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Abstract Land-use change is becoming an important

anthropogenic force in the global climate system through

alteration of the Earth’s biogeophysical and biogeochemi-

cal processes. Cropland, which provides people with food,

is the most variable vegetation land-use type and is affected

by natural and anthropic forces and in turn affects the

environment and climate system. This paper investigates

the temporal-spatial pattern of cropland transition in the

arid and semiarid region of northwest China, using remote

sensing data for the late 1980s, 1995, 2000, 2005, 2008,

and 2010. The aim was to clarify the change intensity and

conversion pattern of cropland with a view to identifying

the effects of a series of governmental policies and their

influence on the climate system. Mathematical methodol-

ogies including the use of a transition matrix model,

dynamic degree model, area-weighted centroid model, and

area percentage were employed to analyze the temporal

change in cropland. Meanwhile, a gridded zonal model

with 10-km2 resolution was used to detect the spatial pat-

tern of cropland transition. During the period from the late

1980s to 2010, cropland increased dramatically by

23,182.17 km2, an increase of 13.61 % relative to the area

under cultivation in the late 1980s. Cropland transition

accumulated in the western oasis–desert ecotone of the

study area while it declined in the eastern farming–pastoral

ecotone, leading to the westward movement of the cropland

centroid. A net decrease in natural vegetation and unused

land along with a net increase in built-up land due to

cropland conversion was observed in the monitoring per-

iod. The three major driving forces of the cropland tran-

sition were population growth, economic development, and

land-use management governed by the Grain for Green

Program. The climate response to different conversion

patterns was simply analyzed. However, quantitative

assessment of the effect should be undertaken by

employing ecosystem and climate models.
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Introduction

Cropland is a crucial land-use type, as it has enormous

consequences for both environmental sustainability and

food security (Audsley et al. 2006; Stehfest et al. 2007). It

is estimated that almost 20 % of the potentially vegetated

surface of the Earth was used for agriculture in 1992

(Ramankutty and Foley 1999; Ramankutty et al. 2002).

Furthermore, as agricultural food production has doubled

in the last 35 years of the twentieth century, another dou-

bling is anticipated so as to meet the increasing human

demands for food and fiber (Tilman 1999).

The arid and semiarid region of northwest China plays

an important role in the food security of China, the world’s

most populous country, not only because of the plentiful

land available for cultivation in this region (Dai et al.

2008), but also because of the lower economic cost of

reclamation compared with that in southern China (Zhang

et al. 2004). A large land resource including desert land and
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grassland has been reclaimed for cropland since the 1980s.

For instance, the proportion of China’s reclaimed cropland

accounted for by the municipality of Xinjiang and Inner

Mongolia dramatically increased from 12.78 % in 1980 to

46.58 % in 1995 (Ren and Cai 1998; Cai and Guo 1999).

However, because of the vulnerable environment and

sensitive local climate system(Fang and Xie 2010), the

increase in intensity of land reclamation has exacerbated

originally serious environmental problems and initiated

climate changes locally, regionally, and even globally.

Ta et al. (2006) revealed a strong relationship between the

number of spring dust storms and the increase in area of

annual land reclamation in the Tarim Basin and Hexi Corri-

dor. A widely distributed fall in the groundwater level of

between 3 and 5 m because of human activity was observed

in the Shiyang River Basin in particular in the past 50 years

(Ma et al. 2005). Desertification and salinization caused by

cropland irrigation were recorded in northwest China (Wang

2000; Chen et al. 2010). Evidence of climate change caused

by cropland transition was also observed. (Wang et al. 2011)

found that conversion of freely grazed grassland to cropland,

combined with overgrazing, led to an annual average decline

of 2.3–2.8 % in the soil organic carbon of China, which

would affect global warming. (Xu et al. 2007) detected an

increase in air temperature in northwest China since 1995

caused by a decrease in vegetation coverage.

Numerous ecological problems and observed climate

changes indicate the environmental degradation and climate

sensitivity of northwest China. These effects have threatened

the well-being of people living there (Kang et al. 2004; Ye

and Van Ranst 2009). To contain these problems, the Chinese

central government has implemented a series of environ-

mental programs since the late 1990s (Dai 2010). The most

renowned has been the Grain for Green Program, which

called for cultivated land with slopes steeper than 25� to be

gradually shifted to forest and grassland and restored with

vegetation or changed into terraced land; accordingly, there

was a shift of about 15 million ha of low-yield farmland to

forest and grassland by 2010 (Feng et al. 2005). This

unprecedented project resulted in another extensive cropland

transition; it was reported that 7.19 million ha of low-yield

cropland had been converted into forest and pasture land by

2003 (Xu et al. 2006).

Cropland in the arid and semiarid region of northwest

China has obviously undergone profound change, initiating

severe ecological problems and climatic alterations.

Detailed assessments of impacts on the eco-environment

and climate system require knowledge of the explicit

dynamic patterns of cropland transitions. The purpose of

the present research is to investigate the cropland transition

patterns caused by anthropogenic activities from the late

1980s to 2010, which spans the period of extensive crop-

land reclamation and the implementation of a series of

environmental policies. There are two aspects to the spe-

cific research objective: (1) analysis of the temporal

dynamics and spatial differences in the intensity of crop-

land change, and of the conversion pattern on the basis of

interpreted land-use and land-use change maps for the

period from the late 1980s to 2010 in the study area; and

(2) exploration of the interrelationship between cropland

transition, socioeconomic development and policies, and

the effects of cropland transition on the climate system.

Study area and data preparation

Study area

The arid and semiarid region of northwest China is a zone

of the Physical Regionalization of China established by the

National Agricultural Regionalization Committee (NARC

1984). It spans the vast area of 73�330–121�30E longitude

and 36�320–51�530N latitude and accounts for almost all of

the Inner Mongolia Autonomous Region, Xinjiang Uygur

Autonomous Region, and Gansu Province, and the northern

part of the Ningxia Hui Autonomous Region, Shaanxi

Province, Shanxi Province, and Hebei Province (Fig. 1a).

This region accounts for 29.8 % of the land area in China,

while accounting for only 4.5 % of the country’s popula-

tion. Located in the mid-temperate zone and warm tem-

perate zones, this area has a typical arid climate with strong

solar radiation and long sunshine hours, little precipitation,

and large variation in interannual precipitation.

According to the Integrated Agriculture Regionalization

of China, the study area is divided into two agricultural zones,

the region of Inner Mongolia and along the Great Wall in the

east and the Gan-Xin region in the west (Fig. 1a). The eastern

zone is a farming–pastoral ecotone with a vulnerable eco-

environment. As the annual average precipitation is

200–400 mm and the frost-free period is 100–150 d, the

cultivated land is single cropped in this region. The major

cultivars include spring wheat, sorghum, millet, and potato.

The western part is dominated by oasis cultivation and desert

grazing and is referred to as an oasis–desert ecotone. An

abundant heat resource and large diurnal temperature range

are beneficial to crop growth; however, limited precipitation

makes irrigation necessary for cultivation. Wheat and cotton

are the major cultivars in this region.

Data preparation

A land-use dataset for the study area was acquired for

cropland transition analysis. The dataset includes a land-

use map of the study area for the late 1980s, 1995, 2000,

2005, 2008, and 2010 (Fig. 1b) and land-use change map

for the periods of the late 1980s–2000, 1995–2000,
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2000–2005, 2005–2008, and 2008–2010. The maps are part

of the China Land Use Dataset scaled at 1:100,000 estab-

lished by the Chinese Academy of Sciences.

All land-use data in the China Land Use Dataset were

visually interpreted by experts using remote sensing ima-

ges mainly taken by Landsat TM/ETM?. Images obtained

in crop-growing seasons (from June through September in

the study area) with \10 % cloud coverage were selected.

About 3,000 TM/ETM? images were used in total, in

which more than 300 images were for late 1980s, 421 for

1995, 508 for 2000, 412 for 2005, 488 for 2008, and 870

for 2010 (Zhang et al. 2012a, b). Photographic film and

thousands of images from CBERS (China–Brazil Earth

Resource Satellite) and HJ-1 (Small Satellite Constellation

for Environment and Disaster Monitoring Forecasting)

were adopted when TM/ETM? were not available. They

were also used to provide additional information on phe-

nology. The spatial resolution of these images is between

19.5 m (CBERS) and 30 m (TM/ETM? and HJ-1).

Visual interpretation conducted by experts was based on

integrated analyses on the spectral reflectance, location,

and shape of the objects. In addition, a series of auxiliary

datasets, such as map of soil type, map of vegetations,

topographic map, and information on regional planning,

were employed to improve the precision of interpretation.

Eight research groups from eight institutes of Chinese

Academy of Sciences participated in this project. Each of

them was located in different provinces and conducted the

visual interpretation of land use in the region nearby the

place where it is located.

Field survey was taken to assess the accuracy of land-

use datasets, as well as to consolidate the experts’ experi-

ence of land-use identification. As the first dataset, the field

survey for dataset in 1995 was conducted based on the

sampling of all land-use patches in all of the provinces

except Tibet Autonomous Region and Taiwan. After that,

field surveys were primarily conducted on the samples of

land-use change patches in each period (Zhang et al.

2012a). According to the sampled field survey, the preci-

sion of land-use identification is higher than 90 % (Liu

et al. 2003, 2010). The detailed information of the datasets’

accuracy is given in Table 1 (Zhang et al. 2012a).

The classification system of this land-use dataset is hier-

archical and has two levels. It includes six aggregated classes

of land use: cropland, woodland, grassland, water, built-up

land, and unused land. For subclasses, cropland is divided

into paddy fields and dry farmland; woodland is divided into

forest, shrubs, open woodland, and other; grassland is divided

into high-coverage grassland, medium-coverage grassland,

and low-coverage grassland; water is divided into rivers and

channels, lakes, reservoirs and aquaculture, permanent snow

and ice, tideland, and bottomland; built-up land is grouped

into urban land, rural land, and traffic and construction land;

and unused land is grouped into sandy land, Gobi, saline land,

swampland, bare soil, bare rock, and other.

Methods

Models for temporal change analysis

Dynamic degree model and area-weight centroid

for cropland change analysis

The temporal process of cropland change is determined

using the dynamic degree model of cropland, which is

Fig. 1 Location of the study area (a) and a land-use map of the study area for 2010 (b)

Multitemporal analysis of cropland transition 77

123



developed from the dynamic change model of land use (Liu

and Buheaosier 2000). It includes two parts: the net change

degree Sn and total dynamic degree St. The two terms can

be mathematically calculated according to

Sn ¼
ðDAoc � DAcoÞ
ðAc � tÞ � 100 %, ð1Þ

St ¼
ðDAco þ DAocÞ
ðAc � tÞ � 100 %, ð2Þ

where Ac is the total area of cropland at the beginning of

the monitoring period, DAco is the area of cropland that is

converted into other types of land use, DAoc is the area of

cropland involved in the opposite conversion, and t is the

length of the period in units of years. The net change

degree and total dynamic degree comprehensively repre-

sent the result and intensity of cropland dynamic change.

To investigate the temporal change in the cropland dis-

tribution, we employed an area-weight centroid model of

cropland patches. The area-weighted centroids and the vec-

tors linking the cropland centroids quantify the cropland

distribution change in both distance and direction (Tang et al.

2012). Employing this method, we first calculated the loca-

tions of cropland centroids using the equations

X tð Þ ¼
Pn

i¼1ðAiðtÞ � XiðtÞÞPn
i¼1 AiðtÞ

; Y tð Þ ¼
Pn

i¼1ðAiðtÞ � YiðtÞÞPn
i¼1 AiðtÞ

;

ð3Þ

where X(t) and Y(t) are the area-weighted abscissa and

ordinate of all the cropland patches in year t; Ai(t) is the

area of cropland patch i; n is the total number of patches of

cropland; and Xi(t) and Yi(t)denote the abscissa and

ordinate of cropland patch i. After determining the

location of cropland centroids at different stages, the

distance D and direction h of the shift of centroids are

defined as

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðX t2ð Þ � Xðt1ÞÞ2 þ ðY t2ð Þ � Y t1ð ÞÞ2
q

; ð4Þ

h ¼
arctan

Y t2ð Þ�Y t1ð Þ
X t2ð Þ�X t1ð Þ

� �
if X t2ð Þ�Xðt1Þ

p� arctan
Y t2ð Þ�Y t1ð Þ
X t2ð Þ�X t1ð Þ

� �
if X t2ð Þ�Xðt1Þ

8
<

:
; ð5Þ

where t1 is the beginning of the monitoring period, and t2 is

the end of the monitoring period.

Transition matrix and area-percentage method

for the analysis of conversion between cropland and other

land-use types

The use of a transition matrix is a useful technique for

analyzing observed land-use changes, by identifying the

direction and magnitude of land-use transformations. These

aspects of change are important in understanding the cau-

ses of land-use changes and in analyzing the effects of

Table 1 Accuracy of land-use and land-use change datasets in each period

Period Cropland Woodland Grassland Built-up land Water Unused land Total

1995

Num 5,058 4,104 1,512 1,714 912 13,300

A (%) 94.94 90.13 88.16 96.32 95.72 92.92

1980s–2000

Num 20,153 7,553 4,903 1,147 1,857 676 3,6289

A (%) 97.02 97.30 96.80 99.04 94.67 95.56 96.67

1995–2000

Num 99,867 4,506 6,631 8,055 2561 1,526 33929

A (%) 99.09 98.92 97.96 98.92 96.86 97.88 98.04

2000–2005a

Num 11,701 6,266 5,199 7,382 4056 1,392 35877

A (%) 99.30 97.75 98.62 97.01 97.61 98.28 98.56

2005–2008

Num 4,235 9,584 2,073 7,589 2025 540 26046

A (%) 98.23 99.08 96.53 95.41 95.46 96.67 97.34

2008–2010

Num 3,218 9,975 1,560 1,0872 2,194 296 2,7565

A (%) 98.94 97.36 98.59 96.44 95.92 97.64 97.15

Num number of verified patches, A accuracy
a the field survey of land-use change was conducted in seventeen provinces of China
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these changes on the eco-environment and climate system

(Macleod and Congalton 1998; Pérez-Hugalde et al. 2011).

Here, we used three attributes of the coverage file of the

land-use change map for the calculation of transition

matrixes of the five periods; the attributes were the class

codes of the transformation patch at the beginning and end

of the period, and the area of the patch. These three attri-

butes were exported as.dbf files in ArcGIS software. Cross-

tabulation tables were then calculated using the PivotTable

Wizard in Microsoft Excel and output as transition

matrixes.

The area-percentage method was adopted to explore the

structure of land-use classes as the source of newly

emerging cropland and the structure of the target land-use

classes into which cropland is converted. The contribution

of one land-use class to the increase in area of cropland,

CR, and the contribution of one land-use class to the lost

area of cropland, OP, are, respectively, defined as

CR ¼ Ajc

Aci

; ð6Þ

OP ¼ Ack

Acl

; ð7Þ

where Ajc denotes the area converted from land-use class

j to cropland; Aci denotes the total newly emerged area of

cropland; Ack denotes the area converted from cropland to

land-use class k; and Acl denotes the total area of lost

cropland. The interclass difference and temporal change of

CR and OP give convenient and explicit insight into the

driving forces of cropland change.

A zonal model with 10-km2 resolution for spatial

difference analysis

To detect and represent the spatial difference in cropland

changes, a gridded zonal model with resolution of 10 km2

was established. The model produces a visible spatial

distribution map of the cropland dynamic metrics with

spatial resolution of 10 km2, from which spatial patterns of

cropland change can be designated. This kind of method

has been widely used in the analysis of spatial and temporal

characteristics of land-use change in China (Wang et al.

2010).

Four 10-km2 gridded zonal products were obtained,

namely the annual net area change for cropland, annual

dynamic area of cropland, major land-use class converted

into cropland, and major land-use class into which cropland

was converted. First, we extracted cropland-related

dynamic patches from the land-use change map. Second,

we generated a standard grid frame in vector format using

the FISHNET module in ArcGIS software in the scope of

the study area. Each cell of the grid is 10 km by 10 km.

Finally, we used the 10-km2 grid to intersect with the

cropland-related dynamic patches and obtain the four types

of 10-km2 gridded zonal products.

Results

Brief description of land-use and land-use change

in the arid and semiarid region of northwest China

In the study area, the dominant land-use classes were

unused land and grassland, accounting for 87.02 % of the

region in 2010. Their areas were 1,571,314.03 and

932,250.21 km2, respectively, in 2010 (Table 2). As indi-

cated in Fig. 1b, the unused land, mainly composed of

Gobi and sandy land, was largely distributed in the western

oasis–desert ecotone. This indicates the arid characteristics

of this zone. Cropland was the third largest land-use class,

accounting for 6.73 % of the region, and was mainly

located in water-abundant areas such as alluvial plains (the

Tumochuan Plain and Hetao Plain) and foothills (the edge

of the Junggar Basin, the Tarim Basin, and the Hexi Cor-

ridor of Gansu). Owing to the scarcity of water resources,

dry land was the primary subclass of cropland in this

region, accounting for about 97.18 % of the total area of

cropland. Built-up land was usually scattered within the

cropland, having an area of 18,347.55 km2 in 2010 and was

the smallest of the six land-use classes. Forest, accounting

Table 2 Changes in area for each land-use type from the late 1980s to 2010

Class Total area (km2) Change rate in the period

late 1980s–2010 (%)
Late 1980s 1995 2000 2005 2008 2010

Cropland 170,366.08 173,281.96 178,667.44 186,617.81 189,673.47 193,548.25 13.61

Forest 122,402.12 120,194.29 120,096.84 120,445.79 120,539.79 120,398.15 -1.64

Grassland 954,086.32 954,099.08 943,982.38 935,356.09 935,203.91 932,250.21 -2.29

Water 40,533.39 40,373.13 41,732.53 41,454.64 41,044.71 41,035.46 1.24

Built-up land 14,814.51 14,971.83 15,767.63 16,952.49 17,507.55 18,347.55 23.85

Unused land 1,574,691.23 1,573,973.36 1,576,646.83 1,576,066.83 1,572,924.22 1,571,314.03 -0.21
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for 4.25 % of the region, lay mainly along the eastern edge

of the region, where there is transition between semiarid

and moist areas. The area of water was relatively small in

the region, being just 41,035.46 km2 in 2010. Permanent

snow and ice, lakes, and bottomland accounted for 83.92 %

of the total water area.

Over the past 20 years, land use in the study area

underwent a remarkable change, especially in the case of

built-up land and cropland, which increased in area by

23.85 and 13.61 %, respectively, from the late 1980s to

2010 (Table 2). Cropland, as an artificial vegetation type in

the land-use classification system, was the only vegetation

type that increased in area; the two natural vegetation

types, forest and grassland, respectively, decreased in area

by 1.64 and 2.29 % in the monitoring period. The increase

in area of artificial landscapes including built-up land and

cropland, along with the loss of natural landscapes such as

forest and grassland, reveals the intensifying human dis-

turbance of the eco-environment.

Analysis of cropland change intensity

Temporal changes of cropland change intensity

The total area of cropland continually increased in the moni-

toring period, with basically ascending net change degree

(Table 3). The net change degree increased from 0.37 % per

year from late 1980s to 2000 to 0.89 % per year in 2000–2005

and then decreased to 0.55 % per year in 2005–2008, before

finally peaking at 1.02 % in 2008–2010. The temporal change

trend of the total dynamic degree was similar with that of the

net change degree, but peaked at different stage. The total

dynamic degree continually increased in the first three periods

and peaked in 2000–2005 at 1.70 % per year. It then decreased

in 2005–2008 and increased again in 2008–2010 to 1.49 % per

year. This indicates that the human disturbance of cropland

was most intense in 2000–2005. The extensive policies

implemented for economic development and eco-environment

protection at the beginning of the new century in northwest

China such as the ‘‘Go-West’’ Enterprise and Grain for Green

Program might explain the frequent cropland transformation.

Spatial variation in cropland change intensity

The cropland change intensity varied in different stages

and had distinct characteristics in the two agricultural

zones as indicated in Fig. 2 and Table 4. The number of

cells for which the net area of cropland increased and the

number of cells for which the net area of cropland

decreased in the eastern farming–pastoral ecotone were

both slightly greater than the numbers for the western

oasis–desert ecotone in the period from late 1980s to 2000

(Fig. 2a). As a result, a similar rate of net area increase was

observed in the two ecotones (343.32 and 295.39 km2/year,

respectively) (Table 4). Cells in which the net area

increased were mainly located where cropland was the

dominant landscape, such as in the western foothills of the

Daxianling Mountains, the Hetao Plain, the Hexi Corridor,

and on the edges of the Junggar Basin (Fig. 2a). Many of

these cells had a rate of net area increase [0.25 km2/year.

The cells with a net area decrease were mostly distributed

in the transition area between cropland and other land-use

types. Less suitable conditions (such as a lack of irrigation

facilities) for farming in these places meant that cropland

was easily abandoned. Most of these cells had a rate of net

area decrease of \0.25 km2/year. The number of cells for

which the net area of cropland increased in the period

1995–2000 (Fig. 2b) was greater than that in the period

from late 1980s to 2000, most of which had a rate of net

area increase of faster than 0.50 km2/y. It indicated that the

net area of cropland decreased in the period from late

1980s to 1995 for these cells.

Entering the twenty-first century, the cells with a net

area increase became concentrated in the western oasis–

desert ecotone, while the cells with a net area decrease

were mostly distributed in the eastern farming–pastoral

ecotone (Fig. 2c, e). In the western oasis–desert ecotone,

Table 3 Change intensity for cropland in each period from the late 1980s to 2010

Period 1980s–2000 1995–2000 2000–2005 2005–2008 2008–2010 2000–2010

Net change degree (%/year) 0.37 0.62 0.89 0.55 1.02 0.83

Total dynamic degree (%/year) 0.97 1.66 1.70 0.81 1.49 1.42

Table 4 Change intensity of cropland in the eastern farming–

pastoral ecotone and western oasis–desert ecotone from the late 1980s

to 2010

Period Net area change

(km2/year)

Total dynamic area

(km2/year)

East part West part East part West part

1980s–2000 295.39 343.32 855.19 795.69

1995–2000 296.96 780.14 956.02 1924.11

2000–2005 -14.51 1604.58 807.20 2229.47

2005–2008 35.88 982.67 236.95 1282.11

2008–2010 -66.64 2004.03 176.77 2643.59

2000–2010 -9.82 1497.90 510.04 2028.09
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Fig. 2 Spatial distribution of net area change [(a) late 1980s–2000 (b) 1995–2000 (c) 2000–2005 (d) 2005–2008 (e) 2008–2010) and total

dynamic area [(f) late 1980s–2000 (g) 1995–2000 (h) 2000–2005 (i) 2005–2008 (j) 2008–2010) of cropland within a 10-km2 cell in each period

Multitemporal analysis of cropland transition 81

123



cells with a net area increase were dominant after 2000,

resulting in an increase in total cropland area of

1497.90 km2/year in the period 2000–2010, which was

4.36 times that in the period from the late 1980s to 2000.

Meanwhile, in the eastern farming–pastoral ecotone, the

number and intensity level of the cells with a net area

increase (Fig. 2c, e) continued to decline after 2000 and the

total cropland area decreased at a rate of 9.82 km2/year in

2000–2012. The loss of cropland was most intense in Erdos

and Baotou in the municipality of Inner Mongolia and

Yanchi in the municipality of Ningxia (Fig. 2c, e).

Urbanization, industrialization, and the implementation of

ecological protection policy led to the distinct loss of

cropland in these areas.

The cells with total dynamic area larger than

0.1 km2/year also shifted from the eastern farming–pastoral

ecotone to the western oasis–desert ecotone, while the

opposite shift occurred in the cells with total dynamic area

\0.1 km2/year (Fig. 2f–i), indicating the intensified human

interference on cropland in the west. In the period from the

late 1980s to 2000, the annual total dynamic areas of the two

ecotones were similar (855.19 km2/year for the eastern part

and 795.69 km2/year for the western part) (Table 4). After

2000, the annual total dynamic area of the eastern farming–

pastoral ecotone gradually declined to 177.67 km2/year

in 2008–2010. However, the situation in the western oasis–

desert ecotone was the opposite; the annual total dynamic

area of cropland climbed to 2643.59 km2/year in 2008–

2010. That is to say, the distribution of the human distur-

bance of cropland shifted from being evenly distributed in

the study area to being concentrated in the west.

Centroid shift of cropland

The area-weighted centroid method was used to represent

the spatial movement of cropland from the late 1980s to

2010 in the study area. Figure 3 shows the distance and

direction of the shift of cropland. To improve the compa-

rability of the movement, we omitted the centroid for 2008

so as to obtain the movement of centroids in the same

length of period. The moving trend in the two stages before

2000 was basically motion in opposite directions, switch-

ing from a northeast direction at 34.15 degrees in the late

1980s to 1995 to a southwest direction at 142.14 degrees in

1995–2000. The distances of motion in these two periods

were similar (9546.05 and 12,215.31 km, respectively). In

the two stages after 2000, the centroid of cropland moved

in a similar direction at about 280 degrees to the northwest,

with the distance increasing from 63,923.65 to

83,385.01 km. This indicates that the imbalance of the

cropland change between the eastern farming–pastoral

ecotone and western oasis–desert ecotone increased as time

passed.

Analysis of the cropland conversion pattern

To facilitate the analysis of cropland transitions, we

grouped the dominant cropland conversion forms into three

types: conversion with natural vegetation, conversion with

built-up land, and conversion with unused land (cropland

abandonment and unused-land reclamation). As the con-

version between cropland and water only accounted for

0.26 % of the total dynamic area of cropland, it was

ignored in this paper. Figures 4 and 5 show the temporal

change and spatial difference of each kind of conversion,

respectively.

Pattern of Conversion between cropland and natural

vegetation

Conversion between cropland and natural vegetation,

especially conversion between cropland and grassland, was

the main type of cropland transformation in the study area.

The annual area that was converted from grassland to

cropland was between 790.42 km2/year in 2005–2008 and

1896.07 km2/year in 2008–2010 (Fig. 4b), which was

much larger than areas for other land-use classes that

converted into cropland. CR values of grassland in all

Fig. 3 Spatial movement of

the area-weighted centroid

of cropland from the late 1980s

to 2010
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stages were higher than 50 %, indicating that grassland was

the major source of the newly emerged cropland. However,

the decreasing trend of CR revealed the mitigated recla-

mation of grassland for cropland.

Cells with grassland as the primary source of the

increase in cropland were evenly distributed in the study

area at the beginning of the monitoring period (Fig. 5a).

After 2000, the distribution of cells of this kind became

concentrated in the western oasis–desert ecotone, and there

were dramatically fewer grids of this kind in the eastern

farming–pastoral ecotone. As a result, the area of grassland

that was converted into cropland in the eastern farming–

pastoral ecotone declined to 81.85 km2 per year in

2008–2010, which was 2.21 % of that in the western oasis–

desert ecotone.

The annual increase in area of grassland because of

conversion from cropland in 2000–2010 was slightly less

than that from the late 1980s to 2000. The number of cells

with grassland as the major land-use class into which

cropland was converted increased in the western oasis–

desert ecotone and decreased in the eastern farming–pas-

toral ecotone (Fig. 5f–j).

The area that was converted from cropland to grassland

was smaller than that involved in the opposite conversion

in all stages; hence, there was a net increase in cropland in

the exchange of grassland and cropland. It was also found

that the proportion of high-coverage grassland in the area

of lost grassland decreased from 303.80 km2/year in the

period from the late 1980s to 2000 to 129.04 km2/year in

2008–2010, while that of low-coverage grassland dramat-

ically increased from 214.22 to 1007.79 km2/year

(Table 5).

Similar to the case for grassland, the conversion

between woodland and cropland resulted in a net increase

in cropland in all periods except for 2005–2008 (Fig. 4a);

hence, there was a decrease in natural vegetation and

increase in cropland in the study area. However, OP for

woodland in the area of lost cropland basically increased in

the monitoring period, except during 2008–2010. Addi-

tionally, although the entire area of woodland decreased in

the monitoring period, the areas of detected forest and

other forest (generally including orchards, nurseries, and

immature forest) increased by 25.15 and 52.72 km2/year,

respectively, in 2000–2010 (Table 6). This suggests

that government policies, such as the Grain for Green

Program and the Project of the Green Wall of China, were

effective.

Pattern of conversion between cropland and built-up land

There was a remarkable expansion of built-up land

throughout the country due to population growth and

economic development. In the study area, there was serious

appropriation of cropland for construction in the monitor-

ing period as the area of conversion from cropland to built-

up land increased slightly from 46.72 km2/year in the

Fig. 4 Conversion rate of each

kind of transformation and CR

and OP in the area of increased

and lost cropland (P1: late

1980s–2000, P2: 1995–2000,

P3: 2000–2005, P4: 2005–2008,

P5: 2008–2010, P6:

2000–2010)
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period of the late 1980s to 2000 to 74.79 km2/year in the

period 2000–2010 (Fig. 4c). OP for built-up land in the

area of lost cropland had an increasing trend from 9.23 to

14.24 % in these two periods. As represented in Fig. 5g–j,

the cells with built-up land as the major type into which

cropland was converted were primarily located in the

western oasis–desert ecotone before 2000. After 2000, this

kind of cell was concentrated in the eastern farming–pas-

toral ecotone and mainly distributed on the Hetao Plain and

Tumochuan Plain, where the population was large and

cropland was of good quality.

Pattern of cropland abandonment and unused-land

reclamation

The phenomenon of abandoning cropland was prevalent in

northwest China, especially in the case of farming land

without irrigation facilities. This adversely affects not only

food security but also the eco-environment. However, the

opposite transformation, the reclamation of unused land for

cropland, could increase the area of cultivated land while

mitigating the appropriation of natural vegetation for

farming, leaving the ecological impact for further discus-

sion. Monitoring showed that the area of reclaimed unused-

land exceeded that of abandoned cropland (Fig. 4d).

Additionally, there was a notable increase in CR for unused

land before 2008, together with a decrease in OP for

unused land. This demonstrates an exacerbated loss of

unused land to cropland. As indicated in Fig. 5a–e, the

reclamation of cropland from unused land was concen-

trated near oases in Gansu and the municipality of

Xinjiang.

Discussion

Social, economic, and political factors of cropland

transition

Socioeconomic factors, land-use management, and the

natural environment are proposed as the three main driving

forces of land-use/cover change (Turner et al. 1995).

Population growth has been the basic driving force of

change relating to cropland, a land-use type that provides

people with food. Since the 1950s, the rapid population

growth in China has meant that the supply of farm products

has been insufficient for the whole country, and this

encouraged the undertaking of a national survey to find

more cultivable land (Tang et al. 2012). The arid and

semiarid region of northwest China was delineated as a

place with vast reserves of land for farming (Feng and Li

2000). For decades, cropland reclamation in this region has

played an important role in realizing the balance of the

requisition–compensation of cropland throughout the

country. As found in this research, cropland basically

expanded throughout the monitoring period at an increas-

ing rate, especially on the edge of the Junggar Basin and

Tarim Basin.

Economic development, along with urbanization and

industrialization, was other important anthropogenic fac-

tors for cropland transition. In 2000, the national govern-

ment promoted the ‘‘Go-West’’ Enterprise, which induced

the remarkable economic development of northwest China.

Large infrastructure comprising railways, highways, eco-

nomic development zones, and industrial parks was con-

structed in this area. This phenomenon was embodied in

Table 5 Net rate of loss of grassland and its subclasses to cropland

Subclass Net loss rate (km2/year)

Late 1980s–2000 1995–2000 2000–2005 2005–2008 2008–2010 2000–2010

High-coverage grassland 303.80 396.00 225.43 140.20 129.04 180.58

Medium-coverage grassland 118.27 307.41 432.54 172.35 389.40 345.86

Low-coverage grassland 214.22 455.89 485.67 391.63 1077.79 575.88

Total 636.30 1159.29 1143.64 704.17 1596.22 1102.32

Table 6 Net rate of loss of woodland and its subclasses to cropland

Subclass Net loss rate (km2/year)

Late 1980s–2000 1995–2000 2000–2005 2005–2008 2008–2010 2000–2010

Forest 7.51 35.60 -45.20 12.90 7.15 -17.30

Shrub 9.12 6.90 64.80 16.85 9.28 39.31

Open woodland 6.48 10.56 34.88 9.11 17.31 23.64

Other forest 0.45 -11.34 -6.49 -67.51 21.28 -19.24

Total 23.55 41.72 48.00 -28.65 55.02 26.41
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Fig. 5 Spatial distribution of the majority of land-use classes

converted into cropland [(a) late 1980s–2000 (b) 1995–2000

(c) 2000–2005 (d) 2005–2008 (e) 2008–2010] and into which

cropland converted [(f) late 1980s–2000 (g) 1995–2000

(h) 2000–2005 (i) 2005–2008 (j) 2008–2010] within a 10-km2 cell

in each period
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the present research as the built-up land, which greatly

expanded by 2579.92 km2 (Table 2) in the period

2000–2010, a rate of expansion that was 2.7 times that in the

period from the late 1980s to 2000. Of the newly emerged

built-up land, 65.57 % came from appropriating cropland

from the late 1980s to 2000. Although the proportion declined

to 28.65 % in 2000–2010, cropland was still one of the major

sources for the expansion of built-up land.

Another significant cause of cropland transition was

land-use management governed by a series of eco-envi-

ronment protection policies. The great effects came from

the Grain for Green Program. This program was tested in

pilot areas in 1999 and then implemented in 25 provinces

in 2002. The implementation of the project directly

induced tremendous transition between cropland and other

vegetation types. It was reported that 66.86 million ha of

cropland had been converted to forest in Gansu Province

by 2008. In Inner Mongolia, there had been conversion of

92.2 million ha by 2010. As observed in this research, the

total area of conversion from cropland to woodland was

8.26 million ha. The proportion of woodland in the area of

lost cropland increased from 4.45 % before 2000 to

15.73 % after 2000 (Fig. 4a), and the increasing area of

forest and other forest converted from cropland in

2000–2010 (Table 6) represents the effects of this policy

on cropland transitions.

Effects of cropland transition on the climate system

Cropland-related transformation was the dominant type of

land-use change in the arid and semiarid region of north-

west China, accounting for 56.17 % of the entire area of

land-use change. As a result, numerous climate changes

caused by land-use alteration are supposed to result from

the cropland transition. The climatic response to the con-

version between cropland and other land-use classes is

complicated. For one thing, cropland transitions affect

biogeophysical processes that directly affect the local cli-

mate system. The current climate and vegetation coexist in

a dynamic equilibrium that could be altered by large per-

turbations in either of the two components (Nobre et al.

1991). Cropland transition would largely modify the land

surface parameters and thus alter the surface–atmosphere

interaction, which would in turn affect the overlying

atmosphere and thus the local climate (Sen et al. 2004; Lin

et al. 2009). Both rainfall (Zheng et al. 2002) and surface

temperature (Potter et al. 1981) would change. Further-

more, cropland transitions affect biogeochemistry pro-

cesses, resulting in carbon emission and sequestration and

thereby lead to changes to the concentration of carbon

dioxide and the global climate system.

The effects of cropland transition on the climate system

have been demonstrated in many research works. For

effects on biogeophysical processes, Tinker (Tinker et al.

1996) found that rainfall may decrease where there is

deforestation (including transformation from forest to

cropland) in large continuous areas, and Lewis (Lewis

1998) announced that the ground surface temperature

would increase in the temperate climate zone at the time of

deforestation. The encroachment of cropland by built-up

land enlarges the area of the impervious surface without

vegetation cover and leads to a modified thermal climate

that is much warmer than that in the surrounding area,

which is known as the urban heat island effect (Giannaros

and Melas 2012).

For the effects on biogeochemistry processes, the

replacement of forest with cropland would radically reduce

the soil carbon stocks, and a greater stock reduction has

been found for cereal monoculture than for grasses (Karhu

et al. 2011). An apparent loss of soil carbon stock has been

observed after pasture conversion to cropland (Detwiler

1986; Davidson and Ackerman 1993; Wu et al. 2003). Xu

et al. (2011) conducted a research on the soil organic

carbon (SOC) change after the conversion of natural desert

vegetation to oasis agriculture in northwest China. Results

showed that there was a rapid augmentation of SOC in the

first several years, followed by a fluctuation of SOC

because of the change in cropland management.

Conclusions

The arid and semiarid region of northwest China, a cli-

mate-sensitive and eco-environment vulnerable area, has

undergone profound land-use change in recent decades,

especially in terms of cropland change, because of popu-

lation growth and economic development. This study

acquired land-use and land-use change information for this

region from remote sensing data to analyze the temporal

and spatial patterns of cropland transition from the late

1980s to 2010. Social, economic, and political factors of

cropland transition and their effects on the climate system

were then discussed. The main conclusions are as follows.

Over the past 20 years or so, the area of cropland in the

study area dramatically increased by 23,182.17 km2, which

is an increase of 13.61 % relative to the area in the late

1980s. The net increase degree in the five investigated

periods basically continually increased except in

2005–2008. The highest total dynamic degree occurred in

2000–2005, indicating the intense anthropogenic distur-

bance of cropland in this period because of the launch of

extensive policies for economic development and eco-

environment protection at the beginning of the twenty-first

century. In the 10-km2 gridded zoning of cropland change

intensity, the distribution of cells with a net increase in

cropland area and the distribution of cells with a large total
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dynamic area both shifted from being evenly scattered

throughout the whole study area to being concentrated in

the western oasis–desert ecotone. The centroid of cropland

also moved westward in the monitoring periods. This

demonstrates that intense human interference became

increasingly concentrated in the western oasis–desert eco-

tone, which is a more arid area.

Cropland conversion was grouped into three types:

conversion with natural vegetation, conversion with built-

up land, and conversion with unused land. Both conversion

with natural vegetation and conversion with unused land

resulted in a net increase in cropland, while the conversion

with built-up land led to a net loss of cropland. Conversion

with grassland, a subtype of conversion with natural veg-

etation, was the major transformation type of cropland

transition. This kind of conversion basically reduced the

area of grassland at an increasing rate and with an

increasing proportion of low-coverage grassland, indicat-

ing that conversion between cropland and grassland shifted

to the more vulnerable environment. The spatial dynamic

of this conversion coincided with that of cropland change

intensity. The conversion between cropland and woodland,

another type of conversion with natural vegetation, resulted

in a net area decrease in all subclasses before 2000; how-

ever, a net increase in two subclasses (i.e., forest and other

forests) was detected after 2000. This suggests that gov-

ernment policies, such as the Grain for Green Program and

the Project of the Green Wall of China, took effect. In the

conversion with built-up land, the appropriation of crop-

land for building construction became serious in the

monitoring period and declined in the western oasis–desert

ecotone while accumulating in the eastern farming–pasto-

ral ecotone. Conversion with unused land mainly occurred

in the western oasis–desert ecotone.

The three major driving forces of the cropland transition

were population growth, economic development, and land-

use management governed by the Grain for Green Pro-

gram. The effect of cropland transition on the climate

system was complicated, as different kinds of conversion

had different effects on the local and global climate. A

quantitative assessment of the climate response to cropland

transition should be undertaken by employing ecosystem

models and climate models. For example, the dynamic land

ecosystem model (DLEM) (Zhang et al. 2007; Tian et al.

2010) could be adopted to measure ET, heat transformation

between land and atmosphere, as well as the changes on

carbon stock. Regional climate model (RCM) (Giorgi and

Shields 1999; Ju et al. 2007; Sylla et al. 2010) and general

circulation model (GCM) (Joshi et al. 2003; Willett et al.

2010) could also be coupled to assess the changes of

temperature and rainfall.

Our current research only emphasizes the temporal and

spatial patterns, simply driving forces, and general effects

on the climate system of cropland transition. This research

can be further improved by identifying spatial explicit

distribution of the patches where a conversion between

cropland and other land-use types occurred in one period

while the inverse conversion occurred in the following

period. This kind of information is very helpful when

effects on ecological environment and the climate system

are intended to be evaluated. Another way to improve the

exploration of cropland transition is redefining the classi-

fication of cropland to make it more practical for analyzing

internal transitions of cropland. Dividing cropland into

non-irrigated cropland and irrigated cropland would be

more suitable in northwest China, as irrigation plays an

important role in agriculture of northwest China. It would

also be essential to investigate the agricultural intensifica-

tion and assess its impacts on salinizaiton. Finally, gener-

ating land-use change datasets in the consecutive periods

with fixed length is also anticipated to draw more convic-

tive conclusions.
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