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Abstract: Beijing is one of the most developed cities in China and has experienced a series of
environmental problems. In accordance with the Major Function Zone planning, Beijing is divided
into four zones in an attempt to coordinate development between urban areas and the eco-environment.
Classic coupling model uses statistical data to evaluate the interactions of these two subsystems;
however, it lacks the capability to express dynamic changes to land cover. Thus, we extracted
land cover data from Landsat images and examined the urbanization and eco-environment level
as well as the coupling coordination in Beijing and its functional zones. The main conclusions are
as follows. (1) Between 2001 and 2011, both urbanization and the eco-environment level in Beijing
and its functional zones grew steadily. Different zones coordinated together according to their own
characteristics, and the overall coupling coordination of the city transformed from the “basically
balanced” to the “superiorly balanced” stage of development. (2) After 2011, the condition of the
eco-environment worsened in Beijing and in most of the function zones, while the coordination
between increased urbanization and the worsened eco-environment may be a result of environmental
lag. This study integrated land cover data into the coupling mode and fully utilized the advantages
of spatiotemporal analysis and the coupling model. In other words, the spatiotemporal analysis
explains the land cover changes visually over the research period, while the coupling model explores
the interaction mechanisms between urbanization and the eco-environment. The land cover data
enriches the coupling theory and provides a reference for evaluating the effectiveness of local
development policy.

Keywords: function zone; urbanization; eco-environment; coupling model; land cover; Beijing

1. Introduction

There is always a contradiction between urbanization and the eco-environment. Expanding cities
have brought more opportunities and substantial economic growth to the human society, but also
pushed their limits to affect the natural environment in many ways [1-3]. Such an issue has aroused
widespread investigations on how urbanization interacts with the environment (including water system,
land resource, atmospheric environment, etc.) [4-6]. At present, due to the prominent occurring of
urbanization processes, developing countries are facing greater challenges than developed counties [7].
Thus, different governments are dedicated to balance the development of these two aspects, and have
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proposed various strategies according to their local characteristics. It is essential to examine the
effectiveness of some typical strategies, which can be future references, by analyzing the relationship
between urbanization and the eco-environment.

China, as the world’s largest developing country, has made considerable progress in
economy [8-10]. At the meantime, the rapid urban expansion has imposed significant ecological
pressures on the environment and has led to imbalanced regional development [11-13]. To address
these problems, the Chinese government proposed the Major Function Zone (MFZ) planning strategy
at the beginning of the new century, with the aim of coordinating urban development with the
eco-environment based on local characteristics [14,15]. This planning divided the city into several
zones, and each zone has a clearly development orientation. Beijing was used as the pilot city
for the implementation of MFZ planning in 2005, which has transformed industry structures and
environmental quality over the past decade. Therefore, when researching the developing trends and
interaction mechanisms between urbanization and the eco-environment in Beijing, it is necessary to
examine the effectiveness of MFZ planning. Doing so will also provide valuable information and
guidance for the future developments of other cities. A better understanding of the global coupling
relationship between the urbanization-environment system is therefore of profound significance.

Research on urbanization and the eco-environment originated with the garden city movement
proposed by Howard [16], who idealized a future city that combined the advantages of both rural
and urban spaces. After that, various thinking have been proposed focusing on this compound
system, such as the Ville Radieuse [17], Broadacre City [18], etc. All this thinking can arouse a strong
interest in the integration of urban and rural development and further deepen our understanding of
the natural environment. Thus, research has become increasingly diversified on kinds of influences
urbanization may have on the eco-environment and the interaction mechanisms between these
two subsystems [19]. Various models have then been proposed to explore these relationships.
The environmental Kuznets curve (EKC) is first proposed by Grossman and Krueger [20], and has
become one of the most employed model to study the relationships between urbanization and
environment [21-23]. Moreover, the grey system model and double exponential model have been used
to examine how industrialization pushes negative effects on the environment quality [24,25]. In recent
years, researches on interactive coercing model and coupling model are conducted to explain the
nonlinear evolution of the urbanization-environment system [26,27]. These models have proven to be
effective in dealing with complex relationships with statistical data [28,29]. However, since the statistical
data are updated periodically and hard to be spatialized at a more flexible scale, the coupling model is
insufficient in researching the dynamic relationships between urbanization and the eco-environment.
To fill this gap and lead to more in-depth studies, some spatiotemporal analyses have been made
during the past decade.

One important approach is to present the urbanization process based on land cover information
with the introduction of remote sensing (RS) techniques. Such an approach takes RS images as the
source, and extracts the spatiotemporal distribution of land cover to reflect the evolution [4,24,30-32].
With the rapid development of RS, image data, unlike the statistical data, can be obtained timely and
easily. Therefore, this method has been widely used, and various classification methods have been
proposed. However, the evaluation of the urbanization degree as well as the environmental condition
is complicated. Single two-dimensional land cover information, although typical, is insufficient to
fully present the tetra-dimensional urbanization process [33]. Thus, more indicators are added from
different aspects, such as land consumption [34], building and technical infrastructures [35], economic,
social and cultural variables [36], etc. Additionally, corresponding multidisciplinary analyses are
proposed to make the results closer to the reality, and more practical proposals are performed to keep a
sustainable development for the government.

Therefore, we analyze land cover changes in Beijing with time series Landsat images,
which provides an initial approach to validate the effectiveness of MFZ planning. The extracted
land cover data, as well as other social, economic variables from the statistical data are used to
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construct the comprehensive evaluation index system. After that, a coupling coordination model is
proposed for Beijing and the functional zones to quantify the effectiveness of MFZ planning. From this
model, an overall increasing trend of urbanization and the eco-environment in Beijing validates the
effectiveness of this planning. It can be a demonstration to prove that the MFZ planning has a potential
as the reference of urbanization and eco-civilization construction in other cities.

The rest of this paper is organized as follows. Section 2 focuses on methodologies. The research
area, data sources, and preprocessing procedures are illustrated in this section. Section 3 presents
the results in which land cover changes are analyzed and the coupling relationship and evolution
of the coordination degree are evaluated. Section 4 discusses the result and provides some possible
explanations. Section 5 sets out the main conclusions and suggestions.

2. Materials and Methods

2.1. Study Area

Beijing is the capital city of China, covering 16,400 square kilometers in the northern edge of
the North China Plain. As one of the most developed cities in China, it has a large population of
21.15 million and produced 1980 billion Yuan in GDP in 2013. In 2005, Beijing was divided into four
main functional zones: the capital core zone, the urban function expansion zone, the urban developing
zone, and the eco-preservation zone (Figure 1). The capital core zone aims to optimize the development
mode and protect cultural relics such as the Forbidden City. The urban function expansion zone
focuses on developing high-end, tertiary industries, such as Zhongguancun Science Park. The urban
developing zone is the key development area for modern primary industries such as manufacturing
and agriculture. The eco-preservation zone focuses on protecting water sources and restricting the
development of high-intensity industries.
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Figure 1. Function zones of Beijing.
2.2. Data Source and Pre-Processing

We took Landsat images, statistical data, and other auxiliary data as our primary sources (Table 1).
The Landsat images are originally from the United States Geological Survey (http://glovis.usgs.gov/)
and provide land cover information. To ensure the quality and consistency of the data, we found clear,
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cloud-free images from August to September every two years for 12 years. For all selected images,
radiometric techniques, atmospheric calibration, image registration, and mosaic were conducted
with ENVI 5.1 and ERDAS 2015. The statistical data were obtained from the Beijing Environment
Bulletin and statistic yearbooks of Beijing and different districts. We standardized this data through
the range normalization method and calculated all values between a range of 0 and 1 [19]. Both the
Landsat images and statistical data were used for constructing the index system of urbanization and
eco-environment. Other auxiliary data included images from Google Earth and monitoring data from
the Geographic Condition Monitoring Project in the Beijing—Tianjin—-Hebei Region, which helped to
verify the accuracy of land cover classification.

Table 1. Data summary.

Data Time Format
2001.08.31-2003.09.17
Landsat5 TM 2005.08.06-2007.08.28 Raster
2009.09.02-2011.08.26
Landsat8 OLI 2013.09.01 Raster
Administrative boundary 2015 Vector
Beijing Statistic Yearbook 2001-2013 Document
District Statistic Yearbook 2001-2013 Document
Beijing Environment Bulletin 2001-2013 Document
Google Earth Image 2007 Raster
Geographic Condition Monitoring data (Beijing-Tianjin—Hebei) 2007/2015 Vector

2.3. Methods

2.3.1. Hierarchical-Based Classification for Time Series Landsat Images

The hierarchical-based classification method has been widely used for time series remote sensing
images [37-39]. It can overcome the deficiencies of traditional supervised and unsupervised
classification methods and fully utilizes experimental knowledge [39,40].  Therefore, the
hierarchical-based methods was selected for use in this study with a combination of the iterative
self-organizing data analysis technique (ISODATA) algorithm [39,41] and several indexes such as
Modification of normalised difference water index (MNDWI), Normalized difference vegetation index
(NDVI), and Normalized difference built-up index (NDBI) [42—44]. The order for the extraction of the
data was water, forests, impervious surfaces, grasslands, cultivated land, and then bare land. After the
data was extracted, post-processing work was conducted to eliminate pseudo changes and obtain the
final classification results by comparing the data to the Geographic Condition Monitoring Project and
Google Earth.

After classification, the results were examined via confusion matrix. The overall annual accuracy
was 84.08%, while the annual Kappa index was 0.82, meeting the suggested value by Lucas et al. [45].
The annual producer’s accuracy and user’s accuracy of each category were above 73%. Generally, the
classified results were reliable for further analysis. Additionally, both single and synthetic land use
dynamic indexes [46,47] were adopted to reflect the changing rate of land use categories over the
research periods.

2.3.2. Constructing the Comprehensive Index System of Urbanization and the Eco-Environment

To evaluate the urbanization and eco-environment level of Beijing and its functional zones,
this study merged previous index systems of urbanization and the ecosystem used by Wang et al. [19]
and Zhou et al. [48]. The comprehensive index system was constructed based on principles of science,
comparability, and representativeness to fit the particular situation in Beijing (Table 2).

In processing the weights of the indexes, a subjective weighting method (the analytic hierarchy
process, AHP) and an objective weighting method (the entropy method, EM) were selected to reduce
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the deficiencies of a single method [49,50]. After constructing the comprehensive evaluation index,
both urbanization and eco-environment levels were calculated using Equation (1).

Fi = WX + WoXpp + ... + W;Xjj, (1)

where, F; represents the urbanization level f(U) or its eco-environment level ¢(E) at the iy, year, W; is
the comprehensive weight of the jy;, evaluation index, and Xj; is the standard value for the jy; index in
the iy, year.

Table 2. Index system on urbanization and the eco-environment level and their weights.

Primary Index FA FA; FA, FA3; FAq Secondary Index FA FA; FA, FA3; FAq
033 036 035 031 030 Population density (persons/km?) 031 044 028 031 027
DemograPhlc Percentage of non-agriculture households (%) 029 010 027 030 027
urbanization
Percentage of urban employed units (%) 040 046 045 039 046
Spatial 022 024 020 025 026 Percentage of impervious surfaces (%) 049 057 55 041 043
urbanization Percentage of commercial houilng among impervious 051 043 045 059 057
surfaces (%)
028 025 029 029 029 GDP per capita (Yuan) 023 024 029 025 0.29
. Average investment in fixed assets (100 million) 028 029 026 031 023
Economic
urbanization Average industrial output (Yuan) 022 025 020 020 030
Proportion of the added valuzao/o)f the tertiary industry to GDP 027 022 025 024 018
018 016 016 0.16 0.16 Disposal income per capita (Yuan) 023 026 029 022 022
Social Number of health institutions per 10, 000 people 031 026 022 030 032
urbanization Average retail sales of consumer goods per capita (Yuan) 028 027 026 028 028
Number of PCs per 100 households 018 021 023 020 018
029 031 030 025 027 Human disturbance index 035 038 040 033 035
Eco-pressure Percentage of impervious surfaces (%) 030 029 023 033 031
Energy consumption per capita (t) 039 037 041 038 0.38
Eco-status 049 045 049 050 047 Percentage of forests (%) 025 029 027 026 024
Percentage of grasslands (%) 018 017 015 017 020
Habitat quality index 030 031 032 030 030
Days for air quality better than the second level (days) 027 025 027 027 028
022 024 021 025 026 Growth rate of green areas (%) 0.58 053 058 055 054
Eco-response
Decontamination rate of urban refuse (%) 042 047 043 045 046

Note: In Table 2, the zones are represented as follows: FA: Beijing; FA;: capital core zone; FA,: functional expansion
zone; FA3: urban developing zone; FA4: eco-preservation zone. The human disturbance index reflects the impact
intensities of human activities [51]. The habitat quality index evaluates the quality of the eco-environment based on
the land cover condition.

2.3.3. Constructing the Coupling Model of Urbanization and the Eco-Environment

The relationship between urbanization and the eco-environment follows the general system theory,
in which both elements interact with each other to form a cohesive system [52]. As an integrated whole,
the eco-environment has a considerable influence on, and can be a driver of, urbanization. At the same
time, the urbanization process has a tremendous impact on the eco-environment, which may trigger its
self-regulating mechanism [53-56]. To measure such a complex non-linear relationship, several models
were introduced, and the coupling model is expressed below:

Nl=

C = (f(W)Z(E)/[(F(U) + g(E))/2]*)7, @

where C indicates the coupling degree of urbanization and the eco-environment. f(U) and g(E) represent
the urbanization and eco-environment subsystems, respectively. The coupling coordination model of
urbanization and the eco-environment was constructed as follows:

T = f(U) +¢(E), D = VCT, ®)
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where D is the coupling coordination degree, and T is the degree of coordination between urbanization
and the eco-environment. « and (3 denote the contribution of urbanization and eco-environment,
respectively, to the comprehensive system.

To express the coupling coordination degree in a straightforward manner, we classified it into
different stages (Table 3).

Table 3. Development stages of coupling coordination degree.

Primary Division Secondary Division Tertiary Division

Balanced Superiorly balanced . . -
development 08<D<1 development g(E)-f(I) > 0.1 Superiorly balanced development with urbization lagged
f(I)-g(E) > 0.1 Superiorly balanced development with environment lagged
0 < f(I)-g(E) < 0.1 Superiorly balanced development of urbanization and environment
Transitional Basically balanced . . -
development 05<D<038 development g(E)-f(I) > 0.1 Basically balanced development with urbanization lagged
f(I)-g(E) > 0.1 Basically balanced development with environment lagged
0 < f(I)-g(E) < 0.1 Basically balanced development of urbanization and environment
Imbalanced 03<D<05  Olightly imbalanced g(B)-£(I) > 0.1 Slightly imbalanced development with urbanization hindered
development development
f(I)-g(E) > 0.1 Slightly imbalanced development with environment hindered
0 <f(I)-g(E) <0.1  Slightly imbalanced development of urbanization and environment
0<D<03  Seriouslyimbalanced g(B)—£(D) > 0.1 Seriously imbalanced with urbanization hindered
development
f(I)-g(E) > 0.1 Seriously imbalanced with environment hindered
0 <f(I)-g(E) <0.1 Serious imbalance of urbanization and environment
3. Results

3.1. Land Cover Change Analyses

To analyze the coupling coordination degree better, we conducted spatiotemporal analyses as
the secondary research. It can facilitate the coupling analysis with the extracted land cover data,
and provide an intuitive sense for the basic urbanization and environmental condition of Beijing.
The land cover classification results of Beijing in 2001 and 2013 are shown in Figure 2. This figure shows
a highly developed region in the center, mostly surrounded by cultivated land. Moreover, more than
fifty percent of the total area is covered by forests, with a polarized distribution pattern segmented by
a 45-degree line. The region northwest of the 45-degree line is mountainous area, while the southeast

region is the urban space of Beijing.
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Figure 2. Land cover classification of Beijing in 2001 (a) and 2013 (b).
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To explore the characteristics of land cover variation in depth, we shifted the focus from Beijing
as a whole to each function zone by calculating its land use dynamic indexes (Table 4, Figure 3) and
comparing the land cover changes (Figure 2). The results can be summarized as follows:

Table 4. Dynamic degree of land use in each functional zone from 2001 to 2013.

Dynamic Index K LC
Land Cover Forests Grasslands Cultivated Land  Impervious Surfaces Bare Land  Water -
Capital core zone 0.32 0.92 0.00 -0.07 0.00 -0.16 011
Urban function 2.24 2.29 ~4.54 0.24 ~7.76 -269 163
expansion zone
Urban developing zone 0.79 3.87 -2.26 2.65 -5.27 -1.52  1.39
Eco-preservation zone 0.09 1.21 -0.70 1.35 -1.52 -076 026

Where K is the single land use dynamic index, LC is the synthetic land use dynamic index.

0.5
0.4

0.3

Level

0.2

0.1

0 [ *— B S —

2001-2003  2003-2005 2005-2007  2007-2009  2009-2011 2011-2013

—@— Capital core zone Urban function expansion zone

Urban developing zone Eco-preservation zone

Figure 3. Synthetic land use dynamic index in different periods.

(a) The capital core zone was mostly comprised of impervious surfaces, with the smallest synthetic
land use dynamic degree of 0.11%. Moreover, urban green land (forest and grassland) increased to
some extent in this region.

(b) Around half of the land in the urban function expansion zone was covered by impervious land.
The land use in this zone changed significantly during the research period, with the largest synthetic
land use dynamic degree of 1.63%. Specifically, the land use dynamic degree of this zone increased
sharply from 2005 to 2011 (0.18% to 0.45%). The drastic shift was consistent with the orientation of this
zone, where former cultivated land and bare land were changed to the urban area.

(c) In the urban developing zone, cultivated land and forests occupied more than 35% of land,
and the synthetic land use dynamic index was 1.39%. The impervious land increased most significantly
of all the zones, while the cultivated land and bare land decreased.

(d) The eco-preservation zone was mostly covered by forests (70%) and cultivated land (19%).
From both land cover change and the dynamic land use degree, we could find that the eco-preservation
zone performed well in adjusting the overall eco-environment level of Beijing.

3.2. Calculation and Evaluation of the Coupling Coordination Degree

3.2.1. The Coupling Coordination Degree in Beijing

In this section, the coupling coordination degrees of Beijing and its functional zones are
presented in Figure 4 and classified in Table 5 (« = 0.5, 3 = 0.5). As with the eco-environment
level, coupling coordination degrees can be divided into two periods, increasing before 2011 and
decreasing after 2011. From 2001 to 2011, the coupling coordination degree in Beijing increased from
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0.68 to 0.84 and transformed from transitional development to balanced development. The urbanization
process was accelerated by urban afforestation as well as the reconfiguration of the secondary and
tertiary industries (e.g., the local government encouraged the development of more environmental
protection industries).
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Figure 4. Trend for the coupling coordination degree in Beijing.

Table 5. The degree of coupling coordination between urbanization and the eco-environment.

Year FA FAl FAZ FA3 FA4

2001 BB BB-EL BB-EL SU-UL SU-UL

2003 BB BB-EL BB-EL BB-UL BB-UL

2005 BB BB-EL BB-EL BB-UL BB-UL

2007 BB BB-EL BB-EL BB BB-UL

2009 SB BB-EL BB-EL BB BB-UL

2011 SB BB-EL  BB-EL BB BB-UL

2013 SB-EL BB-EL BB-EL BB-EL BB-UL
In Table 5, the zones are represented as follows: FA: Beijing; FA;: capital core zone; FA;: functional expansion
zone; FA3: urban developing zone; FA4: eco-preservation zone. SB represents superiorly balanced development
of urbanization and environment. SB-EL represents superiorly balanced development with environment lagged.
BB represents basically balanced development of urbanization and environment. BB-UL represents basically balanced
development with urbanization lagged. BB-EL represents basically balanced development with environment lagged.
SU-UL represents slightly imbalanced development with urbanization lagged.

From 2011 to 2013, the coupling coordination degree decreased by 0.01, moving from “superiorly
balanced” development to “superiorly balanced development with environment lagged” stage.
Although the urbanization level continued increasing, the eco-environment degree worsened.
This decrease mainly came from the gradual reopening of heavily polluting industries after 2008 Beijing
Olympics, negatively affecting air quality. Severe haze occurred frequently during this period, and the
environmental condition of the entire city (except for the eco-preservation zone) became worse.

3.2.2. The Coupling Coordination Degree in Functional Zones

The developing patterns of coupling coordination degree were different among four function
zones. Thus, to understand the change of coupling coordination degree of each zone, we investigated
the trend of urbanization and eco-environment levels with the primary indexes proposed in Table 2.

Since the decrease of coupling coordination degree in Beijing after 2011 was explained above,
we only analyzed the trend of each zone during 2001-2011. In this period, the coupling coordination
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degree of capital core zone first increased (2001-2003) and then decreased (2003—2005) and finally
increased again (2005-2011). Figure 5 can help to explain this phenomenon. The first increasing
stage mainly came from the rising economic factor and eco-status; the subsequent decrease can be
illustrated by the spatial indicator and eco-pressure; while the final increase related to the social factor
and eco-status. Moreover, because of the high densities of population and impervious land, this zone
maintained at the stage of “basically balanced development with environment lagged”.

1.0 0.3
0.9
0.8
0.7
0.2
0.6
—_ 05 K]
% 0.4 §
0.3 0.1
0.2
> ./‘_’_.,—0——0/’/‘
0.0 0.0
2001 2003 2005 2007 2009 2011 2013 2001 2003 2005 2007 2009 2011 2013
=== Urbanization level =g~ Demographic urbanization Spatial urbanization Economic urbanization ==g==So0cial urbanization
—s— Eco-anvironment level —=—Eco-pressure —=—[Eco-status —s—Eco-response

Figure 5. Urbanization (left) and eco-environment (right) levels of capital core zone.

A steady increase of the coupling coordination degree occurred in the urban function expansion
zone from 2001 to 2011. From Figure 6, it is obvious to find that all indexes from both subsystems were
generally increasing. The overall stage of this zone shifted from “basically balanced development
of urbanization and environment” to “basically balanced development with environment lagged”.
This transition was likely a result of the implementation of MFZ planning in 2005, in which this zone
became the major developing area in Beijing, and many cultivated lands were replaced by high tech
companies and tertiary industries.

0.9 0.5
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- L
0.4 02
0.3
0.2 0.1
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Figure 6. Urbanization (a) and eco-environment (b) levels of urban function expansion zone.

The degree of coupling coordination of the urban developing zone increased rapidly from 0.46 to
0.70. From Figure 7, the fast growing economic and social factors, as well as the eco-status and
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eco-response boosted such continuously increase. This region went through four development stages
from “slightly imbalanced with urbanization lagged” to “basically balanced with urbanization lagged,”
then improved to “basically balanced of urbanization and environment”, and eventually to “basically
balanced with environment lagged”. Additionally, the eco-environment maintained a relative high
level due to the large amount of cultivated lands.

0.6 0.4
0.5 0.3
0.3
0.4
3 0.2
2 0.3 °
- 302
0.2 0.1
0.1 0.1
0.0 0.0
2001 2003 2005 2007 2009 2011 2013 2001 2003 2005 2007 2009 2011 2013
(a) urbanization level (b) eco-environment level
-~ Urbanization level =g~ Demographic urbanization Spatial urbanization Economic urbanization ==g==Social urbanization
—s— Eco-environment level —=—Eco-pressure —=—Eco-status —=—Eco-response

Figure 7. Urbanization (a) and eco-environment (b) levels of urban developing zone.

As the eco-protective and water conservation area of Beijing, the eco-preservation zone was mostly
covered by forests, grasslands, and water. Thus, the degree of coupling coordination remained at the
“basically balanced development with urbanization lagged” stage from 2003. However, this zone was
the only region where the coupling coordination increased consistently during the entire research
period. It indicated a reasonable development between urbanization and environmental protection.
From the perspective of index system (Figure 8), economic index and eco-response led to the growth in
this zone.

0.4 1.0
0.9
0.8
0.3
0.7
_ 0.6
] —
§0.2 205
04 ’M
0.3
0.1
0.2
0.1
0.0 0.0
2001 2003 2005 2007 2009 2011 2013 2001 2003 2005 2007 2009 2011 2013
(a) Urban developing zone (b) Eco-preservation zone
-=g==Urbanization level ~=g~-Demographic urbanization Spatial urbanization Economic urbanization =—g==S0cial urbanization
—=— Eco-environment level —=—Eco-pressure —=— Eco-status —=—Eco-response

Figure 8. Urbanization (a) and eco-environment (b) levels of eco-preservation zone.
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4. Discussion

This research examined the urbanization and eco-environment condition of Beijing from
spatiotemporal analysis and the coupling model. The results can be useful for urban planners
or decision makers to form a basic understanding for the development pattern of Beijing, and recognize
the effectiveness of MFZ planning. However, there are still some issues remained for further discussion
of this compound system.

The results of spatiotemporal analysis provide an intuitive explanation on how the urbanization
and eco-environment were affected. During the research period, the cultivated land in Beijing was
replaced by the impervious surface and urban green land. It was a direct reflection of the urbanization
process and the implementation of urban afforestation strategy proposed after Beijing won the Olympic
bid in 2001. Moreover, the impervious land expanded outward to the urban fringes (urban developing
zone and urban function expansion zone), and took over large amounts of the cultivated land.
Such changes can present the industrial transformation of Beijing from primary industries to secondary
and tertiary industries. Additionally, the land use dynamic degrees of each functional zone are
consistent with the requirements proposed by the MFZ planning. For instance, the stability of capital
core zone chiefly came from two reasons. First, as the most developed area of the city, limited space
was left for further expansion. Second, according to the planning, this zone aimed to protect the culture
relics, which means that most land in this region cannot be changed. Furthermore, urban function
expansion zone, as the key development region of Beijing, had a significant increase for its synthetic
land use dynamic degree after 2005 (the year when MFZ planning was put into practice). The high
dynamic index of impervious surface indicated a rapid expansion in this zone, while such an expansion
was very likely to disrupt the ecological balance.

The results of coupling coordination degree quantify the sustainable development of Beijing,
and reveal the distinctive characteristics of each functional zone. The development pattern of functional
zones can be generally classified into three categories: a relative environmental lagged condition for the
central area (capital core zone and urban function expansion zone), an increasing urbanization condition
of urban developing zone, and a continuously urbanization lagged condition for the eco-preservation
zone. Different patterns interacted together to maintain the balance in Beijing. Moreover, all functional
zones increased both their urbanization and eco-environment level. It was a high-quality and efficient
development pattern, and can indicate the rationality of MFZ planning.

Further analyses on the comprehensive index system of urbanization and the eco-environment,
expressed the hidden mechanism for the above development pattern. For the urbanization subsystem
of Beijing, demographic urbanization was the decisive index. It could be explained by the high
population density. Moreover, different trend lines for the urbanization level of each zone were closely
related to their functional orientation proposed by the MFZ planning. For instance, the influence
of economic urbanization was approaching to demographic urbanization in the capital core zone,
and was likely to become the dominant factor in the future. Since the eco-preservation zone was
also mostly covered by forest and cultivated land, we could infer that this zone was dominated by
primary industries; while the secondary and tertiary industries were supporting industries for the
regional urbanization. The eco-environment levels were completely opposite from the urbanization
levels. Some information may be explored by carefully checking the index system. To be specific,
although the overall environmental condition had become better for all zones, the eco-pressure index
of capital core zone kept decreasing. Considering the secondary indexes, this phenomenon was related
to the large consumption of energy and high building density. The secondary index also explained
the decreasing trend of eco-pressure for the eco-preservation zone, since the expansion of impervious
surface, and energy consumption were strictly controlled in this area.

5. Conclusions

In the context of rapid urbanization, Chinese government announced the MFZ planning for a
sustainable development between urbanization and the eco-environment. To examine the effectiveness
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of this planning, this study first conducted a spatiotemporal analysis for land cover changes in Beijing
and its four functional zones. As the above research shows, different land uses were distributed
unevenly in the city, however each functional zone has their unique characteristics. These characteristics
followed the guidance of the MFZ planning, and maintained an overall balanced development between
urbanization and the eco-environment.

To evaluate the specific urbanization and eco-environment level, a comprehensive evaluation
index system is constructed in this paper by integrating both land cover data and the statistical data.
The calculated results are then used to construct the coupling coordination model, which represent the
development patterns in Beijing and its functional zones. According to the results, the overall upward
trends indicated that the eco-environment condition could be improved during the progression of
urbanization. However, some remaining issues, such as deterioration of air quality and a mismatch in
the distribution of green space and residential areas, still require more.

To sum up, this study demonstrated that the MFZ planning had made significant progress in
maintaining a coordinated development of Beijing and provided a useful reference for urbanization
and eco-civilization construction in other cities. Additionally, it enriched the coupling theory by
considering the spatial distribution data and provided methods and ideas for future researches.
There are several areas for further research. Although the research objects (Beijing and its functional
zones) have distinct regional characteristics, the proposed comprehensive evaluation index system
may lack pertinence for different regions and could affect the accuracy of evaluated results. Moreover,
redundant information still exists between some indexes due to the restrictions of statistical data.
Thus, a deeper discussion on selecting more suitable indexes can be conducted. Furthermore, after the
research period, the Beijing government announced a new policy in 2014 to further adjust the structure
of industries, and established the Xiongan District in 2017. Therefore, the economic structure and spatial
pattern will change in the future. Researches can be made to explore the sustainable developing mode
based on our research, which can provide much collaborative information for the decision-makers.
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