a self-organizing growth process under the influence
of organizational planning measures which are also consistent with other studies
[17,28,36]. The distribution pattern of green infrastructure under stress is different in three
scenarios. Even in the scenario of ecological protection planning and control, urban
growth can easily break through the ecological protection boundary. The applied artificial
neural network CA model can be used to predict the uncertain future of urban growth
scenarios, and it could be more conducive to solving the practical problems that may be
faced by the stressed green infrastructure [89,90].

Furthermore, most of the existing studies on the ecosystem resilience assessment and
management are limited to the evaluation and improvement of indicators [20,22-24] and
ignore the difference in the diversification pattern caused by the spatial game of the future
urban growth. The validation and calibration process and results confirmed our
hypotheses that the process of urban growth stressing green infrastructure in various
scenarios could be simulated and the stressed green infrastructure could be identified
with different characteristics. Residential, industrial, and traffic facility land are the main
types of urban land causing green infrastructure stress, while forest, shrub, and wetland
are the main types of the stressed green infrastructure in our case. The green infrastructure
stressed by urban growth is mainly concentrated around the urban built-up area, but the
distribution pattern of the stressed green infrastructure varies with different scenarios.
This is because the driving factors of urban self-organization determine the main trend of
urban growth. For instance, the urban population of Chang-Zhu-Tan urban
agglomeration is about 10.2 million in 2020, and it will rise to 14 million in 2030 as
compared. Even in the scenario of ecological protection planning control, urban land use
is easy to break through the protection boundary. The identification of stressed green
infrastructure in various scenarios and the detailed analysis of their characteristics help
identify the diversities and form resilience optimization measures for the stressed green
infrastructure afterwards.

The importance of resilience for the green infrastructure has been discussed in the
case study of Detroit in America [91] and in the review on relative research of America
and Europe [92] but still in its infancy in China. The analysis results have proved clearly
the hypothesis that the current rigid measures cannot cope with the dynamic, complex,
changing processes of urban land use and green infrastructure, which, on the other hand,
confirms that resilient measures are needed to improve the green infrastructure resilience
for urban agglomerations in China. In contrast with the more frequent design proposals
for green infrastructure protection, which almost exclusively gives static and rigid
conservation boundaries, our approach provides alternatives for changing the landscape
of urban agglomeration with more resilience. The in-depth analysis proposes that the
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resilience of green infrastructure could be achieved by resilient management measures,
such as urban planning adjustment, regulatory detailed planning, development strength
control, and setting up the ecological protection facilities for the stressed green
infrastructure.

To summarize, this study has successfully formulated an effective methodology that
provides a scenario analysis approach to identify the stressed ecological spatial patterns
and form resilient measures for urban agglomerations in China. We comprehensively
analyze the dynamic game process of the urban growth stress green infrastructure and
identify the different types of stressed green infrastructure. This approach helps formulate
efficient green infrastructure resilience control strategies according to the uncertainty of
urban growth, ensuring that stressed ecosystems can resist disturbance, respond, and
adapt to changes in different scenarios.

Nevertheless, this study has some limitations. The application of the resilience
concept in green infrastructure is still in the exploration stage, and the future of urban
growth under the influence of multiple driving forces is more complex than the scenario
hypothesis in this research. The research on the stress impacts and resilience response of
different urban land-use types on different green infrastructure needs to be further
studied.

6. Conclusions

The resilience optimization of green infrastructure in rapidly developing urbanized
areas, as a key yet difficult point in the ecological construction of urban agglomerations,
has not received sufficient attention in relevant studies. The uncertainty of urban growth
leads to the uncertainty of urban agglomeration green infrastructure. As it is difficult to
adapt to such uncertainty, the previous planning measures for green infrastructure
protection based on the demarcation of rigid protection red lines are easy to fail. To solve
this problem, we have proposed a scenario simulation analysis method to identify the
types of stressed green infrastructure and conduct resilience management based on the
characteristics of self-organization growth of urban land and other-organization growth
of urban planning. In this method, the cellular automata model of urban growth has been
constructed by using an artificial neural network, and four types of green infrastructure
under urban growth stress have been identified in three scenarios. Resilience management
strategies have been proposed to adapt to the alternative futures of urban growth in detail
based on land-use types.

Currently, China is still in a period of rapid urbanization, and the research on the
optimization of the resilience of the stressed green infrastructure not only helps to solve
the conflicts between urban expansion and ecological protection but also contributes to
the construction of an ecological city. Through the study on the optimization of the
resilience of the stressed green infrastructure of Chang-Zhu-Tan urban agglomeration, it
is found that the strong urban self-organizing driving force dominates the future urban
growth process, while the other organizing driving force of planning affects the future
urban growth pattern to a certain extent. Although the protection planning of green
infrastructure has a certain constraint effect on urban growth, its protection boundary is
easily breached by urban land use. The identification of four types of stressed spaces in
Chang-Zhu-Tan urban agglomeration and their resilience management is beneficial to
improving the conservation efficiency of green infrastructure and the management
efficiency of the urban-growth boundary by targeting the most suitable measures for the
spaces with resilient potentials.
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