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Abstract: Rapid urbanization and population growth in China have raised great concerns
regarding food security caused by the loss of limited cultivated land. In this study, we used
remotely sensed data and an agricultural productivity estimation model to characterize the
spatiotemporal patterns of the conversion of cropland into urban land and quantify its
impacts on agricultural productivity potential during China’s rapid urbanization period,
from 1990 to 2010. The results show that urban development has transformed
approximately 4.18 Mha, or 2.26%, of the total cropland in China. From 1990 to 2000,
approximately 1.50 Mha of cropland was developed, while roughly 1.8 times this amount
(2.68 Mha) was converted over the period of 2000 to 2010. Most of the conversion is
located in the central and eastern coastal provinces and is mainly concentrated on the
periphery of the major urban areas. The transformation has, consequently, caused a 71.45 Tg,
or 2.65%, loss of potential light-temperature agricultural productivity (PLTAP); losses
were 24.33 Tg in the first decade of the study and 47.11 Tg in the second. At the provincial
scale, the largest percentages of PLTAP loss are mainly concentrated in the developed
provinces on the eastern coast, such as Shanghai, Beijing, Zhejiang, Tianjin, and Jiangsu.
Considering that these areas can accommodate more people and produce higher economic
output on unit area of built-up land and, yet, scarce land that can be reclaimed, this study
suggests that the dynamic balance of total farmland policy in China should be varied
provincially according to the major function of the province. The policy adjustment will
help maximize the utilization efficiency of land.



Remote Sens. 2013, 5 6444

Keywords: China; urban sprawl; cropland loss; potential agricultural productivity

1. Introduction

Since the late 1990s, the process of urbanization in China has accelerated. The annual average rate
of urbanization in this period is three times as rapid as that from 1949 to 1990 (Figure 1, [1]). This
rapid urbanization could affect the national food supply and has attracted great concern from the
Chinese government, due to the combination of a vast population and a scarcity of available cropland
per capita. Since the 1990s, the government has promulgated a series of strict policies to respond to
these impacts, including basic farmland protection regulation in 1994 and a dynamic balance of total
farmland policy in 1998. Although these policies have alleviated national cropland loss, according to
statistics from the Ministry of Land and Resources, cropland in China has decreased by 69.31 x 10* ha
per year since the late 1990s [2]. Several factors have caused this loss, including rapid economic
development, population growth and migration, urbanization, ecological restoration project, natural
disaster, and land degradation, among which urbanization is a prime contributor [3,4]. The loss of
cropland may further reduce regional agricultural productivity [5]. Although with globalization of food
and agriculture, this reduction may be offset to a certain extent, the availability to food is largely
affected by global food price and accessibility to global market [6]. For China, with nearly 20% of the
global population, it is extremely important to keep the ability to feed itself. Thus, tracking the impacts
of urbanization on cropland and agricultural productivity is a prerequisite to better guarding the food
supply, especially as China is predicted to continue its rapid urbanization over the next few decades.

Figure 1. The process of urbanization in China since 1949 (Source: China Statistical
Yearbook in 2011 [1]).
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Recent studies have investigated the characteristics of urban sprawl, induced cropland and
agricultural production loss at the regional and national scales. For example, Wang et al. [2] used land
survey data from the Ministry of Land and Resources to investigate the changes of urban land and
cropland. Nevertheless, these data are at the county level and could not capture the spatial patterns of
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land use change in detail. Due to the geographic dependence of agricultural productivity, different
conversion of the same amount of cropland may cause different losses of agricultural production [7].
From this perspective, remote sensing provides an especially valuable tool to capture land use changes
in a spatially explicit and frequent updated manner [8,9]. Based on Landsat-TM derived land use data,
Tan et al. [10] have investigated the characteristics of urban expansion and consequent loss of
cropland of 145 major cities in China. Yan ef al. [11], and Deng et al. [7], analyzed the impact of land
use change, especially cropland dynamics, on agricultural productivity in China from 1990 to 2000.
However, few studies have focused on the impact of urbanization on agricultural productivity at the
national scale.

In the present study, the spatiotemporal patterns of the transformation of cropland into urban land
were characterized based on reliable land use change data derived from Landsat TM/ETM+ images,
and the impact of these changes on agricultural productivity during China’s rapid urbanization period
from 1990 to 2010 was revealed. The study addressed the following questions: (1) what is the
spatiotemporal pattern of the transformation of cropland into urban land; (2) how has this conversion
affected agricultural productivity; and (3) what causes have induced the transformations. The results
can provide useful information for the development of land use policy and urban development plans
in China.

2. Materials and Methods
2.1. Land Use Data

To characterize the spatiotemporal patterns of the conversion of cropland land into built-up land,
land use data derived from Landsat TM/ETM+ images were collected from the National Resources and
Environmental Scientific Data Center (RESDC) of the Chinese Academy of Sciences (CAS). Since the
late 1980s, CAS has organized more than 100 geographers to produce land use data and has monitored
land use change based on satellite images for every five years. These data were manually interpreted
from Landsat TM/ETM+ images and corrected and validated through a large amount of fieldwork. The
overall accuracy of the land use data exceeded 92%, and the accuracy of the land use change data
exceeded 95% [12,13]. These data have proven to be one of the most reliable data sets for
characterizing land use change at the national scale in China, and include six land classes: cropland,
forest, grassland, water bodies, built-up land, and unused land [14]. In this study, the data from 1990,
2000, and 2010, over mainland China (Hong Kong, Macao, and Taiwan were not included), were
collected. The present study only focused on the conversion of cropland into built-up land. The land
use and change data used in this study were raster data, which were produced by a 1 km area
proportion model [7,12]. Each grid of the data includes the area proportion information of the land use
class or its changes. To facilitate the calculations, the value of the grid was multiplied by 100.

2.2. Meteorological Data

To estimate potential agricultural productivity, the duration of the season without frost over the past
two decades were calculated. Frostless season is one of the most important thermal factors impacting
crop growth and is defined as the number of days when the daily minimum temperature exceeds 0 °C.
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Daily temperature data for 671 meteorological stations were collected from the China Meteorological
Administration. The frostless season was calculated based on these daily records for each year from
1990 to 2010.

As this research aimed to reveal the impact of the conversion of cropland into urban land on
agricultural productivity, it was necessary to eliminate the impact of climate change. Therefore, the
duration of the season without frost over the past two decades were averaged for each station and
further interpolated into a 1 km by 1 km grid, using thin-plate smoothing splines (ANUSPLIN
software) [15]. ANUSPLIN allows for the involvement of multiple covariates in the surface simulation
and performs fairly well in the interpolation of climate data [16,17]. In this study, the elevation factor
was used as a covariate to improve the interpolation of frostless season.

Solar radiation data were collected from RESDC CAS. These data were derived from Geostationary
Meteorological Satellite (GMS-5) images using the radiative transfer model.

2.3. Estimation of Potential Agricultural Productivity

Potential agricultural productivity (PAP) is the capacity of crops to transform solar radiation into
biochemical energy under certain climate, moisture and soil conditions and with optimal management
practices and crop varieties. Many models have been developed, such as the environmental factor
attenuation coefficient model (EFACM) [18], the agro-ecological zone (AEZ) [19], and the CERES
maize model [20]. EFACM emphasizes environmental factors and estimates PAP assuming no
biological or human management constraints. This model further hypothesizes that the impact of
environmental factors on agricultural productivity is linear. Equation (1) demonstrates the model,
which indicates that the maximum agricultural productivity is determined by environmental factors.
The core of the model estimates the attenuation coefficients of light, temperature, moisture, and soil
factors. This model is simple, but it explicitly characterizes the mechanism of crop growth. Many
researchers have used this model to estimate regional PAP in China [21-23], and in this study, the
model was employed to estimate PAP in China during the past two decades. Due to the limits of the
data, the potential light-temperature agricultural productivity (PLTAP) was calculated.

Y, = OX f(PYX f(T)X f(M)X (S) (1)

where Y} is land productivity, Q is total solar radiation and f{P), AT), AM) and f(S)are the effective
coefficients of photosynthesis, temperature, moisture, and soil, respectively.
The PLTAP (Y.r (kg/ha)) can be expressed by Equation (2):

Y =Oxf(P)xf(T) Q)
f(P)=FxE/C 3)

In Equation (3), C expresses the energy conversion coefficient (kcal/kg), which is the chemical
energy contained in 1 kg dry matter. Q (kcal/ha) represents the total solar radiation. F' is the light
utilization rate and E is the economic coefficient. The values of C, F, and E were taken from previous
literature [18,22].

A7) is given by Equation (4):

f(T)y=n/365 4)
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where n represents the annual frostless season days.
All data were projected onto an Albers Conical Equal Area Projection with a central meridian of

105°E and two standard parallels of 25°N and 47°N.

3. Results

In the following two subsections, the spatiotemporal patterns of urban land developed from
cropland are depicted in detail, and how this conversion has impacted agricultural productivity
potential is analyzed. Detailed descriptions regarding the spatial distribution and changes of PLTAP
can refer to our previous results [22,24].

3.1. Changes in Urban Development from Cropland
3.1.1. Total Amount of the Conversions

According to our estimates, approximately 4.18 Mha of cropland has been developed in China
over the past two decades. From 1990 to 2000, approximately 1.50 Mha were converted, while
approximately 1.8 times this amount (2.68 Mha) was converted from 2000 to 2010. Nevertheless, when
compared to the total cropland in 1990, the total conversion accounts for 2.26% of the total cropland. This
indicates that the annual conversion rate has averaged approximately 0.11% during the past two decades.

Figure 2. Conversion of province as a percentage of the total conversion in China from
(a) 1990 to 2000 and (b) 2000 to 2010.
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To identify the major conversion areas in China, the conversions in each province were compared
with the total conversion across the country, Figure 2. From 1990 to 2000, the provinces of Jiangsu,
Hebei, Shandong, Henan, Anhui, and Guangdong were the major areas of conversion; urban use
transformed a total of 0.88 Mha of cropland in these provinces. Approximately 58.7% of the total
conversion in the country, thus, took place in these six provinces. In the period of 2000 to
2010, Zhejiang joined these provinces as a significant contributor to total conversion, comprising 9%
of the total. Among all provinces, Jiangsu had the largest percentage of conversion: approximately
57.13 x 10* ha of cropland in the province has been used for urban development, accounting for
approximately 14% of the total conversion in China. It should be noted that these regions are mainly
located in the Huang-Huai-Hai Plain region and the lower and middle Yangtze River drainage basin,
which have favorable light, temperature, and moisture conditions for crop growth [22] and usually
allow multiple cropping.

3.1.2. Spatial Distribution of the Conversions

The spatial patterns of the conversions of cropland into built-up land in China over the past two
decades are shown in Figure 3. In the period of 1990 to 2000, most of the newly developed land was
located in Central and Eastern China. Large conversions were mainly found on the periphery of major
cities, such as Beijing-Tianjin-Tangshan in the North Plain and Shanghai-Suzhou-Changzhou in
the Yangtze River Delta. Figures 4 and 5 provide detailed descriptions of the conversions in these
two regions.

From 2000 to 2010, conversion increased in most central and eastern regions and extended to the
southeastern coast. In these areas, cropland on the periphery of large urban areas has been largely
developed due to urban sprawl. In addition to the changes in the Beijing and Shanghai regions,
intensive conversions were also observed in the regions of Haerbin-Changchun-Shenyang in the
northeast, Zhengzhou-Wuhan-Guangzhou in the east and Chengdu and Xi’an cities in Central China.
Further small conversion patches were extensively scattered across most of the central and eastern
regions. This pattern is mainly related to national urban development planning during this period.
Since 1955, the Chinese government has drawn up national development plans every five years. These
plans provide the national development emphases for the following five years, involving industrial
structure, urbanization, education and several other socio-economic aspects. In the 10th Five-Year plan
(2001-2005), the government emphasized the urbanization of the belts of the Yangtze River,
Haerbin-Beijing-Guangzhou and the Lianyungang-Lanzhou railways. The government also promoted
urbanization in middle-sized and small cities and towns [25]. In 2006, the government proposed
the further development of urban clusters along the coast and the previously mentioned belts through
the 11th Five-Year plan [26]. At same time, the strategies of “Western Development”, “Northeast
Revitalization”, and “The Rising of Central China” were sequentially implemented. These policies and
development strategies greatly promoted urban extension in these areas.
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Figure 3. Spatial distribution of built-up land converted from cropland from (a) 1990 to

2000 and (b) 2000 to 2010.
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Figure 4. Spatial distribution of built-up land converted from cropland in the
Beijing-Tianjin-Tangshan region from (Left) 1990 to 2000 and (Right) 2000 to 2010. This

region is an enlargement of the area in the blue rectangle in Figure 3.
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3.2. Impact of Urban Development on PLTAP
3.2.1. Impact of the Conversion on Cropland Loss

As mentioned above, from 1990 to 2010, approximately 4.18 Mha of cropland were developed,
while cropland loss over the same period was approximately 7.85 Mha. This indicates that
approximately half of cropland loss could be attributed to urban development. The conversions of
cropland into forest and grassland accounted for about 34.54% of the loss, and the residual was
attributed to the conversion into water bodies (about 9.53%) and unused land (about 4.28%). The
percentage of cropland loss due to urban development was 47.63% in the period 1990-2000 and
increased to 56.91% in the period 2000-2010.

Figure 6 displays the percentages of cropland loss attributable to conversion into urban land in each
province over the two periods. From 1990 to 2000, there were seven provinces, mainly located in
central and eastern China, where the transformation of cropland to urban use accounted for over 75%
of total cropland loss: Shanghai, Hebei, Anhui, Jiangsu, Henan, Shandong, and Beijing. From 2000 to
2010, the number of regions in which conversion accounted for over 75% of cropland loss increased to
eleven provinces and extended to Southeastern China, concentrated on the eastern and southeastern
coast. The percentages of cropland loss due to conversion in these provinces—Tibet, Shandong,
Guangdong, Zhejiang, Jiangsu, Fujian, Hebei, Anhui, Tianjin, Beijing, and Shanghai—range from
81% to 97%.

3.2.2. PLTAP Losses Induced by Urban Development

According to our estimates, from 1990 to 2010, the transformation of cropland to urban use has
caused a PLTAP loss of 71.45 Tg, of which approximately 24.33 Tg was lost from 1990 to 2000, and
nearly twice that amount (approximately 47.12 Tg) from 2000 to 2010. When compared with the total
PLTAP in 1990, the PLTAP loss over the past two decades accounts for 2.65% of the total PLTAP.
This percentage is higher than the total percentage of converted cropland (2.26%), mainly because the
cropland transformed to urban use is of higher quality than that converted to other land use classes. As
indicated by Liu et al. [14], the conversions of cropland to forest and grassland were the major land
use changes besides urbanization causing cropland loss in China. The average PLTAP per km® values
of the major cropland conversions were further calculated. According to our statistics, the average
PLTAP per km® of cropland developed to urban use is approximately 2,236 t/km’, while that of
cropland converted to forest and grassland is approximately 1,798 t/km®. In the early 21st century, the
Chinese government began to implement the “Returning Cropland to Forest and Grassland Project” in
the southern and western regions. This project largely promotes the conversion of cropland to forest or
grassland in these areas. As opposed to urban development in Eastern China, where climate and soil
conditions are suitable for crop growth, most of these regions have either limited water resources or
poor soil fertility.
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Figure 6. Percentages of cropland loss due to conversion into urban land in each province
from (a) 1990 to 2000 and (b) 2000 to 2010.
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The PLTAP loss caused by urban development was analyzed at the provincial scale (Table 1). In
Table 1, the provinces are ranked by percentage loss of PLTAP over the study period from the
province’s total PLTAP in 1990. An obvious percentage gradient can be seen among the provinces. In
the developed provinces, such as Shanghai and Beijing, the PLTAP loss induced by urban
development accounted for large percentages of the total agricultural potential. In the eastern coastal
provinces, such as Fujian, Guangdong, Jiangsu, Tianjin, and Zhejiang, approximately 6% to 11% of
PLTAP loss was caused by urban development. For the other provinces, the percentages of PLTAP
loss from the total agricultural potential were all less than 4%.
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Table 1. Potential light-temperature agricultural productivity (PLTAP) loss associated with
the conversion of cropland into urban land in each province and its percentage of the
province’s total PLTAP in 1990 (% 10% t, %).

Provinces 1990-2000 2000-2010 1990-2010 PLTAP in 1990 Percentage
Shanghai 77 163 240 984 24.45
Beijing 78 63 140 598 23.49
Zhejiang 139 559 699 6,439 10.85
Tianjin 9 73 83 865 9.56
Jiangsu 410 617 1,027 12,652 8.12
Guangdong 229 487 716 10,472 6.84
Fujian 42 251 293 5,014 5.84
Shangdong 195 433 628 17,092 3.67
Anhui 208 325 533 15,598 3.42
Hebei 233 151 383 11,253 3.41
Chonggqin 36 121 157 6,870 2.28
Henan 200 205 404 18,183 222
Hainan 23 25 48 2,506 1.92
Hubei 55 169 223 13,113 1.70
Jiangxi 30 145 175 10,504 1.67
Sichuan 85 171 256 15,843 1.61
Ningxia 6 23 29 1,828 1.60
Shanxi 34 91 125 7,917 1.58
Yunnan 49 164 213 15,073 1.41
Liaoning 34 61 95 7,125 1.33
Shaanxi 53 79 132 11,145 1.18
Hunan 35 105 141 12,210 1.15
Guangxi 70 74 144 12,717 1.13
Qinghai 2 3 5 464 1.08
Xinjiang 32 13 45 4,322 1.04
Gansu 24 27 50 6,685 0.75
Jilin 14 28 43 7,045 0.61
Tibet 0.8 1 2 3,39 0.49
Guizhou 11 30 41 10,656 0.38
Inner Mongolia 5 25 30 8606 0.34
Heilongjiang 14 30 44 12973 0.34
Total 2,433 4,712 7,145 269,246 2.65

4. Discussion
4.1. Possible Causes of the Transformation

Urban development in China is always subject to national development planning [27]. As
mentioned above, the spatial patterns of major transformations are directed by the emphasis of national
development. Other factors, such as economic development, population growth, and migration, have
also impacted the transformations.
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Rapid economic growth has promoted urban development. From 1990 to 2010, China has
experienced rapid economic growth, with an average annual growth rate of 16.58%. This rapid
economic development has promoted the improvement of living conditions, and one of the most
fundamental living conditions is living area. Based on data from China Statistic Yearbook in 2011, it
appears that from 1990 to 2010, living areas in rural and urban areas across the country were closely
related to the total GDP, with R* values of 0.927 and 0.912, respectively, Figure 7. In Figure 7, each
point represents GDP/habitable area over the whole country for one year. Due to economic
development, living area in rural regions has increased from 17.8 m” per capita in 1990 to 34.08 m” per
capita in 2010, and in urban regions, living area has increased from 24.5 m’ per capita in 2001 to
31.6 m® per capita in 2010. In addition, other living conditions (e.g., infrastructure) have also
improved accordingly.

Figure 7. Relationships between GDP and living area in rural and urban regions across
China from 1990 to 2010.
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Urbanization may also be attributed to population growth, especially population migration.
According to data from the sixth national census, the migrant population has increased to 0.26 billion,
accounting for 16.53% of China’s total population [28]. Furthermore, the spatial distribution of the
migrant population is unbalanced. Most immigrants concentrate in the developed provinces on the east
coast, such as Guangdong, Zhejiang, Shanghai, Jiangsu, and Beijing. A large amount of population has
flowed into these areas, partly contributing to their urban development.

All the causes mentioned above have inevitably promoted urban sprawl, which is related to the
transformation of cropland adjacent to urban areas. The spatial patterns of urban land and cropland
were investigated based on the land use data from 2010. First, urban land was reclassified into five
classes according to its area proportion in each 1 km grid. As the purpose of investigation was to
determine the spatial adjacency between urban land and cropland, pixels without urban land or with
pure urban land were eliminated. The average area proportions of urban land, cropland, and other land
uses were then calculated. In the urban margins, most land is allocated for cultivated use (Figure 8).
For example, in the areas where urban land accounts for less than 25% of the total, the average area
proportion of cropland is 69%, as opposed to 22% for the other land uses combined. Actually, most
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urban areas are surrounded mainly by cropland, especially in the eastern plains [10]. This situation
facilitated the encroachment of cropland during urban extension.

Figure 8. Area proportions of land uses in different urban margins.
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4.2. Future Conversion of Urban Development from Cropland

According to the urban development plan in China, the Chinese government will put the emphasis
of urbanization in the central, eastern, and coastal regions in the near future [29]. Due to the high
correlation of spatial patterns of urban land and cropland, the cropland will be still major source of
urban expansion [30]. If it maintains current urban development mode in the Beijing-Tianjin-Hebei
Metropolitan region, urban land in the next two decades will expand 2.47 x 10° ha, among which
nearly 88% of this amount will be converted from cropland [31]. In the coastal areas, besides cropland,
coastal water will become another contributor of urban expansion [32]. Nevertheless, with the
optimization of urban land structure, the loss of cropland caused by urban development will be
mitigated in the future.

4.3. Implications for Land Use Policy

In China, cropland protection has always held high priority in national development. Since the
1990s, the central government has promulgated several strict cropland reservation regulations, such as
the dynamic balance of total farmland policy in 1998. This policy stipulates that local governments
should reclaim the same amount of cropland as becomes occupied by construction use. This study
found that the conversion of cropland to built-up land was largely located in the central and eastern
regions, especially in eastern developed provinces such as Beijing, Shanghai, Jiangsu, Zhejiang, and
Guangdong. According to the estimations of the Ministry of Land and Resources in China, these
provinces are lacking in cultivated land reserves [33]. It is rather difficult for these provinces to
accomplish the requisition and compensation balance of cropland. Furthermore, these provinces
produce higher economic output and accommodate many more people (Figure 9). It indicates that the
cropland protection policy should be varied across regions with different major functions [34]. In
addition, this study demonstrated that the agricultural potential per unit area of the cropland converted
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into built-up land was much higher than that converted to other uses. In light of this result, cropland
compensation should focus not only on total area but also on quality of agricultural potential.

Figure 9. Population density (a) and the second and third industry GDP density (b) over
provinces in 2010.
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The conversion of cropland into urban land is the main land use change causing cropland loss,
accounting for half of the total cropland loss during the past two decades. However, as indicated by
Liu et al. [35], the rate of land urbanization was much higher than that of population urbanization,
further leading to the extensive waste of urban land. It alerts us to the importance of optimizing land
use structure in urban areas and transferring the focus of urbanization from land to people. In the 12th
Five-Year plan, the central government has clearly indicated that the core of urbanization is population
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and emphasizes the quality of urbanization [29]. This policy may, to a certain extent, ease the urban
occupation of cropland in the future.

5. Conclusions and Policy Recommendation

Employing satellite-based land use data and an agricultural production estimation model, this study
captured the spatiotemporal pattern of urban development from cropland in a spatially explicit way and
revealed how the extent of these conversions has impacted China’s agricultural potential from 1990 to
2010. Our results may provide valuable insights that could help improving China’s land use policy.

Urbanization is the prime factor causing cropland loss, and approximately 4.18 Mha, or 2.26%, of
total cropland has been developed during the past two decades. Most of the developed lands are located
in the central and coastal provinces and are mainly concentrated on the periphery of major urban areas
such as the Beijing-Tianjin-Tangshan, Shanghai-Suzhou-Changzhou, Haerbin-Changchun-Shenyang,
and Zhengzhou-Wuhan-Guangzhou regions. In addition, a good deal of conversion has taken place in
small cities and towns in Central and Eastern China. The spatial and temporal patterns of conversion
are subject to the national development plans and impacted by other factors such as economic
development, population growth, and migration. Furthermore, the spatial adjacency of urban land and
cropland facilitates the encroachment of development during urban extension.

Due to urban encroachment on cropland, approximately 71.45 Tg of potential light-temperature
agricultural productivity has been lost, and the loss in the second decade of the study (approximately
47.12 Tg) was nearly twice that of the first (approximately 24.33 Tg). The total loss accounts for
2.65% of the national agricultural potential. When compared with the percentage of cropland loss,
agricultural potential loss has exceeded the loss of cropland. It may be attributed to the fact that
cropland converted to urban use is of higher quality than that converted to other uses.

As to national land use policy, the dynamic balance of total farmland policy is the strictest cropland
protection policy in China, and according to our analysis, it should not be applied uniformly across all
provinces. The policy should be varied according to the different major orientated functions of each
province, which will help maximize the utilization efficiency of the land. It also should be noted that
new-type urbanization in China has emphasized population urbanization, and this trend may, to a
certain extent, ease the loss of cropland in the future.
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