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Abstract: The accurate identification of PLES changes and the discovery of their evolution character-
istics is a key issue to improve the ability of the sustainable development for resource-based urban
areas. However, the current methods are unsuitable for the long-term and large-scale PLES investiga-
tion. In this study, a modified method of PLES recognition is proposed based on the remote sensing
image classification and land function evaluation technology. A multi-dimensional index system
is constructed, which can provide a comprehensive evaluation for PLES evolution characteristics.
For validation of the proposed methods, the remote sensing image, geographic information, and
socio-economic data of five resource-based urbans (Zululand in South Africa, Xuzhou in China, Lota
in Chile, Surf Coast in Australia, and Ruhr in Germany) from 1975 to 2020 are collected and tested.
The results show that the data availability and calculation efficiency are significantly improved by the
proposed method, and the recognition precision is better than 87% (Kappa coefficient). Furthermore,
the PLES evolution characteristics show obvious differences at the different urban development
stages. The expansions of production, living, and ecological space are fastest at the mining, the initial,
and the middle ecological restoration stages, respectively. However, the expansion of living space is
always increasing at any stage, and the disorder expansion of living space has led to the decrease of
integration of production and ecological spaces. Therefore, the active polices should be formulated
to guide the transformation of the living space expansion from jumping-type and spreading-type to
filling-type, and the renovation of abandoned industrial and mining lands should be encouraged.

Keywords: urban sustainable development; land function evaluation; ecological restoration; land-
scape pattern index; coordination index

1. Introduction

Resource-based cities are cities in which development depends primarily on the
exploitation and primary processing of natural resources (e.g., minerals, energy, and
virgin forests) [1]. These cities have made great contributions to the economic and social
development of their respective countries by supplying basic energy and raw materials.
However, due to resource exhaustion, a lot of problems can be exposed. For example,
environmental degradation, economic recession, increased unemployment rate, etc. [2,3].
Therefore, many investigations into sustainable development of resource-based urban areas
have been carried out, and some significant results have been obtained. For example, the
driving forces of land use/cover change in resource-based urban areas are analyzed. The
results show that the policy transformation of the resource industry has the most important
influence on the land use change in resource-based urbans [4]. The land use change of
resource-based urbans and the industry life cycle have a high degree of consistency [5]. In
addition, the ecological vulnerability of resource-based urbans is also investigated, and
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the different resource exploitation strategies are proposed for the regions with different
ecological vulnerability indexes [6].

However, there is still a lack of investigation into the long-term and large-scale spatial
evolution characteristics of resource-based urbans. There is also a lack of research into
urban spatial change differences for resource-based urbans at different exploiting stages.
Therefore, it is a disadvantage to formulate the targeted spatial development planning
for different resource-based urbans. In this study, the urban tempo-spatial evolution
characteristics are analyzed in detail based on remote sensing image data, which are from
five typical mining resource-based urbans in the past 45 years. The aim is to discover
the main features of urban spatial evolution and determine the restricting factors for the
healthy development of resource-based urbans. The findings of this study allow us to
understand the laws of urban spatial development and improve the ability of sustainable
development for resource-based urbans.

In the past decades, many kinds of urban planning approaches have been proposed
for different planning objectives. For example, the approach based on ecological footprint
and biocapacity focused mainly on the urban environmental carrying capacity and the
sustainable development of urban settlements [7]. The approach of land use planning is
to determine the most favorable spatial development of various land-use types [8]. The
objective of urban traffic planning is to provide optimal spatial distribution of traffic facili-
ties and road network for improving urban transport capacity [9]. Therefore, if multiple
plans are implemented in the same place at the same time, it will lead to difficulties in
decision-making and implementation (e.g., the conflict areas) [10,11]. To solve this problem,
anew concept of space planning has been put forward and named as the production-living-
ecological space (PLES) planning, where the land space is divided into three categories
(production, living, and ecology) for strengthening the integration and coordination of
multiple plans [12,13].

A number of theoretical and practical studies of PLES planning have been carried
out in the past decade, which can be summarized as follows: (1) the recognition and
division of PLES dominant function areas [14,15]; (2) the evaluation of the index design
of PLES evolution characteristics [16,17]; (3) the simulation and optimization allocation
of PLES planning [18,19]. Furthermore, the research method has been transformed from
the traditional qualitative evaluation to the quantitative measurement; the research scale
is increasingly refined (from the national and municipal scales to the town and village
scales); the data source has been developed from traditional socio-economic statistical data
to integrate multi-source data, such as remote sensing image and geographic information
data [20,21].

However, some problems with PLES planning are still unsolved. For example, the
recognition and division of PLES is mostly based on the two kinds of methods. One
method is based on biophysical process expression and value transformation, where the
different functional spaces are identified by the statistical data of each administrative unit
and their transformation values. The statistical data include environment, energy, and
economy data, etc. [22] Another method is the based on land utilization investigation
data, where urban functional spaces are recognized by evaluating the function of each
plot and merging the same function of plots [23]. The first kind of method is highly
precise for PLES recognition, but its calculation is complex and data dependency is very
strong. Therefore, it is not convenient for the non-professional users. The second kind
of method is simple, but it is very difficult for unauthorized users to obtain the land
utilization investigation data. Therefore, they cannot meet the requirement of the long-time
and large-scale PLES recognition. In addition, the current evaluation indexes of PLES
evolution characteristics are puzzled and unsystematic. Many indexes crossover, overlap,
and are represented poorly [24]. Therefore, a multi-dimensional index system should be
constructed to comprehensively evaluate PLES evolution characteristics.

The main aim of this study is to provide a long-term and multi-dimensional analysis
of PLES changes and determine the main rules of PLES evolution and the restricted factors
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for sustainable development of resource-based urbans. The specific objectives include:
(i) developing a modified method which is suitable for long-term and large-scale PLES
recognition; (ii) constructing a multi-dimensional index system, which can provide a
comprehensive evaluation for PLES evolution characteristic analysis; (iii) discovering
the main rules of resource-based urbans at the different exploiting stages; (iv) finding
out the bottleneck problems and proposing targeted polices to improve the ability of the
sustainable development of resource-based urbans.

To realize the above objectives, the following work has been performed. Firstly, the
study areas and data sources are determined in Section 2. The study areas are five typical
mining resource-based urbans (Zululand in South Africa, Xuzhou in China, Lota in Chile,
Surf Coast in Australia, and Ruhr in Germany). The data includes the remote sensing
image, geographic information, and socio-economic data of these cities from 1975 to 2020.
Then, a modified method of PLES recognition, based on remote sensing image classification
and land function evaluation technology, is proposed in Section 3. A multi-dimensional
index system of PLES evolution character analysis is constructed, which includes three
layers (expansion scale, spatial distribution, and interaction relationship) and six special
indexes (the proportion of PLES function, the proportion of PLES dominant function, the
largest patch index, the landscape shape index, the coupling index, and the coordination
index). In Section 4, the recognition results and PLES evolution characteristics of five
chosen cities are analyzed in detail. The main issues and locations with problems to do
with PLES development in five cities are pointed out. In Section 5, the main findings of
this study are compared with the relevant studies, and the limitations of this study are also
analyzed. Finally, some conclusions and the policy implications are proposed in Section 6.

2. Study Area and Data Sources
2.1. Study Area

To investigate the PLES evolution characteristics of resource-based urbans at different
exploiting stages, study areas are selected following these principles: (a) the selected cities
should be located in the different areas as far as possible, such as Africa, Asia, America,
Australia, and Europe; (b) the selected cities should be at the different stages of resource
exploitation, such as the mining stage, initial, middle, mid-late, and late stages of ecological
restoration; (c) a long-time span data (1975-2020) of selected cities is available, including
the remote sensing image, geographic information and socio-economic data. According
to the above principles, the five typical mining resource-based urbans (Zululand in South
Africa, Xuzhou in China, Lota in Chile, Surf Coast in Australia, and Ruhr in Germany) are
picked out. Figure 1 shows the geographical distribution of five selected cities.
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Figure 1. The geographical location and administrative divisions of five selected resource-based urbans (Zululand in South

Africa, Xuzhou in China, Lota in Chile, Surf Coast in Australia, Ruhr in Germany).
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Zululand is located in the east of South Africa, which is one of the most important
coal production cities in South Africa. Since 1977, it is still in the period of resource
exploitation [25]. Xuzhou is located in the southeast of China, which was an important
coal producing city in China. However, all coal mines were closed in 2011 and it is now in
the initial stage of ecological restoration [26]. Lota is located in the middle of Chile, which
started to mine in 1884 and closed in 1990. Now, it is in the middle stage of ecological
restoration [27]. Surf Coast is located in the southeast of Australia, where coal is mainly
distributed in the southeast coastal areas. In 1991, it announced the closure of the mine and
transformed into the tourist city. It is now in the mid-late stage of ecological restoration [28].
Ruhr is the most famous industrial zone, not only in Germany, but in the world. It is
located in the west of Germany, where the coal reserves account for 3/4 of the total reserves
in Germany [29]. With the decline of traditional industries (e.g., coal, steel, etc.), Ruhr has
carried out industrial restructuring and environmental improvement since the 1970s [30].
Now, it has been transformed into a scientific-technological city, where the computer and
information industries are dominant. It is in the late stage of ecological restoration [31].

2.2. Data Sources

In this study, there are three kinds of data collected and used: one is the remote sensing
images of five resource-based urbans from 1975 to 2020 (a cycle of nine years and a total of
six cycles); the other is the geographic information data, which provide the vector files of
administrative divisions of five cities in 2018; the third is the socio-economic statistical data
from the literature and statistical yearbooks from 1975 to 2020, including the population,
industrial economy, natural resources of five cities, etc. The special information of the three
kinds of data is listed in the Table 1.

Table 1. Study data sources and contents.

Data Type Content Time Source
Remote sensing Landsat 30 x 30 and 60 x 60 m USGS official website,

. o 1975-2020 .

image data remote sensing image Geospatial Data Cloud
Administrative Vector files of administrative Gqurap th?l .
boundary data division 2018 Information Monitoring

Cloud (GIM Cloud)
Socioeconomic Population, industrial Literatures and statistical
- 1975-2020
statistics economy, natural resources yearbooks

The remote sensing image data are from the Landsat satellite. The data acquisition
time is in the summer of each city, because identifying remote sensing images of vegetation
in the growth season peak is easier than during other seasons [32]. The specific years
are 1975, 1984, 1993, 2002, 2011, and 2020, respectively. The image spatial resolutions
of 1975-1993 and 2002-2020 are 60 m x 60 m and 30 m x 30 m, respectively. Since the
administrative boundaries of the five cities have not significantly changed in the past
45 years, the vector files of administrative division from the Geographical Information
Monitoring Cloud platform of China (GIM Cloud) in 2018 are adopted.

3. Research Methods
3.1. Recognition Method of PLES Based on Remote Sensing Image Classification

Accurate identification of the function spatial changes of PLES is necessary for investi-
gating PLES spatial distribution and evolution characteristics, and two kinds of method are
often used to realize this. One is the method based on biophysical process expression and
value transformation, where the PLES function is identified by using the value transforma-
tion models and the environmental, energy, economic, and other statistical data of each
administrative unit. The other is the classification method of land utilization investigation
and function evaluation, where the PLES function of each type of land is evaluated and
the same function of lands are classified into one of production, living, or ecological space
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functions. The first kind of method is highly precise for PLES function recognition, but its
calculation is complex and data dependency is strong. Therefore, it is not convenient for
the non-professional users. The second kind of method is simple, but it is very difficult
to obtain the land utilization investigation data for the unauthorized users. Therefore,
there is still no simple and convenient method to meet the requirements of long-term and
large-scale PLES function recognition.

To alleviate this problem, an efficient recognition method of PLES function, based on
remote sensing image classification and land function evaluation technology, is proposed in
this study. The basic idea is that the recognized land use types can be reduced by merging
the land use types which have the same PLE function, and the evaluation processing can
be simplified by assigning the priori scores of PLE function for each kind of land. The
specific steps are as follows: (i) the types of land use are identified by remote sensing image
data classification technology. In this study, seven types of land use are identified by the
Convolutional Neural Network (CNN) method [33], including the waters, construction
land, woodland, grass, arable land, industrial and mining land, and rural residential land;
(ii) the priori scores of the PLE function of each land use type are assigned based on the
existing references and our experimental results [34,35]. The specific scoring criteria are
shown in Table 2; (iii) the PLE function scores of each unit space (60 x 60 m and 30 x 30 m)
are determined based on the results of land type classification and land function evaluation.
The modified method has more advantages than the existing two methods in operation
convenience and data availability, because there is no complicated calculations and only
remote sensing image data is needed. Therefore, it is more suitable for long-term and
large-scale PLES function recognition than the existing methods. However, it should be
noticed that a limited number of land types can be identified by remote sensing image data.
On the contrary, all types of land can be obtained if using land utilization investigation
data. Therefore, the precision of PLES recognition with the proposed method has to be
verified by the real experimental data.

Table 2. Marking criteria for PLES function evaluation for the different land types.

No. Land Type Production Living Ecological
1 Waters 0 0 5
2 Construction land 3 5 0
3 Woodland 1 0 5
4 Grass 1 0 5
5 Arable land 5 0 3
6 Industrial and mining land 5 1 0
7 Rural residential land 3 5 0

In theory, it is feasible to use remote sensing image data to quantitatively identify the
PLES function because the PLES function of many second-level land types is the same or
similar [36]. For example, the cultivated land is subdivided into the paddy field, irrigated
land, and dry land in the land utilization investigation data. However, their scores of
production, living, and ecological function are the same (5, 0 and 3), where 5, 3, 1, and
0 indicate the strong, middle, weak, and no function, respectively. For another example,
the woodland is subdivided into the forest land, shrub land, and other forest land, but
their scores of PLES function are 1/0/5,0/0/5 and 0/0/5, respectively [35]. However, the
scores of PLES function from some second-level land types are different, although their
first-level land types are the same. For example, the scores of PLES function from natural
and artificial pasture are 1/0/5, 1/0/1, respectively, namely, the ecological function of
natural pasture is stronger than that of artificial pasture.

Therefore, using remote sensing image data to quantitatively identify the PLES func-
tion can improve the operation convenience and the data availability, but it also leads to
the loss of precision of PLES function identification at the same time. However, if this loss
of precision is acceptable (a slight effect on the PLES evolution characteristics analysis), the
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proposed method is more efficient than the existing two methods. The actual precision of
PLES function identification will be verified by real data in the Section 4. Table 2 shows the
marking criteria for using remote sensing image data to evaluate PLES functions for the
different land types.

Using the land use classification results of remote sensing image data and the above
evaluation method of PLES function, the evaluation results of PLES function in the unit
space (60 x 60 m and 30 x 30 m) can be obtained. However, the PLES functions are
different in the same unit. To obtain the spatial distribution of the PLES dominant function
of each city, the strongest function of PLES needs to be identified in each unit. This is
used to determine the PLES dominant functions of each unit and the highest scores of
production, living, and ecological functions of each unit. For example, if the scores of PLES
functions are respectively 3, 5, and 0 in a patch of construction land, the dominant function
of this unit is the living function.

3.2. Spatial Distribution and Evolution Characteristics Analysis Index of PLES Function

Many indexes of spatial distribution and evolution characteristics analysis of the
PLES function have been presented. However, these indexes are puzzled or fragmental,
where the indexes crossover, overlap, and are poorly represented. Therefore, it is necessary
to construct a comprehensive index system to investigate the spatial distribution and
evolution characteristics of the PLES function. In this section, a layer index system of PLES
function evaluation is constructed, which includes three layers and six special evaluation
indexes. The indexes of the first layer are used to analyze the scale variation of PLES,
including the proportion of the PLES function (PPF) and the proportion of PLES dominant
function (PDF). The indexes of the second layer are used to describe the spatial distribution
of the PLES function, including the largest patch index (LPI) and the landscape shape index
(LSI). The indexes of the third layer are used to evaluate the interaction relationship of
the PLES function, including the coupling index and the coordination index. The specific
formulas and principles of each index are as follows:

(a) The proportion of the PLES function (PPF) is mainly used to analyze the scores of
production, living, and ecological function in the study area and it changes with time. The
calculation formula is:

r ki
S —— % 100%, (K = P,L,E) (M)
Y P+ x L+ ¥ Ef
i=1 i=1 i=1

RT represents the percentage of the K-th function scores in the total scores of the PLES
function in the T-th year. P, L, and E are respectively the scores of production, living, and
ecological functions and K is one of P, L, and E. n is the number of unit space in the study
area. Because 60 x 60 and 30 x 30 m of remote sensing image data are used in this article,
a unit space is one pixel. The variation of the PPF of each city in the different years can be
obtained by RTK minus RTKfl.

(b) Proportion of the PLES dominant function (PDF) is used to analyze the area
proportion of the production, living, and ecological dominant function in the study area
and its changes with the time. The calculation formula is:

X
Y
R'T = - ]*b - x 100%, (K'=P,L,E x=a,b,c ) 2)
YPI+ Yy LT+ B
j=1 j=1 j=1

R'Ty notes the area proportion of the K'-th dominant function in the total study area in
the T-th year. P/, L', and E’ are respectively the areas of production, living, and ecological
dominant functions, and K’ is one of P/, L', and E’. 4, b, and ¢ are respectively the number
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of unit spaces of production, life, and ecological dominant functions and x is one of them.
Since the area of unit space of each city is the same (60 x 60 or 30 x 30 m) in the same year,
the area of P/, L', and E’ can be replaced by the number of unit space (a, b, and c).

(c) Although the scale variation of the PLES function can be presented by PPF and PDF,
the geographical distribution of PLES functions cannot be described by them. Therefore,
the indexes of the second layer are adopted, namely the largest patch index (LPI) and
landscape shape index (LSI), and the Fragstats software (Version 4.2) is used to calculate
the two indexes. LPI and LSI represent the aggregation and integrity of urban land
patches, respectively. The larger the value of LPI, the more concentrated the urban land
expansion [37,38]. The smaller the value of LSI, the better integrity of urban land patches.
The calculation formula is:

Max(ay,az,...ay,)
A

LPI = x 100% 3)
a is the area of each patch and A is the total area of all patches. Max means the maximum
areaof aj, ay, ... , ay and n is the number of patches.

0.25E
LS = —— 4
VA @)

E is the total length of the edge of the landscape. A is same with the Equation (3).

(d) The spatial distribution of PLES function can be analyzed by LPI and LSI. However,
the interaction relationship between the different PLES functions cannot be described by
the LPI and LSI. Therefore, the coupling and the coordination indexes are introduced to
analyze the interrelationship between the different PLES functions in each city [39]. The
calculation formula is as follows:

PxLxE 1/3
C=3x[————~"—~_ 5
[(P—l—L—l—E) ©®)
D=+CxT, T=aP+pL+xE (6)

C and D are the degree of coupling and coordination of the PLES function in one study
area, respectively. The P, L, and E are the same as in the Equation (1). T is the weighted
scores of P, L, and E. w, B, x are respectively the weighted coefficients of P, L and E, which
are set as 0.35, 0.35, and 0.30 [40]. In addition, the degree of coupling and coordination of
production-living, production-ecological, and living-ecological functions can be written as

D=+vCxT, Tpp =aP+BL, Tpg = aP + xE, Trg = BL+ xE (7)

where « and § take 0.50 and 0.50 respectively to calculate the production-living coor-
dination; « and x take 0.55 and 0.45 respectively to calculate the production-ecological
coordination; B and x take 0.55 and 0.45 respectively to calculate the living-ecological
coordination [41]. Therefore, the coupling and coordination level of PLES function in
one study area can be obtained by Equations (6) and (7). The specific standards are as
follows: [0, 0.2] is a serious disorder; [0.2, 0.4] is a moderate disorder; [0.4, 0.6] is basically
coordinated; [0.6, 0.8] is moderately coordinated; [0.8, 1.0] is highly coordinated.

4. Experimental Results and Analysis
4.1. Quantitative Recognition Results of PLES

To analyze the spatial distribution and evolution characteristics of PLES of five se-
lected resource-based urbans (Zululand in South Africa, Xuzhou in China, Lota in Chile,
Surf Coast in Australia, and Ruhr in Germany) in the past 45 years, it is necessary to
quantitatively identify the PLES function of each city. The remote sensing image data in
Table 1 and the marking criterion of PLES functions in Table 2 are adopted to identify the
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PLES functions of five cities in 1975, 1984, 1993, 2002, 2011, and 2020, respectively. Figure 2
shows the identified results in 1975 and 2020.

For validation of the proposed method, the land utilization investigation data of
Xuzhou, China in 2011 and the identification method of PLES functions are adopted. The
identified results of two methods are highly consistent (Kappa coefficient is 87.1%). This
means that the proposed method of PLES identification can meet the requirement of spatial
distribution and evolution characteristics analysis of PLES functions, if the identified
precision is not overemphasized. However, the proposed method is more efficient and
convenient than the traditional methods of PLES function identification.

[ Living space

* M Production space I Production space
@ | Ecological space . @ . Ecological space
1:500,000 9 2—4 2 16Km 1:500,000 9 2—4 . 16Km

(a) Spatial distribution of PLES functions in Zululand of South Africa in 1975 and 2020

1975 Xuzhou 2020 Xuzhou

[ | Living space [ Living space

I Production space I Production space
| Ecological space R | Ecological space =
1:900,000 [ mKm  1:900,000 e = Km

(b) Spatial distribution of PLES functions in Xuzhou of China in 1975 and 2020

Figure 2. Cont.
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(c) Spatial distribution of PLES functions in Lota of Chile in 1975 and 2020
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(d) Spatial distribution of PLES functions in Surf Coast of Australia in 1975 and 2020.

1975 Ruhr 2020 Ruhr
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(e) Spatial distribution of PLES functions in Ruhr of Germany in 1975 and 2020

Figure 2. Results of PLES functions of five cities based on remote sensing image data ((a). Zululand,
(b). Xuzhou, (c¢). Lota, (d). Surf Coast, (e). Ruhr).
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4.2. Analysis of PLES Evolution Characteristics

The spatial distribution and evolution characteristics of the PLES function of five cities
in the different periods can be analyzed, based on the above identification results and the
evaluation index system in Section 3.2. The variation of PPF and PDF of each city in the
different years are calculated by Equations (1) and (2) and the results are listed in Table 3.

Table 3. Variation of PPF and PDF of five cities from 1975 to 2020. Unit: Percentage.

City Ecological Function Production Function Living Function
PPF PDF PPF PDF PPF PDF

Zululand —5.17 —3.64 3.83 2.63 1.35 1.01
Xuzhou —11.24 —11.79 —13.94 —2.26 25.17 14.06
Lota 6.45 2.28 —10.10 —5.70 3.71 3.43
Surf Coast 1.28 0.94 —2.23 —3.80 3.51 2.87
Ruhr 7.63 3.71 —-9.5 —6.78 1.87 1.72

From the results in Table 3, it is clear that the PPF and PDF of five cities have been
changed in different levers in the past 45 years. For Zululand at the mining stage, the
PPF and PDF of the production function are increasing; on the contrary, the PPF and PDF
of the ecological function are decreasing. The reason for this is that a large amount of
ecological land is being transformed into the production land in this area. The PPF and
PDF of living functions in Zululand is increased slightly, which means that this city is in
the initial stage of urbanization. For Xuzhou at the initial stage of ecological restoration, the
increase of PPF and PDF of living functions are a maximum of five cities; at the same time,
the PPF and PDF of production and ecological function are all decreasing. This means that
Xuzhou is in the period of rapid urban development. For Lota, Surf Coast, and Ruhr at the
middle, mid-late, and late stage of ecological restoration respectively, the PPF and PDF of
the ecological function are increasing; on the contrary, the PPF and PDF of the production
function are decreasing. In addition, the growth rate of PPF and PDF of the living function
of the three cities is decreasing. This means that the expansion of living space has slowed
down as the urbanization process is completed gradually.

Although the scale variation of PLES functions of the five cities are shown in
Table 3, the spatial distribution variation of PLES of each city in the past 45 years has
not been demonstrated. Therefore, the LPI and LSI are adopted to analyze it. Table 4 and
Figure 3 show the variations of LPI and LSI of five cities from 1975 to 2020, respectively.

Table 4. Variation of LPI of five cities from 1975 to 2020. Unit: Percentage.

City Zululand Xuzhou Lota Surf Coast Ruhr
Ecological space —16.73 1.05 15.23 2.61 —5.89
Production space 18.67 —20.21 -3.33 —11.41 —3.47

Living space 0.29 2.08 3.32 0.62 11.41

From Table 4, it is clear that the aggregation of production space in Zululand increased
significantly (LPI increased by 18.67%). However, the aggregation of production space was
seriously damaged (LPI decreased by 16.73%). And Figure 3a shows the LSI of grassland in
Zululand has the greatest increase from 1975 to 2020. Therefore, more attention should be
paid to the protection of the grassland in Zululand in the future. For Xuzhou, the expansion
scale of the living function is a maximum of five cities. However, the aggregation of living
space has not been increased (LPI increased by 2.08%), and it leads to serious damage
to the aggregation of production space (LPI decreased by 20.21%). From Figure 3b, the
most important problem is that a number of scattered rural construction land destroys the
integrity of the land landscape. The LSI of Lota is about an order of magnitude smaller than
those of other cities from Figure 3¢, which means the landscape integrity of Lota is best of
five cities. And the aggregation of living and production spaces have not been decreased
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significantly, although the ecological space is increasing rapidly in Lota in past 45 years.
The LPI of production space in Surf Coast has dropped significantly (—11.41%). The reason
is that many abandoned industrial and mining lands in the area have been renovated into
the small lakes, which leads to the decline of aggregation of production space and increased
the LSI of water bodies as Figure 3d. Ruhr is at the late stage of ecological restoration,
and the aggregation of living space has a greatest increase in five cities (LPI increased by
11.41%). However, the expansion of living space leads to the decrease in aggregation of
other spaces (LPI of ecology and production dropped 5.89% and 3.47%, respectively).
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Figure 3. Variation of LSI of five cities from 1975 to 2020 ((a). Zululand, (b). Xuzhou, (c). Lota, (d). Surf Coast, (e). Ruhr).
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In addition, it should be noted that the PSI values increased in most of cases in
Figure 3. The main reason for this is that the areas of living space have significantly
increased for five analyzed cities in the past 45 years (see Table 3). In addition, the
jumping-type and spreading-type are the main expansion types of living space, rather
than filling-type (see Figure 2). Therefore, it damaged the spatial integrity of the urban
landscape and led to an increase in edge lengths for the most of patches. Namely, the LSI
values increased, as shown in Figure 3. Therefore, more attention should be paid to solving
the problem of disorder expansion of construction land in the future, especially Xuzhou
and Ruhr.

The scale and spatial distribution of PLES function evolution of the five cities in the
past 45 years was analyzed by PPF, PDEF, LPI, and PSI indexes. However, the relationship
between production, living, and ecological spaces is not demonstrated. Thus, the coupling
and coordination indexes are adopted for further analysis. Figure 4 shows the variations of
coupling and coordination indexes of the five cities from 1975 to 2020.
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Figure 4. Variation of coupling indexes (a) and coordination indexes (b-f) of the five cities from 1975 to 2020.

Figure 4a shows that the relationship of PLES functions of the five cities has been gradu-
ally strengthened in the past 45 years, where Ruhr has the strongest interaction relationship,
Zululand has the weakest, and Xuzhou has the largest increase. Figure 4b—f reflects the
good and bad situation of the relationships between the PLES functions of each city. The
coordination index of Ruhr is the highest (>0.8), which is in a highly coordinated level.
The coordination indexes of other cities are 0.4 ~ 0.8, which are in basic coordination and
moderate coordination levels. Moreover, the coordination index of production-ecological
(PE) space in the five cities are the highest. This means that the relationship of PE space is
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the best. In Xuzhou, the coordination index of production-living (PL) space is the lowest,
and the coordination indexes of living-ecological (LE) of the other four cities are the lowest.
This means that the disorderly expansion of living space has had a serious impact on the
healthy development of production and ecological space.

To find out the specific locations of the low coordination degree of PL and LE in each
city, a 9 km x 9 km grid is taken as the unit space and the spatial distributions of the
coordination degree of LE space of Zululand, Lota and Surf Coast, and the coordination
degree of PL space of Xuzhou and Ruhr in 2020 are shown in Figure 5.
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Figure 5. Spatial distribution of the coordination degree of LE space of Zululand (a), Lota (c), Surf
Coast (d), and the coordination degree of PL of Xuzhou (b) and Ruhr (e) in 2020.

Figure 5a,c,d shows that the areas of the lowest coordination degree of LE space are
located in the northeast (Louwsburg) of Zululand, the middle east (Tricauco) of Lota, the
north (Ombersley and Gnarwarre) and the southwest (Lorne) of Surf Coast, respectively.
Figure 5b,e show that the areas of the lowest coordination degree of PL space are located in
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the northwest (Feng County and Pei County) of Xuzhou and the northwest (Wesel) of Ruhr,
respectively. Therefore, these cities should pay more attention to alleviating the problem of
disorderly expansion of living space in the above regions in the future.

5. Discussion

The obtained results demonstrate that the PLES evolution has two salient features in
the development of resource-based urbans. One feature is that the expansion velocity of
PLES is different for urbans at different exploiting stages. The expansions of production,
living, and ecological space are fastest at the mining, the initial, and the middle ecological
restoration stages, respectively. On the other hand, the expansion of living space is always
increasing at any stage. In addition, the expansion velocity of living space is slowed down
as the urbanization process is completed gradually. Moreover, the disorder expansion of
living space has led to the decrease of integration of production and ecological spaces.
However, most existing studies focus on resource-based cities at a specific exploiting
stage [42]. For example, in the early days, the studies of resource-based urbans focused
on the social problems, such as the proportion characters of male to female [43], the age
structure changes of population [44], and the relationship between employment rate and
industrial structure [45]. In the past decades, with the enhancement of awareness of en-
vironment protection, the study of the effects of resource-based urban development on
the ecological environment has become a hot spot, such as ecological vulnerability evalua-
tion [46], ecological restoration method [47], and pollution index system [48]. However, it is
lack of a long-time analysis of urban spatial evolution characters at the different exploiting
stages. The key limited factor is the data availability.

With the advances of satellite remote sensing and geo-information technology, it
provides a new opportunity to solve this problem. In this study, a modified method of
PLES recognition is proposed, based on the remote sensing image classification and land
function evaluation technology. The proposed method has more advantages than the
existing two methods for the data availability and the operation convenience. For example,
the land utilization investigation data and the socio-economic statistical data from each
administrative unit are needed if using the existing methods [49]. On the contrary, there
is only remote sensing image data using this method, and it can be downloaded for
free from the Internet. In addition, the complex calculation processes and mathematic
models are required if using the method based on biophysical process expression and
value transformation [50]. However, the proposed method in this study only needs the
prior marking criteria to determine the PLES function scores of unit space. Therefore, the
proposed method is more suitable for the long-term span and large-scale PLES recognition
than the current methods.

The evaluation of PLES function is another important issue to reveal PLES evolution
characteristics and problems. Therefore, many PLES evaluation indexes have been pro-
posed for the different applications. For example, an environment evaluation index system
is constructed based on Copula function for ecological assessment [51]. For another exam-
ple, an evaluation index system is designed based on Analytic Hierarchy Process (AHP)
to investigate the changes of landscape resources [52]. Moreover, the function area ratio,
aggregation of function space, and local Moran Index are often used to analyze the PLES
evolution characteristics [53,54]. However, these indexes, or index systems, just evaluate
the PLES evolution characteristics from one dimension. In this study, a multi-dimensional
index system is constructed to comprehensively evaluate the PLES evolution characteristics.
Compared to the current methods, the proposed index system is more systematic and more
organized for PLES function evaluation. In addition, the proposed index system just needs
the PLES recognized results from the remote sensing image data, rather than the other data.

Based on the proposed PLES recognition method and the multi-dimensional evalu-
ation index system, the evolution characteristics of PLES functions are analyzed, which
are from five typical mining resource-based urbans in the past 45 years. Some significant
characteristics and obvious problems of PLES evolution were discovered. Compared to
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the existing findings, the results of this study show the PLES evolution characteristics of
resource-based urbans at the different exploiting stages. For example, the characteristics of
PLES evolution show obvious differences at the different exploiting stages. The production,
living, and ecological space expansion are fastest at the mining, the initial, and the middle
ecological restoration stage, respectively. However, the area and aggregation of living
space is always increasing at any stage. In addition, some common problems of PLES
development are pointed out for the different resource-based urbans. For example, the
rapid and disorderly expanding of living space has led to a decrease in integration of
production and ecological spaces in all analyzed resource-based cities.

However, there are still some limitations in this study. (i) The PLES recognition
precision of the proposed method is worse than that of the method based on land utilization
investigation data. This is because the identified land types from remote sensing image
classification technology are less than those from the and utilization investigation data. This
leads to the decrease of evaluation accuracy, because the scores of the PLES function from
some second-level land types are different, although their first-level land types are the same.
(ii) The scores of the PLES function evaluation from the proposed method are rough (5, 3, 1
and 0). On the contrary, the evaluation results of the PLES function are intensive/specific,
if using the method of biophysical process expression and value transformation. (iii) The
proposed index system of PLES evolution analysis is also not perfect, because it just
considers the tempo-spatial characteristics of PLES evolution. Therefore, the inherent
factors and mechanism of PLES evolution cannot be revealed using this index system. With
the development of artificial intelligence (AI) technology, the simulation and prediction
of PLES evolution by Al have become a hot spot, such as cellular automata (CA) and
multi-agent system (MAS). The dominant factors and fundamental laws of PLES evolution
can be discovered by the CA and MAS technology [55]. And the optimal planning of
urban PLES development can be also obtained based on the multi-objective optimization
technology [56].

6. Conclusions

The accurate identification of PLES changes and the discovery of evolution rules to
improve the ability of sustainable development of resource-based urban areas is a key issue.
In this study, a modified PLES recognition method was proposed based on remote sensing
image classification and land function evaluation technology, for the long-term and large-
scale PLES investigation. In addition, a multi-dimensional index system was constructed,
which can provide a comprehensive evaluation for PLES evolution characteristics. Using
the proposed method and index system, the evolution of characteristics of PLES from five
resource-based urbans in the past 45 years were analyzed in detail. Some obvious problems
with PLES development in the five analyzed cities were discovered, and the targeted policy
implications were proposed. The main conclusions of this study are as follows:

(1) The characteristics of PLES evolution show obvious differences between the resource-
based urbans at the different exploiting stages. The production, living, and ecological
space expansions were fastest at the mining, the initial, and the middle ecological
restoration stages, respectively. However, the expansion of living space was always
increasing at any stage. The expansion velocity of living space slowed down as the
urbanization process was completed gradually.

(2) The largest patch indexes (LPI) of living space were always increasing for the five
analyzed resource-based cites. This seriously damaged the integration of production
and ecological spaces, such as the grassland in Zululand, the rural land in Xuzhou,
and the water body in Surf Coast. In addition, the landscape shape indexes (LSI)
of living space also increased in Zululand, Xuzhou, and Ruhr, due to the disorder
expansion of urban construction land.

(3) The PLES coupling indexes of the five analyzed cities have increased in the past
45 years, which means that PLES becomes closer and closer to urban development.
However, the PLES coordinating indexes of most cities are about 0.4 ~ 0.8, which are
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in the basic and moderate coordination levels. Moreover, the coordinating indexes of
living space and the other spaces are the lowest. Therefore, the scientific planning
of urban living space is the most important issue to improve the level of PLES
coordination development.

(4) The specific locations with the lowest coordination were discovered for five analyzed
cities. For example, the northeast (Louwsburg) of Zululand, the middle east (Tricauco)
of Lota, the north (Ombersley and Gnarwarre), the southwest (Lorne) of Surf Coast,
the northwest (Feng County and Pei County) of Xuzhou, and the west (Wesel) of Ruhr.
Therefore, the above-mentioned regions should be paid more attention to solve the
problems of PLES coordination development in the future.

According to the above analysis and conclusions, some policy implications are pro-
posed to improve the ability of sustainable development for the resource-based urbans. At
present, the rapid and disorderly expansion of urban construction land is the most impor-
tant factor that damages the integration and coordination of PLES. Therefore, the active
policy should be formulated to guide the transformation of the living space expansion
from the jumping-type and the spreading-type, to the filling-type. This can not only ensure
urban economy development but can also improve PLES integration and coordination.

In addition, although the transformation of resource-based cities has been included
in the agenda, due to the lagging effect of policies, the status quo of its development
cannot be changed immediately. Therefore, it is still very difficult to achieve a balance
between economic development and environmental protection. The other implication for
policy-making in this paper is to encourage the abandoned industrial and mining lands to
be renovated into ecological lands, and pay more attention to the optimization of ecological
landscape patterns during the ecological restoration.

Moreover, the targeted polies also need to be formulated for the different cities because
they are facing different complications with PLES development. For example, the protection
policies of grassland, rural land, and water body should be strengthened in Zululand,
Xuzhou, and Surf Coast, respectively. Mining land planning and urban landscape planning
should be strengthened for Lota and Ruhr. If the above policy implications are adopted,
the PLES coordination level and the ability of sustainable development will be further
improved for these resource-based urbans.
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