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Abstract: Urban land has increasingly expanded and encroached upon a significant
number of paddy fields in Hang-Jia-Hu Plain, due to the rapid socio-economic
development and agro-pedoclimatic conditions favorable to rice cultivation and human
settlement. Although many studies have analyzed the characteristics of urban land
expansion, relatively less attention has been paid to exploring the various urban expansion
patterns and the impact of different urban expansion patterns on paddy field at a regional
scale. This paper characterized the changing patterns of paddy fields in response to various
urban expansion patterns in the Hang-Jia-Hu Plain integrating geographic information
systems, gradient analyses and landscape metrics. Our results demonstrate that the amount
of urban land expanded to nearly four times that of the initial area during 1980-2010 and
that 88% of new urban land was developed on paddy fields. Of the total area of paddy
fields, paddy fields of level I accounted for 96%. Moreover, various urban expansion styles
differentially influenced the patterns of paddy fields. In autonomous expansion cities,
sprawled urban land mainly occupied paddy fields in urban centers. However, the irregular
expansion of passive expansion cities encroached on a number of paddy fields in the urban
fringe where the landscape of urban patches and paddy fields was more complex and
irregular in shape. Furthermore, the urbanization curve implies that future urbanization
efforts will focus on the passive expansion cities, indicating that paddy fields still face the
risk of disruption. We suggest that the boundary of urban development should be restricted,
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permanent paddy reserves should be delimited, and ecologically oriented management
systems that target paddy field protection should be implemented to ensure the sustainable
development of this region. This work improved the understanding of the urbanization
process that governed paddy fields dynamics, and provides a scientific basis for
decision-making processes to achieve regional sustainability.

Keywords: paddy field patterns; urbanization; spatio-temporal dynamics; Hang-Jia-Hu
Plain; sustainable development

1. Introduction

In China, urban growth has occurred at an unprecedented rate after the “Open Door Policy” (also
called “the reform and opening-up policy”, it is considered the turning point of Chinese economic
development) in 1978. The urban proportion of the total population increased from 18% in 1978 to
50% in 2010, and it is predicted to reach 60.3% by 2020 and exceed 80% by 2030 [1-4]. Rapid urban
development has been accompanied by the large-scale conversion of cultivated land for development
use, which has led to severe environmental issues, such as urban heat islands, air pollution, and urban
flooding [5]. These adverse effects generate complex human-dominated landscapes, which
significantly affect the functioning of local and global ecosystems as well as the services they provide
to humans and other organisms [6,7].

The Hang-Jia-Hu Plain is one of the fastest developing areas of China. Paddy fields are the
dominant type of farmland in this area, and they not only provide rice production but also serve
multiple functions such as climate regulation, flood control, soil organic carbon storage, environmental
protection, and the provision of an aesthetic landscape [8,9]. Rapid urbanization is one of the most
serious problems affecting China’s food security. It has degraded the landscapes of paddy fields and
impacted their capacity to deliver ecosystem services [10—12]. Research has revealed that paddy fields
have experienced sharp declines in rice production of 600 ton/km?/year [13], and the value of their
ecosystem services has decreased by 250 million yuan/km? [14].

Urban expansion is often triggered by socioeconomic factors and policy guidance, both of which are
closely related to paddy soil loss. As a rapidly developing country, China has been experiencing
unprecedented economic growth since the implementation of the reform and opening-up policy
in 1978 [15]. In 1993, a fundamental social change occurred from state socialism toward a market
economy, and the reform of fiscal decentralization was implemented in 1994. These changes were
superimposed on the Hang-Jia-Hu Plain, which was considered as the preferential development area of
China with substantial implementation of land acquisition and land leasing [16]. Consequently, the
process of urbanization was markedly accelerated. With China’s entry into the World Trade
Organization (WTO) and its government’s promotion of urbanization, the synergetic effects of global
and local forces will continue to transform rural areas to urban areas in China [17].

Recently, geographic information systems (GIS) have been shown to be promising tools for
monitoring urban sprawl in urbanizing regions [15,18,19]. Additionally, urbanization associated with
land use changes and eco-environmental deterioration has attracted researchers worldwide [20-22].
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Landscape metrics have been utilized in applied geographical studies regarding the sustainable
development of urbanization [23,24]. The comprehensive application of landscape metrics and
gradient analysis provides an effective way to understand the evolution of urban growth and to infer its
potential effects on ecological processes [25,26]. However, most of the focused on metropolitan
regions or cities of different sizes, and less attention has been given to the various expansion
characteristics of cities and the spatiotemporal dynamic of paddy fields in response to the processes of
urbanization with regards to sustainability.

Our study focuses on the Hang-Jia-Hu Plain, a fast-growing area of the Yangtze River Delta region.
Hang-Jia-Hu Plain has also been considered one of the most important paddy bases in eastern coastal
China for one thousand years. However, dramatic changes in land use occurred here along with the
rapid economic growth of the post-reform period from 1980 to 2010. In this study, we integrate GIS,
gradient analyses and landscape metrics to characterize the general trend of urbanization and
distinguish the autonomous expansion mode and passive expansion mode in the Hang-Jia-Hu Plain
from 1980 to 2010. We then explore the pattern of paddy fields in response to different modes of urban
expansion in different periods. Finally, we discuss the future development of urban areas and paddy
fields and highlight the implications for sustainable development in this region.

2. Materials and Methods
2.1. Study Area

The Hang-Jia-Hu Plain is situated in the south of the Yangtze River Delta, and it is the largest
accumulation plain in Zhejiang Province. This region contains a prefecture-level city (Jiaxing), two
municipal districts (Yuhang, Nanxun), three county-level cities (Haining, Tongxiang, Pinghu) and
three counties (Deqing, Haiyan, Jiashan) (Figure 1). It is characterized by a subtropical monsoon
climate with an average annual temperature of 17.5 °C and annual precipitation of approximately 1139
mm. Paddy fields cover more than 50% of the Hang-Jia-Hu Plain. Dense river networks and low
elevation are important elements of rice farming. The oldest rice cultivation practices date back to the
Neolithic age (approximately 5300 years ago) in Yuhang, which is the cradle of Liangzhu culture.
Therefore, the Hang-Jia-Hu Plain is considered one of the earliest locations of rice agriculture
development and one of the most important paddy bases in eastern coastal China.

The Hang-Jia-Hu Plain has been experiencing rapid urbanization and economic development since
1979. According to the latest China Census, more than 5 million people were living in this region in
2010, which is 28% more than in 1980. Similarly, the GDP of this region increased from 2.7 billion to
339.7 billion yuan over the last thirty years. Among the traffic hubs of Shanghai, Jiangsu and Zhejiang,
the first expressway, from Shanghai to Hangzhou (G60), was opened to traffic in this area (Figure 1),
and the total length of the expressway increased to 518.99 km by the end of 2010. Such rapid
socio-economic development spurred intense urban sprawl, which encroached on a significant
proportion of the paddy fields. Because of its important paddy field resources and rapidly urbanizing
characteristics, the Hang-Jia-Hu Plain represents an ideal study area for the development of a remote
sensing-based methodology for detecting regional spatiotemporal dynamic patterns caused by urban
land sprawl.
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Figure 1. Location and administrative divisions of Hang-Jia-Hu Plain.
2.2. Data Sources

The comprehensive data used in this study included the following: (1) Digital land-use maps in
1980, 1990, 2000 and 2010 were provided by the Chinese Ministry of Environmental Protection. This
dataset was constructed from the interpretation of remote-sensing data and field surveys and had a
validated overall accuracy exceeding 90%. (2) A 1:500000 digital map of farmland quality grade was
provided by the Ministry of Land and Resources of China (MLR) and drawn from the new national
land and resources investigation. (3) Demographic and socio-economic data in 1980, 1990, 2000 and
2010 were obtained from the local statistical bureau.

2.3. Average Annual Rate of Urbanization Indicators

The average annual rate we used to estimate the urbanization intensity is expressed as follows:

R= |2-1 (1)

where R is the average annual change rate, Ri is the value at the start of the year, Rz is the value at the
end of the year, and # is the interval of the calculation period (in years).

2.4. Spatiotemporal Analysis of the Urbanization Process

The rapid urbanization process in China has resulted in the loss of cropland and biodiversity and
increased water pollution and carbon emissions [27-29]. One of the most significant effects of rapid
urbanization is the dramatic change to paddy fields in the Hang-Jia-Hu Plain, which are subjected to
development. A gradient paradigm was employed in this study to monitor the spatial variance of
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urbanization and was used to detect those locations experiencing various types of urbanization in
response to economic, social and political forces. Ten concentric belts radiating from the urban center
to the outer edges were identified for nine cities in the Hang-Jia-Hu Plain. The geometric center of
each town was determined from the built-up area at the beginning of the study (1980). For Jiaxing (the
only prefecture-level city in study area), nearly 10 km were identified, radiating from the urban center
to the fringe in 2010, so each buffer spanned 1 km. For other towns, nearly 5 km were identified,
radiating from the urban center to the fringe in 2010, the buffers spanned 0.5 km. The gradient
paradigm of each urban area was used to compare the differences among urbanization patterns in
different regions.

To monitor the spatiotemporal dynamics and configuration of urban land expansion, we adopted
two indicators: the urbanization intensity index (UII) and urban landscape shape index (ULSI). The
UII indicates the spatiotemporal dynamics of urban sprawl and has been recognized as one of the main
indicators involved in identifying the intensity of urbanization [30,31]. It is also significantly
correlated with other widely used urbanization indices, such as population density and percentage of
imperviousness. This index can be used to compare the spatial differentiation of the urban expansion
per unit time to detect the way they evolve. The ULSI describes the complexity and irregularity of
urban area shapes relative to the geometry of a circle (ULSI > 1), with higher values conveying a more
complex urban shape [32,33]. The irregular pattern of urban area may lead to fragmented landscapes
and increased the potential risks for other land. In our study, we measured the patches within each ring.
These two metrics were used to assess different periods across nine regions, and they can aid in
identifying the trends of urbanization processes.

The UII is defined as follows:

Ajpyn —Air
Ull; = — — % 1009
' X WAl % (2)
where Ull is the urban expansion intensity in the buffer i; 4i:+» and 4 are the urban area in the target
buffer in year ¢ + n and year ¢, respectively; n is the interval of the calculation period (in years); and
WA: is the total area of spatial unit 7.

The ULSI is expressed as follows:

j
ULSI, = Z(%) 3)
;=
i=1 VAij

where ULSI: is the urban shape index of buffer i; and P; and A4; are the perimeter and area,
respectively, of urban patch j in buffer i.

2.5. Grading Paddy Field Quality

According to the evaluation of Chinese farmland quality [34], farmland in Zhejiang province was
divided into 21 grades (Grade 7 to Grade 27). In our study, we categorized these grades into three
levels: Grades 7 through 13 were categorized as level 111, Grades 14 through 20 as level II, and Grades
21 through 27 as level I (rice production: level I > 750 ton/km?; 660 ton/km? < level II < 750 ton/km?;
570 ton/km? < level III < 660 ton/km?). The digital land-use map was overlaid with a 1:500,000 digital
map of farmland quality grade to determine the level of paddy field in ArcGIS 10.0.
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2.6. Dynamic Changes of Paddy Fields during the Urbanization Process

Urbanization not only reduces the number of paddy fields but also is destructive to the structure of
paddy fields. This trend of destruction is caused, at least in part, by the high population density and
advanced economic development in eastern coastal China [15,35,36]. Landscape metrics are effective
at externalizing complex spatial landscapes. To characterize the spatiotemporal dynamic patterns and
configuration of paddy fields in response to urbanization, we used the percentage of the paddy field
landscape (PLAND) and the paddy field landscape shape index (PLSI), respectively. PLAND is a
general index that depicts landscape dominance in each unit, and it is closely related to food security
and thus sustainability in our study. The PLSI describes the complexity and irregularity of the paddy
field shape (the formula is the same as for ULSI). A change in the PLSI indicates the degree of
disturbance to the paddy field structure as a result of urban sprawl.

The PLAND is defined as follows:

J

f1 4
l

where PLAND: is the percentage of paddy field landscape in the buffer i, a; is the paddy field area in
the buffer i, and WA is the total area of spatial unit i.
3. Results

3.1. General Process of Urbanization

Table 1 indicates that economic growth was significant over the last three decades (1980-2010),
with an annual increase rate of 18.09%, indicating steady population growth. The growing economy
resulted in the large spatial expansion of cities in the Hang-Jia-Hu Plain. The urbanized areas increased
from 435.46 km? in 1980 to 1616.22 km? in 2010. Spatial patterns are shown in Figure 2. With a net
increase of 1146.26 km?, developed land occupied 20.3% of the entire region in 2010.

Table 1. Urbanization indicators between 1980 and 2010 for the Hang-Jia-Hu Plain area.

Change Rate Change Rate Change Rate
1980 1990 2000 2010 between 1980 between 1990 between 2000
and 1990 (%) and 2000 (%) and 2010 (%)
Gross domestic
o 2.74 12.44  77.07 339.78 18.32 22.49 23.20
product (billion yuan)
Total population
o 4.12 4.46 4.55 5.26 1.43 0.23 1.48
(million)
Urban area (km?) 43546 501.02 91540 1616.22 1.57 6.93 6.52
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Figure 2. Spatial patterns of build-ups and paddy fields in 1980, 1990, 2000, and 2010 in
the Hang-Jia-Hu Plain.

3.2. Dynamic Changes of Paddy Fields
3.2.1. Quality Grades of Paddy Fields in the Hang-Jia-Hu Plain

As shown in Table 2, paddy fields of level II were the predominant type in Zhejiang Province;
however, level I was widely distributed in the Hang-Jia-Hu Plain, which accounted for approximately
47% of the total area of level I fields in Zhejiang Province. The spatial patterns of these paddy fields
are shown in Figure 3. These results indicate that excessive urban expansion encroached upon large
areas of high-quality paddy fields.

Table 2. Quality grades of paddy fields in the Hang-Jia-Hu Plain.

Level 1 Level 11 Level 111
Area (km?) (% oftotal)  Area (km?) (% of total) Area (km?) (% of total)
Zhejiang Province 6375.96 31.40 11144.04 54.90 2784.13 13.70

Hang-Jia-Hu Plain 3009.31 96.17 123.24 3.93 0.00 0.00
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Figure 3. Different levels of paddy field patterns in Zhejiang Province.
3.2.2. Dynamic Changes of Paddy Fields in Response to Urbanization

Studying the spatial and temporal heterogeneity of the changes in paddy field losses at the
administrative level allowed us to identify the rapid- and slow-loss areas and recommend different
protection policies. The largest losses occurred in Jiaxing, Tongxiang, and Jiashan, where more than
95% of new urban areas were converted from paddy fields (Table 3). In general, 88% of new urban
areas were converted from paddy fields in the Hang-Jia-Hu Plain from 1980 to 2010. Cities are
generally situated in plains areas with rich water resources and suitable lands for agriculture. Figure 4
shows that new urban areas tended to be clustered around existing cores; therefore, paddy soil losses
were first observed at the periphery of the developed urban area. This phenomenon was previously
demonstrated in other regions of China by Pan and Zhao [35]. We also found that almost 72% of the loss
was distributed in the buffer zone 5 km from the urban center (10 km from the urban center in Jiaxing).

Table 3. Urban expansion and paddy field loss across the Hang-Jia-Hu Plain.

New urban Area Converted Form Paddy Fields

Period New Urban Area (km?)

Area (km?) (% of New Urban Area)
T1 2.57 2.07 80.54
Yuhang T2 50.67 35.92 70.89
T3 151.54 120.07 79.23
T1 1.24 0.83 66.94
Deqing T2 20.01 12.81 64.02

T3 66.63 49.18 73.81
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Table 3. Cont.

New urban Area Converted Form Paddy Fields

Period New Urban Area (km?)

Area (km?) (% of New Urban Area)

T1 0.98 0.55 56.12

Nanxun T2 19.89 17.42 87.58
T3 95.13 87.96 92.46

T1 6.67 4.75 71.21

Haining T2 82.23 69.99 85.11
T3 79.46 64.75 81.49

T1 7.51 4.79 63.78

Haiyan T2 24.53 20.44 83.33
T3 25.56 23.07 90.26

T1 15.29 14.54 95.09

Jiashan T2 39.01 38.27 98.10
T3 40.09 40.77 96.86

T1 15.52 14.06 90.59

Pinghu T2 46.47 44.26 95.24
T3 26.41 23.37 88.49

T1 1.21 0.98 80.99

Tongxiang T2 31.27 30.29 96.87
T3 126.24 122.38 96.94

T1 14.57 14.04 96.36

Jiaxing T2 100.30 98.80 98.50
T3 87.76 86.33 98.37

N
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I Paddy field to urban land between 1980 to 2010
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Il Others to urban land between 2000 to 2010

Figure 4. Spatial patterns of paddy fields and non-paddy fields encroached by increased
urban land in the Hang-Jia-Hu Plain from 1980 to 2010.
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3.3. Spatiotemporal Dynamic Patterns of Urban Growth in the Hang-Jia-Hu Plain

Each city had an equivalent-sized buffer zone, which provided insights into the spatial patterns of
urban growth within and around the cities during the three time periods. Based on the UII changes of
ten concentric belts, we defined the region from belt 1 to the UII peak as the urban core, and the region
after the peak was considered as a transitional zone. The following area that levels off was called the
urban fringe. For example, in Deqing in T3 (Figure 5), belts 14 were considered as the urban core,
belts 4-8 were considered as the transition zone, and belts 8—10 were considered as the urban fringe.

5

Deqing /,‘\\ —¥-- 2000-2010

ull
‘/

/
vV V-V

|~— Urban core - Transition zone . Urban fringe.
1 2 3 4 5 6 7 8 9 10
Belt#

Figure 5. An example of the urban core, transition zone and urban fringe regions.

Nine cities were divided into autonomous expansion mode and passive expansion mode based on
the different patterns of urban sprawl, with Deqing, Pinghu, and Haiyan the autonomous expansion
cities and Jiaxing, Haining, Tongxiang, Yuhang, Nanxun, and Jiashan as the passive expansion cities.
Autonomous expansion cities expanded independently and clearly exhibited the full structure
consisting of the urban core, transition zone and urban fringe (Figure 6b). In comparison, the
expansion pattern of passive expansion cities was irregular and did not exhibit an increasingly
regulated urban core as well as transitional zones and urban fringe areas (Figure 6c¢).

In the urban core, the UII of the autonomous expansion cities increased with an increase in buffer
distance (Figure 7a). For the transition zones, the UIIl sharply decreased; it then decreased more
gradually in the urban fringe. In T1, the urban core for Deqing was not obvious, whereas the urban
cores in Pinghu and Haiyan were composed of belts 1-3 and belts 1-2, respectively. The urban core
for Deqing was belts 1-3 in T2 and expanded to belts 14 in T3, whereas the urban cores for Pinghu
and Haiyan increased to belts 1-4 and belts 1-3 in T2, respectively, and then to belts 1-5 and belts 14
in T3, respectively. The ULSI of the autonomous expansion cities reached peak values when the UII
reached peak values in all three periods (Figure 7b). With increasing distance from the urban core, the
ULSI declined with increased buffer distance. For the urban fringe, the ULSI increased gradually with
increased buffer distance because of fragmentary expansion. The data revealed that urban patches were
more compact in the urban core and more irregular at the urban fringe areas over time. These results
indicated that autonomous expansion cities have increasingly regulated urban cores as well as
transitional zones and urban fringes. During the thirty-year period under study, the development of
Deqing, Pinghu and Haiyan was complete and mature.
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Figure 6. The layout of the concentric belts: (a) the buffer zones of the Hang-Jia-Hu Plain;
(b) an example of an autonomous expansion city; and (¢) an example of a passive
expansion city.

In contrast, the UII in the urban cores of the passive expansion cities did not exhibit a particular
pattern of change over time (Figure 7¢). For the transition zones, the UII decreased gradually and then
maintained a high value in urban fringes. The peak value of the UII in Jiaxing, Haining, Yuhang, and
Jiashan was highest in T2, whereas the UII experienced a more gradual change in T3, with a peak
value maintained in two belts, suggesting that the intensity of urban expansion occurred in T2, and the
large-scale expansion area emerged in T3. However, the peak value of the UII in Tongxiang and
Nanxun was highest in T3. The UII of Tongxiang increased dramatically from belt 3 in T3, suggesting
that urban expansion was intense and widespread during this period. The ULSI of the passive
expansion cities increased from the urban core to the urban fringe, indicating that urban patches were
more complex and irregular at the urban edge (Figure 7d). These results indicated that passive
expansion cities have irregular expansion patterns that were largely caused by the large-scale economic
development areas (>10 km?) at the urban fringe (Figure 6a). Thus, in these cases, the development of
economic development areas extended the urban boundaries and encroached on many paddy fields in
this region.
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Figure 7. Gradient paradigm of urban growth patterns in each belt for each period:
(a) UII (urbanization intensity index) changes of autonomous expansion cities; (b) ULSI
(urban landscape shape index) changes of autonomous expansion cities; (¢) UIl changes of
passive expansion cities; and (d) ULSI changes of passive expansion cities.
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3.4. Spatiotemporal Dynamic Patterns of Paddy Fields in Response to Urban Growth

Autonomous expansion cities: The PLAND of paddy fields in Deqing, Pinghu, and Haiyan
indicated that paddy fields continuously decreased in all concentric belts from 1980 to 2010 and that
the largest decline occurred in urban cores (Figure 8a). In the transitional zones, the gradual increase in
the PLAND of paddy fields combined with the gradual decrease of the UII suggests that the paddy
fields were encroached primarily by the regular growth of urban cores. A slight increase of PLAND in
the urban fringe indicates that paddy field areas were not occupied continuously. Changes in the
pattern of the PLSI within the transitional zone were consistent with the PLAND changes (Figure 8b);
however, the PLSI appeared jagged in the suburbs, indicating that the sporadic expansion of the
suburbs increased the fragmentation of the paddy fields to some extent.

Passive expansion cities: The changes of the PLAND and PLSI of paddy fields in Jiaxing, Haining,
Yuhang, Jiashan, Tongxiang and Nanxun were also irregular because of irregular urban expansion
patterns (Figure 8c). The decreased PLAND of the paddy fields was combined with an increase in the
UII in each city. Figure 5 indicates that the PLAND in Jiaxing, Haining, Yuhang, Jiashan was reduced
significantly in T2 and that intense changes occurred in Tongxiang and Nanxun in T3. Compared with
the autonomous expansion cities, the PLAND in the extended passive cities declined continuously with
increasing buffer distance, leading to a consistent increase in PLSI and a peak at an urban fringe belt
(Figure 8d). This finding suggests that the economic development areas located in the suburbs
encroached many paddy fields, and the risk of their future reduction was obvious.
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(Figure 9). However, economic development and urban expansion are characterized by a typical
government-driven model in China. Since 1978, opening up the country to a greater diversity of
investments has shifted the planned economy to a socialist market economy [38]. In 1987, land reform
allowed land leasing and charging between either the state and the user or between users [20].
Moreover, urban development guidelines were promulgated by the State Council of China in the 1980s,
which strictly controlled the scale of big cities, rationally developed medium cities, and actively
encouraged the development of small cities. Thus, the cities and countries in the Hang-Jia-Hu Plain
witnessed considerable growth due to the prosperity of private enterprises and house construction
between 1980 and 1990 (Figure 2). After the reform of fiscal decentralization in 1994, the central
government substantially increased the financial contribution required from local governments. To
extract as much extra-budgetary revenue as possible, local governments implement substantial
measures to attract investments [32]. From 1990 to 2000, there were nine economic development zones
established by various levels of local government in the Hang-Jia-Hu Plain, and the first expressway,
from Shanghai to Hangzhou (G60), was opened up to traffic in this area (Figure 1). Development of
the land for industrial, infrastructural and commercial purposes had a profound influence on urban
sprawl. With China’s entry into the World Trade Organization (WTO), the synergetic effects of global
and local forces on property markets greatly promoted urban expansion and intensified paddy field
losses in urban fringes between 2000 and 2010 (Figure 2). Meanwhile, “Opinions on Promoting and
reforming small town household registration management system” was ratified by the State Council in
2001 and encouraged farmers to move into small towns. At this time, the household registration system
was gradually being liberated. The growth of the urban population increases the demands for living
space, employment, transportation land, common green belt, and other factors, thus effectively

promoting the process of urban expansion.
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In addition, in the traffic hubs of Shanghai, Jiangsu and Zhejiang, highways are the important
driving force of urban expansion in the Hang-Jia-Hu Plain. By the end of 2010, the total length of the
expressway increased to 518.99 km. The accelerated construction of highways can stimulate urban
expansion along highways corridors, and the highways serve as conduits for the flow of goods and
services [39,40]. Regarding the positive impact of expressway on urban expansion, this result
corroborates the close positive association between mileage of expressway and urban land area (Figure 10).
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Figure 10. Linear regression between urban land area and mileage of expressway for
(a) 2000 and (b) 2010.

4.2. Spatial Features of Urban Growth and Their Impacts on Paddy Field Patterns

Urban expansion of the Hang-Jia-Hu Plain was highly concentrated between 1980 and 2010. City
seeds began to generate in T1, expanded in T2 and combined in T3. In accordance with the
characteristics of urban expansion, nine cities were divided into autonomous expansion cities and
passive expansion cities based on the UII. Similar results were found for Shanghai: the sub-cities of
Shanghai were classified into four categories according to their performance in urban land use
expansion (i.e., Standard, Passive, Steady and Irregular types) [41]. Autonomous expansion cities
developed regularly and compactly. Alternatively, due to the geographical advantage and development
policy, each passive expansion city had established large-scale economic development zones (>10 km?)
by the end of 2010 (Figure 6a). The total planning area of these economic development zones is
396 km?, and GDP output is nearly 0.9 billion yuan/km?. The drastic growth of GDP drove the
excessive spread of passive expansion cities. In passive expansion cities, the continuously increasing
ULSI implies that the urban boundary become more complex in shape. Several recent studies have also
found similar characteristics in expanded urban areas [39,42,43]. Two possible reasons could explain
the more irregular shape. One potential reason is that all passive expansion cities had opened to
expressway traffic before 2000, and expansion of these roads created a new spatial framework for
urban land use. A second potential reason is that the simultaneous development of economic
development areas and new residential areas contributed to this framework and consolidated the
“pancake” or “carpet” style of urban expansion.
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Despite the proven benefits of paddy fields, widespread losses of these agricultural lands to
development have been reported in American and European cities [10,44]. In our study area, 88% of
new urban land areas were converted from paddy fields between 1980 and 2010 (Table 3). Similar to
the Jing-Jin-Ji region, of all the new urban land, approximately 74% was converted from agricultural
land [18]. According to IRRI [45], average rice production in China is approximately 650 ton/km?;
thus, the paddy fields of levels I and II are all high-production fields. As the major paddy bases in
eastern coastal China, these two high-quality paddy soil types were widely distributed in the
Hang-Jia-Hu Plain (Table 2). However, large amounts of paddy fields with high production were
encroached by excessive urban expansion. Our results support the idea that farmland of the highest
quality is always the first victim of urban expansion [46]. A substantial reduction of paddy fields of
high quality lead to a decline in rice production of approximately 750,000 ton in last three decades and
impaired the landscape of paddy fields.

Sprawled urban land reduced almost all paddy fields in urban cores in both autonomous expansion
cities and passive expansion cities, resulting in a decline in PLAND as the UII increased (Figures 7 and 8).
However, passive expansion cities witnessed a dramatic reduction in paddy fields in the urban fringe.
Due to the spatial association between paddy fields and urban patches, cities expanded at the expense
of the surrounding paddy fields (Figure 4). Meanwhile, well-drained land with little slope is generally
favored for both rice cultivation and urban development [47]. In addition, increasing ULSI was
accompanied with an increase in PLSI, indicating that the irregular pattern of build-up area can give
rise to more irregular and unstable patches of paddy fields. These fragmented landscapes of paddy
fields can potentially increase risks, such as those associated with pest control and land management [19].
Moreover, once the paddy field structure is destroyed, it can no longer contribute to the amelioration of
the environmental impacts of urbanization (e.g., climatic change, erosion, water pollution) [12]. Thus,
the sustainability of the Hang-Jia-Hu Plain has been greatly affected.

These transformations to the paddy fields of these cities were subject to economical focus by local
and central governments. Since reformation and opening in 1978, the growth of the GDP greatly
spurred urban construction. At the early stage, the shifts of land use practices lacked unified guidance.
Thus, the “pancake” style of urban expansion driven by the effects of district industrial parks and
expressways has caused large-scale losses of high-quality paddy fields, sometimes directly but often
indirectly. In addition, rapid urban development encouraged an increasing number of farmers to
abandon their farmlands to work and enjoy a life in urban areas. Therefore, large amounts of
abandoned paddy fields were converted to development use.

4.3. Future Implications for Sustainable Development in the Hang-Jia-Hu Plain

The loss of paddy fields is one of the most serious problems causing the decline in food production,
which poses a great threat to world food security. Moreover, paddy fields perform multiple crucial
functions that ameliorate the environmental effects of urbanization, and if they are converted to urban
use, their full range of environmental functions will be lost [48]. Several recent studies have reported
that many countries made their great efforts to protect the paddy fields and avoid environmental
degradation. In Indonesia, new paddy fields will be established in fluviomarine areas to avoid
environmental degradation in tidal areas [49]. Biodiversity-conscious rice farming has been promoted
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by collaborations among farmers, consumers and governments in Japan [9]. However, rapid
urbanization in the Hang-Jia-Hu Plain has led to land-use conflicts and related environmental
degradation, which have caused concerns worldwide. This situation was acknowledged by the central
government at the beginning of the fast growing period. The Land Act was revised in 1998 to control
land expansion and the “basic farmland protection areas regulation” policy was adopted thereafter to
protect paddy fields from being converted into developed land [35]. However, deficient systematic
considerations, low public awareness and support, and insufficient land resource utilization and
management have led to the notable loss and waste of paddy fields. In 2014, the Ministry of Land and
Resources of China (MLR) decided to delimit the boundary of urban development in several large
cities to control the accelerated urban sprawl and to protect farmland from transforming into build-up
area. Although the cities and countries are all medium or small cities (except Yuhang, which became a
district of Hangzhou in 2001) in the Hang-Jia-Hu Plain, the excessive amounts of built-up land had
already encroached upon many paddy fields and threatened the balance of the eco-environment.
Therefore, local governments should formulate extensive and strict rules to restrict the total amount of
build-up area and delimited the boundary of urban development in not only large cities but also
medium and small cities.

Because of the continuously widening gap between land urbanization and population urbanization,
the Ministry of Land and Resources of China (MLR) declared that the amount of urban land per capita
would be restricted to 80—120 m?/person. However, the urbanization curve representing different types
of urban expansion in the Hang-Jia-Hu Plain has revealed that autonomous expansion cities has
already entered the terminal stage, whereas passive extensive cities are still in an acceleration stage
(Figure 11). In the autonomous expansion cities, the growth of the population and urban area will be
maintained at a steady state. The paddy field will be encroached upon by the increasing urban core as
well as transition zones. In the passive extensive cities, economic development will continue to
produce drastic land urbanization over the next decade despite the amount of urban land per capita
having already reached 300.8 m?/person, which far exceeds the suggested range as of 2010. Therefore,
the continuous transformation of paddy fields associated with built-up land expansion will be
inevitable, especially in the urban fringe. Local governments should pay more attention to the urban
core of autonomous expansion cities and the urban fringe of passive extensive cities. In addition, they
could develop and implement rational land-use plans and compact development models to protect the
paddy soils with high production. Recently, central and local government implemented the “occupied
paddy, supplemented paddy” policy to protect paddy fields: if a paddy field were encroached upon, the
equivalent amount of paddy was supplemented. However, the quantity of supplemental paddy field
was equal to the lost area, and the quality was poorer. Therefore, adhering to the most
stringent regulations of “basic farmland protection areas regulation”, permanent paddy reserves that
prohibit development for urban use should be defined to protect high-quality paddy fields in the
Hang-Jia-Hu Plain. In addition, passive extensive cities should receive increased attention from central
and local governments, which should implement strict rules to restrict the conversion of paddy fields to
developed land.

Given the ecological consequences associated with paddy field loss, specific management systems
targeting ecosystem conservation should be established in China. At the strategic level, a proactive
ecological framework for land-use planning and urban development should encourage paddy field
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protection at the initial stage before negative impacts occur. In addition, rules and regulations should
be defined and enforced, and the spatial scale of paddy soil loss should be monitored and managed.
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5. Conclusions

This paper reports a practical methodology of characterizing the spatiotemporal dynamic pattern of
urban expansion and exploring the changing pattern of paddy fields in response to rapid urbanization
in the Hang-Jia-Hu Plain, which is undergoing rapid changes in land use as a result of drastic paddy
field loss. The integration of GIS spatial analysis, gradient paradigms and landscape metrics can be
used to rapidly monitor changes caused by urbanization and to estimate their impacts on paddy fields.
The results presented here reveal that accelerated social-economic development is the crucial factor in
urban expansion. Of the total area of paddy fields, paddy fields of level 1 account for 96%.
Despite strict land-planning and farmland protection policies, 88% of new urban land in the Hang-Jia-Hu
Plain has been converted from paddy fields.

With the progression of urbanization, autonomous expansion cities added urban cores, transitional
zones and urban fringes with increasing regularity between 1980 and 2010. Relative to autonomous
expansion cities, passive expansion cities have irregular expansion patterns because of the large-scale
economic development areas constructed in the urban fringe in the early 1990s, which encroached on a
number of paddy fields in the outer areas. In addition, urban patches became more complex and
irregularly shaped in passive expansion cities. The urbanization curve implies that future urbanization
will target passive expansion cities and that paddy fields will continue to face the risk of reduction.
These results indicate that scientific land-use planning and efficient paddy field protection measures,
such as restrictions to the boundary of urban development, compact development, delimited permanent
paddy reserves and ecological oriented management systems, must be enacted.

This study focused on a typical study area in the Yangtze River Delta region with a long history of
paddy cultivation experiencing rapid urbanization, where the contradiction of land use between urban
land and paddy fields has been increasingly intensified by accelerated economic growth. The results
distinguished among the urbanization patterns and spatiotemporal dynamic patterns of paddy fields in
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response to rapid urbanization during various stages of urbanization periods and highlighted their
implications for sustainable development in the Hang-Jia-Hu Plain. The results are expected to provide
a scientific basis for decision-making processes to achieve consensus among the different regional and
local stakeholders. More generally, this paper has demonstrated the comprehensive application of GIS
spatial analyses, gradient paradigms and landscape metrics. This comprehensive approach is a rational
and efficient tool for studying paddy field dynamic patterns under human influences. Further studies
should focus on the ecological consequences of urbanization on paddy fields, the impacts of landscape
pattern changes on ecosystem services, and the relationships among socioeconomic development,
paddy landscape pattern changes and ecosystem services valuation. With additional studies, the impact
of urbanization on paddy fields will be further clarified, and decision makers will benefit by engaging
in planning activities for regional sustainable development.
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