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A B S T R A C T

As soil erosion has become a serious threat to agriculture in China, the “Grain-for-Green” project was
initiated in western and central China with the goal of reducing soil erosion and improving vegetation
conditions. Eastern China was not included in this project, although soil erosion is a serious problem in
areas with rapid urban expansion. This study analysed the effects of urbanization on cropping system
changes, soil erosion, and farmland net primary production (NPP) in Shandong Peninsula using the
Revised Universal Soil Loss Equation (RUSLE) model and Carnegie Ames Stanford Approach (CASA). The
results show that parts of the mountainous regions in eastern Shandong Peninsula experience severe/
heavy soil erosion. The percentage of cropland experiencing high, very high, and severe soil erosion
decreased by 46.1%, 60.3%, and 33.3%, respectively, from 2000 to 2010. Although the mean annual unit
NPP increased by 10.8% because of changes in climate, species, and management, the total NPP of
cropland still dropped slightly on the Shandong Peninsula due to urbanization, and the area of single-
cropping systems on lands that suffer higher soil erosion rates decreased. However, this declining area in
lands with higher soil erosion classes will help to reduce the soil erosion rate on the Shandong Peninsula,
which indicates that implementing the “Grain-for-Green” project in this area is not necessary in the
foreseeable future.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Soil erosion has become a serious environmental threat in
China, and enormous amounts of sediment are transported from
land to the sea through river channels every year. About 6.8�108 t
of sediment is transported to the Yellow River from sediment-rich
regions in the Yellow River catchment annually (Jiao et al., 2014).
Annually, 337 million tons (Mt) of sediment reached the sea from
the Yangtze River catchment during 1993–2006 (Dai and Lu, 2014).
This huge amount of sediment flux normally deposits in river
channels, lakes, and reservoirs, which greatly decreases the flood
storage capacity (Pu et al., 1994; Yang et al., 2003; Liu et al., 2007;
Yue et al., 2014). Moreover, soil loss caused by erosion reduces soil
fertility and grain production (Bechmann et al., 2009; Quinton
et al., 2010; Su et al., 2010; Otero et al., 2011).

The Grain-for-Green project was launched in 1999 to increase
forest cover and combat soil erosion on sloping cropland (Qi et al.,
2013;Wu et al., 2014). In practice, governments designate a certain

quota of cropland in each province of western China every year,
and farmers who agree to stop cultivating these lands would
receive subsidies to cover their loss. However, no quota is
established to stop cultivating cropland in eastern China, and it
is a farmer’s own decision if the cropland that suffers soil erosion
should be converted to forest or grassland.

Meanwhile, China has also experienced rapid urbanization. The
urban area in the eastern coastal provinces increased from
909,721ha in 1990 to 3,294,289ha in 2010, a 262.1% increase
according to remote sensing image interpretation. The urban
population had reached 669 million, and the gross domestic
production (GDP) had increased to 40,326 billion Chinese yuan by
the end of 2010 (State Statistical Bureau, 2011). Now China is
ranked as the world’s second largest economy.

Rapid urbanization has caused changes in cropping systems and
other land-use classes. Those changes in farmlands would further
affect the soil erosion rate and agricultural production in eastern
China. However, no studies have analysed the relationships among
urbanization, soil erosion, cropping systems, and agricultural
production. The Shandong Peninsula is an area in eastern China
that suffers extensive soil erosion and rapid urbanization, and was
therefore selected for our study. Our objectives were to analyze the
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spatial pattern of soil erosion, the dynamics of farmlands and
cropping systems in each soil erosion class, and possible responses
to soil erosion and diminished agricultural production.

2. Study area

The study area is located at 35�00330 0–38�00440 0N, 119�32050 0–
122�43090 0E, within Shandong Province, eastern China (Fig. 1). The
peninsula is composed of 14 counties and 3 cities, with a total land
area of 29,411.7 km2. Elevations range from 0 to 1130m above sea
level, and most agricultural lands are found in lowland areas with
elevations of less than 500m. Climate in the Shandong Peninsula
belongs to the Asian monsoon system. Summer is warm and wet,
whereas winter is cold and dry. Monthly mean maximum air
temperature in summer is 25 �C, while the monthly mean
minimum air temperature in winter is 0 �C. Annual precipitation
ranges from 600 to 700mm according toweather observation data
in the past five decades. The cropping systems in our study area
consist of double-cropping and single-cropping systems. The
double-cropping system consists of winter wheat and summer
corn, whereas the single-cropping system mainly involves pea-
nuts. Other major land-use/land-cover categories in the study area
include woodland (mainly deciduous trees), water, and barren
land.

3. Data and methodology

3.1. Data and preparation

Three main datasets were used to analyse the relationships
among soil erosion, cropping system changes, and agricultural
production. The first, spatial data of cropping systems and other
land-use categories on the Shandong Peninsula in 2000 and 2010,
was derived from remote sensing images. Landsat Thematic
Mapper (TM) images in early May, September, and late October
for the years 1999–2001 were used to identify cropping systems
and other land-use categories in 2000. Those imageswere acquired
from the U.S. Geological Survey (USGS; www.usgs.gov). Huan Jing
1A (HJ1A) andHuan Jing 1B (HJ1B) images in earlyMay, September,
and late October for the years 2010–2012 were used to extract the
cropping systems and other land-use categories in 2010. Those

images were downloaded from the China Center for Resources
Satellite Data and Application (www.cresda.com).

The second dataset, the soil erosion modeling output, was
calculated using the Revised Universal Soil Loss Equation (RUSLE).
The data used for the input of the RUSLE model in our study area
were daily rainfall, the land-use/land-cover map, the digital
elevation model (DEM), the 1:1,000,000 map of Chinese soils,
and the normalized difference vegetation index (NDVI). The daily
rainfall data from 1980 to 2000 were obtained from the
107 weather observation stations in Shandong, Jiangsu, Hebei,
Beijing, and Liaoning provinces recorded by the State Meteorolog-
ical Bureau. Land-use/land-cover and Chinese soils data were
downloaded from the Data Center of the Chinese Academy of
Sciences (http://www.resdc.cn). The 30-m posting DEM for our
study area was acquired from the USGS. Spot NDVI data for the
year 2000 was downloaded from the SPOT-Vegetation Program
(www.spot_vegetation.com).

The third dataset, the net primary production (NPP) modeling
output, was calculated from the Carnegie Ames Stanford Approach
(CASA) model (Potter et al., 1993; Field et al., 1995). For this area,
the data input into the CASA model were the daily maximum and
minimum temperatures, actual vapor pressure, actual sunshine
duration, daily precipitation, wind velocity, Moderate Resolution
Imaging Spectroradiometer (MODIS) MCD43A3 (albedo), and
MODIS fraction of photosynthetically active radiation (FPAR).
TheMODIS datawere downloaded from the USGS (www.usgs.gov),
and meteorological data were obtained from the 107 weather
observation stations in northern China and recorded by the State
Meteorological Bureau.

3.2. Classification of cropping systems and other land-use categories

The spectral signature of land use/land cover is mainly
dependent upon the vegetation type and its growing condition
when the image was acquired. Generally, four growing stages of
the double-cropping system can be identified in our study area.
The first period from lateOctober to next late June is the timewhen
the winter wheat is growing. After winter wheat is harvested, the
land is left fallow from late June into early July. The summer corn
starts growing from early July and would be ready for harvest by
late October. Another short fallow period stretches from late
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Fig. 1. Location of Shandong Peninsula.
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October to early November right after the corn is harvested. In
contrast, for the single-cropping system (mainly peanuts), the
growing period normally lasts from early May to late October, and
the land would be left fallow after peanut harvest until next May.
Forest in our study area starts to grow from late March and leaves
start to fall in late November. Given their special spectral
signatures, barren lands and water bodies could be easily
delineated from the Landsat and HJ1A images during the period
from early July to late September when trees and crops are
growing.

To better capture the variations in spectral signatures of
different land-use/land-cover categories in our study area, multi-
temporal Landsat and HJ1A images were obtained. One image
acquired during late October to early November was used to
distinguish the croplands from other land-use/land-cover catego-
ries. The second image acquired in early March to early May in the
next yearwas used to identify the single-cropping lands (which are
left fallow during this period) from double-cropping lands with
growing crops at this time. Another image acquired in late May to
late September was also used to better identify the two types of
cropping system. In total, 24 images were acquired for the periods
1999–2002 and 2010–2012 in this study. The Landsat images were
used to extract land-use/land-cover categories for 2000 and HJ1A
images for 2010.

Five land-use/land-cover categories were automatically classi-
fied from the remote sensing images, including forest and orchard,
double-cropping land, single-cropping land, no-vegetable land,
and water. The three-date NDVI images within each crop calendar
year were stacked together and then classified by using a
supervised maximum likelihood classifier. Training sites were
first delineated from the natural-color composite of the original
Landsat images and then transferred to the NDVI composite. For
details, refer to Lu et al. (2011).

We randomly selected 144 points for each individual category
and read their land-use/land-cover types from the map in 2000.
Then, the results were compared to ground truth data collected in
field surveys and visual interpretation of China & Brazil Earth
Resource Satellite (CBERS) images and other high-spatial-resolu-
tion images in Google Earth. The overall classification accuracy is
over 85% (Table 1). The area of double-cropping systems in
2010 was compared with that from statistical yearbooks; the
Pearson correlation coefficient was above 9.0 (Local Statistic
Bureau, 2010).

3.3. Soil erosion

Soil erosion in our study area was estimated with the Revised
Universal Soil Loss Equation (RUSLE), which relates the rate of soil
loss in tons per acre per year (A) to the erosive power of the rain (R),
the soil erodibility (K), the land slope and length (LS), the degree of
soil cover (C), and conservation practices (P), as in Eq. (1).

A ¼ R� K � LS� C � P (1)

The RUSLE was developed byMcCool et al. (1987) by incorporating
new results of research, experiments, and data into its predecessor,
the Universal Soil Loss Equation (USLE), which was published by
Wischmeier and Smith (1978). In this study, an individual
raster was prepared for each of the above five factors. R per year
was calculated for each weather observation station, and then

interpolation was used to obtain the raster data for R. The average
soil particle size was calculated from the 1:1,000,000 Chinese soil
vector data and then converted into raster data with interpolation.
LS were obtained from the ASTER DEM data from the National
Aeronautics and Space Administration (NASA). C values were
calculated from NDVI raster data. P-values were assigned for
different land use/land cover categories, as recommended by
Wischmeier and Smith (1978),Renard et al. (1997), and Xu et al.
(2011).

The sections that follow describe the data and parameters used
to calculate these factors based on recent research in the study
area.

3.3.1. Erosive power of the rain (R)
The factor R represents the erosion potential of rainfall–runoff,

which is directly related to erosion yield. This study used the
equation developed by Zhang et al. (2002) to calculate R (Eq. (2)):

R ¼ a
Xk
j¼1

ðPjÞb; (2)

where R is the half month rainfall erosivity factor in mmha�1 h�1

year�1, k is the total number of days in the corresponding half
month, Pj is the erosive rainfall in mm for day j, and a and b are
model parameters.

The daily rainfall data for the period from 1980 to 2000 in each
monthwere divided into two sections based on the fifteenth day of
the month to give 24 sections for 1 year. For a specific section, the
total number of days (k) was calculated first. For the jth day in this
section, Pj was the total rainfall if it exceeded 12mm (Xie et al.,
2000). Otherwise, Pj = 0 and was not considered in the calculation.
Model parameters a and b were calculated according to Eq. (3):

b ¼ 0:8363þ 18:144
Pd12

þ 24:455
Py12

; (3)

a ¼ 21:586b�7:1891
;

where Pd12 and Py12 are the average daily and annual rainfall inmm,
respectively, for the dayswith a total rainfall exceeding 12mm. The
final R values were calculated for each of the weather observation
stations, and a map of the R values was prepared for our study area
using the spline interpolation method in ArcGIS.

3.3.2. Soil erodibility factor (K)
This factor mainly measures the influence of soil texture and

other soil characteristics on soil loss. It was calculated using Eq. (4):

K ¼ 7:954

� 0:0017þ 0:0494� exp �1
2

logðDgÞ þ 1:675
0:6986

� �2
" #( )

; (4)

whereDg represents the average soil particle size (mm), whichwas
acquired from the 1:1,000,000 Chinese Soil Database.

3.3.3. Length–slope factor (LS)
The LS factor reflects the topographic influence on soil erosion,

as soil loss tends to increase as the slope increases and lengthens.
The slope steepness and slope length were first calculated from
the Advanced Spaceborne Thermal Emission and Reflection

Table 1
Image classification results in 2000.

Type Year Double cropping system (%) Single-cropping system (%) Orchard and forest (%) Water (%) Bare and residential land (%)

User’s accuracy 2000 96.4 85.8 99.2 97.2 88.8
Producer’s accuracy 2000 93.1 88.1 92.9 96.5 98.6
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Radiometer (ASTER) DEM data from NASA. Then, the LS factor was
computed with Eq. (5) or (6) as proposed by Remortel et al. (2001)
for different scenarios.

If the slope (u) is less than 5�, Eq. (5) is adopted.

LS ¼ l
22:13

� �m

ð10:8sinu þ 0:03Þ (5)

If u is not less than 5�, Eq. (6) is used:

LS ¼ l
22:13

� �m

ð16:8sinu � 0:96Þ; (6)

where l is the slope length and m is the slope exponent. Refer to
Remortel et al. (2001) for detailed values of m.

3.3.4. Cover and management factor (C)
The amount of soil erosion is also affected by vegetation cover

and different methods of crop management. In this study, the
factor C was derived using Eq. (7) (Liu et al., 2010):

C=Cc�Cs, (7)

where Cc and Cs are the canopy and surface cover factors,
respectively. For cropland and grassland, Cc was calculated as
follows (Eq. (8)).

Cc ¼ 1� ð0:01Vc þ 0:0859Þe�0:0033h (8)

For forestry, Cc was calculated with Eq. (9).

Cc ¼ 0:5262� e�0:05Vc (9)

The factor Cs was computed using Eq. (10):

Cs ¼ 1:029e�0:0235Vc ; (10)

where Vc is the vegetation coverage percentage (%) and h is the
canopy height (cm). Vc was obtained from Eq. (11) (Zhang and
Duan, 2009):

Vc ¼ NDVI� NDVImin

NDVImax � NDVImin
; (11)

where NDVI is the NDVI for a specific land-use/land-cover patch,
and NDVImin and NDVImax are the minimum and maximum NDVI
values, respectively, for the same patch.

The final rate of soil loss was then calculated with the spatial
analysis functions in ArcGIS (ESRI, Redlands, CA, USA). Thismethod
was published by Lu et al. (2013).

Soil erosion was calculated in the Bohai Rim of China to
estimate the accuracy of predicted soil erosion. Shandong
Peninsula was clipped from the whole region (Fig. 2). The
predicted results were compared with the results with 137Cs
techniques in Beishicheng, Miyun County, Beijing. Our predicted
result in Beishicheng is 20.5 t ha�1 year�1 and fits well with results
with 137Cs techniques 21 t ha�1 year�1 (Hua et al., 2006).

3.4. NPP calculation

The Carnegie Ames Stanford Approach (CASA) model and FAO
Penman–Monteith equation on net solar radiation were used to
calculate NPP on the Shandong Peninsula (Potter et al., 1993; Field
et al., 1995; Folland et al., 2001). NPP is expressed by the following
equations:

NPP ¼ APAR� e (12)

APAR ¼ Rn � FPAR (13)

Rn ¼ Rns � Rnl (14)

Rns ¼ ð1� aÞRs (15)

Rs ¼ ðas þ bs
n
N
ÞRa (16)

Ra ¼ FðGSC ;dr ;d;’;J;LmÞ (17)

Rnl ¼ FðTmax ;Tmin ;es ;RsÞ (18)

eðx;tÞ ¼ Te1ðx;tÞ � Te2ðx;tÞ �Weðx;tÞ � e�; (19)

in which APAR is the photosynthetically available radiation
(MJm2), e is light-use efficiency, Rn is net solar radiation (MJm2),
FPAR is the component of photosynthetically active radiation, Rns is
net shortwave radiation (MJm�2 day�1), a is albedo, Rs is
shortwave radiation (MJm�2 day�1), n is actual duration of
sunshine (h), N is the maximum possible duration of sunshine
or daylight (h), as and bs are the fractions of extraterrestrial
radiation reaching the Earth on a clear day (n =N), Ra is
extraterrestrial radiation (MJm�2 day�1), Gsc is a solar constant
(0.082MJm�2min�1), dr is the inverse relative distance of Earth–
Sun, J is the number of the day in the year between 1 and 365 or
366, d is solar declination (rad), ’ is latitude (rad), Lm is longitude
(degrees), Tmax is the maximum absolute temperature during the
24-h period, Tmin is the minimum absolute temperature during the
24-h period, ea is the actual vapor pressure (KPa), Te1ðx;tÞ and Te2ðx;tÞ
are temperature stress indices, Weðx;tÞ is the water stress index
calculated according to Potter et al. (1993) and Allen et al. (1998),
and e� is the maximum energy conversion rate (0.389 gC/MJ). Our
calculated mean annual NPP in 2000 was compared with the
corresponding MODIS NPP (MOD17A3) (www.usgs.gov); the
accordance was 98.8% (Table 2).

[(Fig._2)TD$FIG]

Fig. 2. Predicted soil erosion in Bohai Rim (t ha�1 year�1).

Table 2
Accordance comparison between CASAmean annual NPP andMODIS NPP products.

MODIS17A3 (g/m2) CASA (g/m2) Accuracy (%)

Mean annual NPP 475.7 469.8 98.8
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4. Results and analysis

4.1. Soil erosion

The predicted soil erosionwas divided into six classes according
to the Standards for Classification and Gradation of Soil Erosion by
the Ministry of Water Resources issued in 2008. Fig. 3 shows the
final predicted soil erosion rate for the Shandong Peninsula in
2000. Generally speaking, land that is suffering soil erosion is
mainly in the eastern part of the Shandong Peninsula. The
percentage of land that is exposed to very high and severe soil
erosion is very small. Most of the land in this area experiences no
obvious, slight, and moderate soil erosion. The land area that falls
into no obvious, slight, moderate, high, very high, and severe soil
erosion classes are 46,642,1,305,551, 949,225,196,359, 22,524, and
1074ha, respectively, and their corresponding percentages are
15.9, 44.4, 32.3, 6.7, and 0.8% (Tables 3 and 4).

The soil erosion rate tends to increase with the increasing slope
of land on the Shandong Peninsula (Tables 3 and 4). The area of the
Shandong Peninsulawith slopes of 5� and below is 2,344,298ha, or
79.7% of the total area. Among the landswith slope of 5� and below,
percentages of lands that fall into very high and severe classes are

0.3 and 0%, respectively. The area of the Shandong Peninsula with
slopes of 15� and below is 496,075ha, or 16.9% of the Shandong
Peninsula. Among the lands with slopes of 15� and below,
percentages of lands that fall into very high and severe classes
are 15.6 and 0.1%, respectively. The area of lands with slopes of 25�

and below is 90,247ha, or 3.1% of the Shandong Peninsula. Among
the lands with slopes of 25� and below, percentages of lands that
fall into very high and severe classes are 4.3 and 0.4%, respectively.
The area of lands with slopes above 25� is 10,555ha, or 0.4% of the
study area. Among the lands with slopes above 25�, percentages of
lands that fall into very high and severe classes are 6.3 and 0.9%,
respectively.

4.2. Changes of cropping systems

The Shandong Peninsula experienced rapid urbanization from
2000 to 2010 (Fig. 4, Tables 5 and 6). Rapid urbanization caused the
urban and barren land to rapidly expand from 353,199ha in
2000 to 556,169ha in 2010. The rate of expansion reached 57.5%
between 2000 and 2010.

Rapid urbanization not only caused the area of double-cropping
systems to decrease, but also caused double-cropping systems that
fall into various soil erosion classes to change in area from 2000 to
2010 (Tables 5–7). Urban areas that fall into no obvious soil erosion
were 165,519ha in 2000 and increased to 256,989ha in 2010 by
45.4%. Most of the expanded areas came from single-cropping
systems and double-cropping systems. This caused the area of
double-cropping system in lands with no obvious soil erosion class
to decrease from 59,778ha in 2000 to 47,164ha in 2010, by 21.1% of
the total area of the double-cropping system. At the same time, this
also caused single-cropping systems in lands with no obvious soil
erosion to decrease from 85,009ha in 2000 to 60,800ha in 2010, a
28.5% decrease.

Many rural laborers continued to migrate from rural to urban
areas from 2000 to 2010. The double-cropping system on sloped
land is labor-intensive and suffers a higher soil erosion rate.
Decreased labor in rural areas caused the area of the double-
cropping system to decrease in the land with higher soil erosion
rate (Table 7). The areas of double-cropping system in land that fall
into moderate soil erosion, high, very high, and severe soil erosion
classes were 144,552, 11,123, 687, and 3ha in 2000, respectively.
Those lands decreased to 83,462, 5997, 273, and 2ha in 2010,
respectively. Corresponding decrease percentages were 42.3, 46.1,
60.3, and 33.3%.

[(Fig._3)TD$FIG]

Fig. 3. Predicted soil erosion in Shandong Peninsula (t ha�1 year�1).

Table 3
Area of lands that falls into various soil erosion classes in Shandong Peninsula.

Slope angle (degree) No obvious (0) (ha) Slight (0–5) (ha) Moderate (5–25) (ha) High (25–50) (ha) Very high (50–80) (ha) Severe (80–150) (ha) Total (ha)

�5 447,034 1,094,413 690,521 104,651 7607 72 2,344,298
�15 18,324 159,773 229,870 77,197 10,376 535 496,075
�25 977 46,247 25,741 13,035 3875 372 90,247
>25 107 5118 3093 1476 666 95 10,555

Total 466,442 1,305,551 949,225 196,359 22,524 1074 2,941,175

Soil erosion unit: t ha�1 year�1

Table 4
Percentage of lands that falls into various soil erosion classes in Shandong Peninsula.

Slope angle (Degree) No obvious (0) (%) Slight (0–5) (%) Moderate (5–25) (%) High (25–50) (%) Very high (50–80) (%) Severe (80–150) (%) Total (%)

�5 19.1 46.7 29.5 4.5 0.3 0.0 79.7
�15 3.7 32.2 46.3 15.6 2.1 0.1 16.9
�25 1.1 51.2 28.5 14.4 4.3 0.4 3.1
>25 1.0 48.5 29.3 14.0 6.3 0.9 0.4

Total 15.9 44.4 32.3 6.7 0.8 0.0 100.0

Soil erosion unit: t ha�1 year�1.
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Decreased rural labor also caused the area of single-cropping
systems in lands that suffer higher soil erosion rates to decrease
(Table 7). The areas of single-cropping systems in lands that fall
into high, very high, and severe soil erosion classes were 75,205,
8002, and 215ha in 2000, respectively, and correspondingly
decreased to 64,662, 6647, and 134ha in 2010.

Double-cropping systems could provide farmers with more
profits than single-cropping systems. Lands with slopes below 5�

could be managed by machinery and were not affected by
decreasing rural labor. To make more profit, some of the single-
cropping systems in lands with slopes below 5� that fall into the
slight soil-erosion class were converted to the double-cropping
system, which caused the area of double-cropping systems to
increase and single cropping to decrease. In contrast, some land
using a single-cropping system in the moderate soil erosion class
with slopes greater than 5� was converted to a double-cropping
system because of decreasing rural labor. This caused the area of

the double-cropping systems to decrease and that of the single-
cropping systems to increase in lands that fall into the moderate
soil-erosion class.

4.3. Net primary production changes in farmland

The combined effects of crop species, climate changes, and
human management caused the mean annual unit NPP to increase
in both cropping systems. It increased more in single-cropping
systems than in double-cropping systems (Fig. 5, Table 8). Mean
annual unit NPP values in farmlands of double-cropping systems
that fall into no obvious, slight, moderate, high, very high, and
severe soil erosion classes were 484.4, 488.3, 559.4, 505.2, 502.3,
and 492.7 g/m2 in 2000, respectively, and correspondingly
increased to 526.5, 533.3, 560.7, 526.8, 544.3, and 548.5 g/m2 in
2010, increasing by 8.7, 9.2, 0.2, 4.3, 8.4, and 11.3%, respectively.
Mean annual unit NPP values in farmland of single-cropping
systems that fall into no obvious, slight, moderate, high, very high,
and severe soil erosion classes were 397.3, 455.7, 476.5, 458.1,
479.4, and 489.5 g/m2 in 2000, respectively, and correspondingly
increased to 477.5, 502.7, 541.6, 514.4, 522.6, and 526.4 g/m2,
increasing by 20.2, 10.3, 13.7, 12.3, 9.0, and 7.5%, respectively.

However, urbanization and soil erosion decreased farmland
area, and farmland area converted between double- and single-
cropping systems still led to an NPP decrease from 2000 to 2010
(Table 9). Annual NPP was 6.38�1012 in 2000, and decreased to
6.36�1012 g in 2010, decreasing by 0.2%. The 0.2% decrease in NPP

[(Fig._4)TD$FIG]

Fig. 4. Cropping systems and other LUCC classes in Shandong Peninsula (A, 2000; B, 2010).

Table 5
Urban areas that fall into various soil erosion classes in the Shandong Peninsula in 2000 and 2010 (ha).

No obvious (0) Slight (0–5) Moderate (5–25) High (25–50) Very high (50–80) Severe (80–150) Total

2000 (ha) 165519 94904 75724 15417 1493 142 353199
2010 (ha) 256989 180092 99935 16964 2037 152 556169
Change (%) 45.4 42.3 12.0 0.8 0.3 0.0 57.5

Soil erosion unit: t ha�1 year�1.

Table 6
Area of cropping systems and other land use classes in Shandong Peninsula.

Categories Double Single Forest Water Urban

2000 (ha) 577029 781143 1194957 50596 353199
2010 (ha) 512461 710390 1277286 37147 556169
Changes (%) -11.2 -9.1 6.9 -26.6 57.5

Note: minus means decrease.

Table 7
Changes of cropping system area due to soil erosion.

Cropping system No obvious (0) Slight (0–5) Moderate (5–25) High (25–50) Very high (50–80) Severe (80–150)

Double 2000 (ha) 59778 360886 144552 11123 687 3
2010 (ha) 47164 375563 83462 5997 273 2
Change (%) �21.1 4.1 �42.3 �46.1 �60.3 �33.3

Single 2000 (ha) 85009 312255 300457 75205 8002 215
2010 (ha) 60800 235904 342243 64662 6647 134
Change (%) �28.5 �24.5 13.9 �14.0 �16.9 �37.7

Note: minus means decrease; Soil erosion unit: t ha�1 year�1.
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indicates that the increased unit NPP could not offset the combined
effects of farmland decrease and adaptation on NPP.

5. Discussion

5.1. The role of urbanization in reducing the soil erosion rate

Analysing the relationships among soil erosion, area changes of
cropping systems, and urbanization on the Shandong Peninsula,
we discovered that urbanization has caused rural labor to decrease,
leading to diminished areas of cropping systems in lands that have
higher soil erosion rates, which has increased forest areas. This
indicates that urbanization has the same role in returning farmland
as the Grain-for-Green project. This will help to reduce the soil
erosion rate on the Shandong Peninsula. The urbanization level is
very high in eastern China, and to reduce the government budget,
China’s central government should not expand theGrain-for-Green
project to eastern China.

5.2. Factors that affect extraction of the double-cropping system

The extraction of cropping systemswasmainly dependent upon
the vegetation type and its growing conditionwhen the imagewas
acquired. Single-cropping systems have a long fallow period before

early May. Images acquired in this period could be easily obtained,
and single-cropping systems could be easily extracted with higher
accuracy according to this condition.

However, the double-cropping system only has two very short
fallowperiods. One fallow period is in late Junewhenwinterwheat
is harvested and corn is not yet planted. This period is only 10 days
long and rainfall often occurs. Images acquired in this period are
very difficult to acquire. Therefore, double cropping could not be
extracted according to this condition. Another fallow period is late
October to early November when corn and other crops are
harvested and winter wheat is not yet planted. This period is
relatively long and lasts about 20 days, and double-cropping
systems could be extracted according to this condition. However,
the harvest date of corn and other crops is not regular, and some do
not even harvest during this period, which would affect the
accuracy of the double-cropping system data.

5.3. NPP calculation

Water stress index is a very important factor in calculating the
NPP. Many factors could affect the water stress index, such as
precipitation, evapotranspiration, and irrigation. In general,
double-cropping systems were more highly affected by irrigation
than the single-cropping system. However, irrigation data are not

[(Fig._5)TD$FIG]

Fig. 5. Annual NPP in Shandong Peninsula (A, 2000; B, 2010; g/m2).

Table 8
Unit production of NPP in various soil erosion classes in 2000 and 2010.

No obvious (0) Slight (0–5) Moderate (5–25) High (25–50) Very high (50–80) Severe (80–150)

Double 2000 (g/m2) 484.4 488.3 559.4 505.2 502.3 492.7
2010 (g/m2) 526.5 533.3 560.7 526.8 544.3 548.5
Change (%) 8.7 9.2 0.2 4.3 8.4 11.3

Single 2000 (g/m2) 397.3 455.7 476.5 458.1 479.4 489.5
2010 (g/m2) 477.5 502.7 541.6 514.4 522.6 526.4
Change (%) 20.2 10.3 13.7 12.3 9.0 7.5

Soil erosion unit: t ha�1 year�1.

Table 9
NPP in cropping systems in 2000 and 2010.

Double cropping system Single cropping system Total

Sum (g) Sum (g) Mean (g/m2) Sum (g) Mean (g/m2)

2000 2.88�1012 3.51�1012 469.8 6.38�1012 469.81
2010 2.73�1012 3.64�1012 520.6 6.37�1012 520.65
Change (%) 10.8 �0.2 10.8

Note: minus means decrease.
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presently available at larger scales, and only precipitation and
evapotranspiration are used to calculate the water stress index in
this research. Therefore, thiswould greatly influence the calculated
results of the double-cropping system NPP. In the future, methods
for estimating irrigation areas should be explored by combining
precipitation, evapotranspiration, and other factors.

6. Conclusions

Using spatial and statistical analysis, we determined that the
rapid urbanization from 2000 to 2010 caused the area of urban and
barren land to increase by 57.5%, but also caused the area of single-
and double-cropping systems in the land exposed to higher soil
erosion rates to decrease. Meanwhile, some of the single-cropping
system lands with slopes below 5� that fall into the slight soil
erosion class were converted to the double-cropping system to
increase profits. Although the mean annual unit NPP tended to
increase by 10.8% because of changes in climate, species, and
management, decreasing the area of cropping systems still caused
the total NPP to trend lower.
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