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Understanding the process of agricultural land expansion and its impact on soil properties is crucial for land
management and environmental health. A desert–oasis ecotone is typically located between an oasis at the
lower reach of inland rivers and neighboring desert in arid regions, and acts as an interactive zone between
irrigated farmland and the natural desert ecosystem. The arid region of northwest China has experienced dra-
matic land exploitation since the 1960s and soil salinization has been a serious environmental problem ever
since. The objective of this study was to determine the relationship between land exploitation and soil salt
accumulation in the topsoil. A typical desert–oasis ecotone, the Fubei region at the lower reach of the
Sangong River catchment in arid northwest China, was used as a case study. The results revealed the following:
(1) overexploitation of land resources has been astonishing since 1960, with >40% of the area becoming irri-
gated farmland. There was frequent transition of land-use types from one to another, with about 38% of the
area experiencing transitional change during 1982–2009. (2) Comparing soil salt content with land use during
1982–2009 showed an expanding area of soil salinity and an increased degree of salinity in all land-use types.
The area with soil salt content>20 g/kg increased by 16.4%, while the area with soil salt content of 5–10 g/kg
decreased by 42% during 1982–2009. In addition, the amount of overall soil salt accumulation was about
21.6×1010 g in the study area during 1982–2009, and soil salt accumulation per unit area increased by 60%,
with salt accumulation in farmland, grassland and saline-alkali land higher than for other land-use types
(pb0.05). (3) The dramatic salt accumulationwas a result of agricultural land exploitation that requires irriga-
tion, and this directly caused a rising groundwater table, and then higher evaporation led to soil salinization.
Collectively, the results indicate that overexploitation of land resources had large and prolonged effects on
soil salinization, which is a lesson to be learned for integrated land management in similar ecotones in arid
zones.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Soil salinization is a long-standing environmental problem in the
world, especially in arid or semiarid regions. As a recurring issue
concerning environmental health, it has long received a good deal
of attention (Bennett et al., 2009; Farifteh et al., 2006; Jordán et al.,
2003; Qadir et al., 2000; Thomas and Middleton, 1993). Soil saliniza-
tion is a major environmental threat affecting soil properties and re-
ducing soil productivity (Tilman et al., 2002). Thus, more effort is
needed to improve productivity as more land becomes salinized
(Rengasamy, 2006). It has been estimated that approximately
955 M ha of land is salt-affected worldwide, while secondary salini-
zation affects about 80 M ha of land in arid and semiarid regions
(Ghassemi et al., 1995). Over the past 50 years, humans have changed
ecosystemsmore rapidly andmore extensively than at any other time
in human history (Bennett and Balvaera, 2007), and this mainly ap-
pears in the changing pattern of land use. About 13 M ha of land is
converted to agricultural use each year. Moreover, rapid land-use
+86 991 7885320.
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change has been associated with deleterious environmental out-
comes in the socioeconomic processes of human activities (Liu and
Diamond, 2005; Versace et al., 2008). The conversion of natural land-
scapes such as grasslands and forests to agricultural land has a dra-
matic impact on soil properties, especially in accelerating soil
salinization (Houk et al., 2006; Qureshi et al., 2008). In arid areas,
soil salinization is mainly caused by rising water tables as a conse-
quence of reduced evapotranspiration following changes in land-use
pattern, typically land exploitation for agriculture (Williams et al.,
1997). Many exploited lands increase groundwater recharge and
bring soil-stored soluble salts to the surface (Ritzema et al., 2008).
In previous studies on land-use changes, limited attention had been
paid to soil salinization following these changes. Therefore, monitor-
ing of soil salinity must be urgently implemented in order to evaluate
the progression of salinity hazards and the effectiveness of remedia-
tion strategies (Douaik et al., 2007; Douaoui et al., 2006;
Martínez-Sánchez et al., 2011).

Desert–oasis ecotones are typically located between an oasis at
the lower reach of inland rivers and the neighboring desert in an
arid area, and act as an interactive zone between irrigated farmland
and the natural desert ecosystem. The ecotone is a narrow belt
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between desert and oasis and yet may play a prominent ecological
role that far exceeds their physical extent: such as ensuring oasis eco-
logical security and maintaining oasis internal stability. At landscape
scales, desert–oasis ecotones function as a boundary and corridor be-
tween desert and oasis ecosystems, controlling the flux of energy and
nutrients as well as being a biotic exchange between desert and oasis
(Wang et al., 2007a). Hence, the ecotone is likely to be very sensitive
to human activities such as land exploitation (Metzger et al., 2006),
with soil salinization a frequently observed phenomenon of land deg-
radation (Wang et al., 2008a). Over recent decades, soil salinization
induced by human activities has been severe, which generally
threatens environment health and sustainable development in the re-
gion. Thus, assessments of anthropogenic impacts on salinization are
urgently needed to develop sound land-use policies and planning ac-
tions for integrated land management (Zhang et al., 2011).

Oases are a unique non-zonal landscape in arid regions that are
created by exploitation of water resources from inland river basins
(Li et al., 2007). Oasification and desertification are two complemen-
tary processes in the course of oasis evolution and often occur simul-
taneously in a desert–oasis ecotone (Zhang et al., 2003). Farmland is
the most important part of an oasis land in arid zones, and their dy-
namic changes are a key issue affecting sustainable development of
oases (Wahap et al., 2004). Land-use changes such as farmland ex-
ploitation affect the physical, chemical and biological processes of
soil, and so alter soil properties (Sveistrup et al., 2005) such as the de-
gree of soil salinity.

Salt accumulation in soil is an important factor threatening agricul-
tural safety and regional stability in oases. Maintaining stability in a
desert–oasis ecotone could effectively prevent land degradation/
salinization in the oasis. Many studies have been conducted in arid en-
vironments to assess andmonitor land-use change (Lioubimtseva et al.,
2005; Luo et al., 2008) or soil salinization processes (Chen et al., 2010;
Sheng et al., 2010). However, understanding the process of agricultural
land expansion by human activity and its influence on soil properties is
crucial for land management and environmental health (Bennett et al.,
2010). The expansion of agriculture is posited as one of the main dy-
namics of land-use change globally, and understanding these processes
is important for policy as well as academic concerns (David et al., 2001;
Fig. 1. Location map of the Fubei region in the S
McConnell et al., 2004). Therefore, quantifying the spatial and temporal
changes in land use and soil salinization would allow us to identify the
locations and extent of soil salinization during the course of agricultural
land expansion. The objective of this study was to determine the influ-
ence of land-use change on expansion of salinized soils.

2. Material and methods

2.1. Study area

In the past few years, we have conducted a systematic study on a
typical desert–oasis ecotone—Fubei in Xinjiang Province, northwest
China—in an effort to provide a scientific basis for understanding
land-use dynamics and its influence on soil salinization in a desert–
oasis ecotone. The Fubei region (87°47′30″–88°01′15″E and 44°17′
30″–44°22′30″N), a typical desert–oasis ecotone in the arid zone of
northwestern China, is located at the lower reaches of the Sangong
River catchment (Fig. 1). The Sangong River originates from the
north slope of the Tianshan Mountains. The catchment covers the
mountainous region in the south, the oasis region in the middle and
the desert region in the north, which forms a mountain–oasis–desert
landscape pattern typical of the arid region of northwest China. The
south part of the oasis region is farmland with thousands of years of
history; however, in the north, farmland is less than 60 years old. A
reservoir was constructed in the 1970s at the end of the Sangong
River to supply water for Fubei's agricultural irrigation. These hydro-
logical and land-use changes have promoted soil salinization and land
degradation in the entire lower reaches of the Sangong River catch-
ment. The area of saline land has significantly increased in recent de-
cades (Wang et al., 2008b).

The Fubei region covers an area of approximately 159 km2, and has
a population of 12,000. Dimensions of the region are 19.2 and 8.8 km for
north–south and east–west, respectively. The topography is generally
flat with a slope of 0.17% or less downwards from southeast to north-
west. The elevation range of the area is 454.3–485.4 m. The climate is
an arid continental climate with annual precipitation of 163 mm, and
range in annual pan evaporation of 1780–2460 mm. Owing to the
high evaporative demand in the lower reaches of the Sangong River
angong River catchment, northwest China.
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catchment, which is a plain with no surface runoff and slow groundwa-
ter flow rate, saline land iswidely distributed, and soil salt accumulation
(SSA) naturally occurs (Wang et al., 2008a). The main soil type
according to FAO/UNESCO (1990) is Solonchak, covering approximately
37% of the study area, and less frequent soil types include Haplic
calcisols and Aquert on substrates of varied fertility. Natural vegetation
of the Fubei region is characterized by different types of xeric or halo-
phyte communities, dominated by desert shrubs Tamarix ramosissima,
Haloxylon ammodendron and Reaumuria soongorica scrubs. Crops in
the oasis include cotton, wheat, hops, grapes and corn.

2.2. Data collection and analysis

Land-use change was obtained by a land-use map at 1:10,000 scale
for 1982 and 2009 (Fubei Farm Land Resources Administration, 1982,
2009). The area measurements of the maps in the study were made
using the statistical functions of GIS according to details ofmethodology
and procedures (Bocco et al., 2001). The land-use maps of the study
area were compiled based on the land-use map using GIS software
ArcView 3.2a (Environmental Systems Research Institute Inc., USA).
The study area can be divided into six land-use types: farmland, resi-
dential area, shrub land, planted forest, grassland and saline-alkali
land in accordance with properties such as landform, landscape type
and dominant plant species. No features such as roads or undeveloped
desert were included (Fig. 2).

Soil salt content data for 1982 and 2009 were mainly from two
sources: 147 soil samples measured in 2009 by the authors, and the
other from Fubei Farm Land Resources Administration (1982, 2009) of
86 soil samples. The sample depth was 0–20 cm following the standard
of the national soil survey, and sampling locations were recorded using
GPS. The spatial distribution of soil salinity was determined by soil salt
content data, elaborated using geostatistical methods as described in
several studies (e.g. Campbell, 1978; Chien et al., 1997; Gao et al.,
2010; Herrero and Pérez-Coveta, 2005; Yost et al., 1982). One important
contribution of geostatistics is providing a map of the probability of soil
salinity values (Castrignano et al., 2002). A semivariogram is a basic tool
of geostatistics representing the spatial dependence of each point on its
neighbor (Goovaerts, 1999). Its general form is as follows:

γ hð Þ ¼ 1
2N hð Þ

XN hð Þ

i¼1

z xið Þ−z xi þ hð Þ½ �
2

ð1Þ

where γ(h) is a semivariogram, z(xi) is the measured sample value at
point xi, z(xi+h) is a measured sample at point xi+h, and N(h) is the
number of pairs separated by lag h.

A GS+ 5.3.2 program (Robertson, 2000) designed by Gamma De-
sign Software was used to calculate γ(h) and theoretical model pa-
rameters of γ(h) for soil salt content data. This allowed calculation
of the interpolated value (kriging). The ordinary kriging estimator,
z(x0), of an unsampled site is a linear sum of weighted observations
within a neighborhood as an optimal method of spatial prediction:

z x0ð Þ ¼
Xn

i¼1

λiz xið Þ ð2Þ
Fig. 2. Distribution of land-use type in the
where z(x0) is the value to be estimated at the location x0, z(xi) is the
known value at the sampling site xi, and n is the number of sites with-
in the search neighborhood used for the estimation; n is based on the
size of the moving window and is defined by the user.

The mean error (ME) and the root mean square error (RMSE)
were employed to assess the effectiveness of ordinary kriging. The
ME should be close to zero and the RMSE should be close to one,
suggesting unbiased prediction and its precision between estimated
and actual values, and indicating that the predicted map is credible.
An ordinary kriging method in ARCGIS's geostatistical analysis mod-
ule was used to make soil salinity maps for two periods (1982 and
2009); then digital soil salt content maps were combined with region
land-use types to analyze the relationship of temporal–spatial soil salt
content with land-use types at a region scale.

We developed an equation to quantify and therefore characterize
the SSA state in different land-use types based on distribution of de-
gree of soil salt content in land-use type. For an individual land-use
type with k patches, the equation below was used to calculate SSA
(g):

SSAd ¼
Xk

i¼1

SSAi ¼
Xk

i¼1

ρi � Si � Di � 1−Við Þ � Ai ð3Þ

SSAi ¼ ρi � Si � Di � 1−Við Þ � Ai ð4Þ

where k is the number of patches, ρi is the bulk density (Mg m−3), Si
is the distribution area of soil salt content (m2) in degree of soil salt
content i, Di is the thickness of soil layer (m), Vi is the volume fraction
of fragments>2 mm, and Ai is the mean of the soil salt content
(g kg−1). Soil bulk density data in 1982 (Fubei Farm Land Resources
Administration, 1982, 2009) and soil bulk density in the same situa-
tion and land-use type were determined using a soil corer (stainless
steel cylinder of 100 cm3 in volume) in 2009. The differences in SSA
in the same land-use type between 1982 and 2009 were analyzed in
SPSS 11.5a by independent-sample t-tests.

Data for 1982–2009 also included water consumption from the
reservoir, water consumption from pumped groundwater, groundwa-
ter table depth, groundwater mineralization, area of exploited land,
area of farmland, precipitation and evaporation. In addition, land ex-
ploitation data since 1960 from the Land Resource Administration of
Fubei was used. The correlations between different factors and soil
salinization were analyzed with SPSS 11.5a by bivariate correlations
test (Pearson's correlation coefficients with their significance levels).

3. Results and discussion

3.1. Process of land exploitation and its environmental impact

Policy proposed by the Central Chinese Government to develop
western China in the early 1960s caused much land to be reclaimed
in inland river basins of northwest China. People were dispatched
from all over rural China to farmland there. In the Fubei region, the
chief land-use is irrigated agriculture, and overexploitation of land re-
sources was astonishing after 1960 (Fig. 3): the area of irrigated
study area both in 1982 and in 2009.

image of Fig.�2


Fig. 3. The process of land exploitation from 1960 to 2009 in the study area. Explored
farmland represents all land that was cultivated, including that abandoned later; irri-
gated farmland indicates farmland that was cultivated at that time.
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farmland was b1000 ha in the 1960s, but >7000 ha in 2009. The area
of irrigated farmland in the region increased by >6000 ha during
1960–2009. Excessive land reclamation was obvious before 1970,
with the area increasing >3000 ha during 1960–1970. The area of
land exploitation has been in a stable and slowly increasing trend
since 1970, with the area of irrigated farmland in a fluctuating and in-
creasing trend, indicating moderate land exploitation and frequent
farmland abandonment. Hence, Fubei provides a natural laboratory
to examine the changes in land use and its influence on soil saliniza-
tion in a desert–oasis ecotone. In recent years, this region has been
subject to severe soil salinization due to inappropriate land use and
water resource management (Wang et al., 2007a).

3.2. Change of land-use from 1982 to 2009

Farmland dominates the Fubei region, and land-use change was
mainly characterized by increasing multiplicity and fragmentation
during 1982–2009 (Table 1). There has been a considerable change
in the Fubei region during this 28-year-period, and approximately
38% of the total area experienced transitional changes (Table 1). The
area of grassland reduced from 5272 ha in 1982 to 2581 ha in 2009.
The area of saline-alkali land increased by 10.5% in 2009 compared
to 1982; farmland increased by 26.6% during the same period. Fur-
thermore, the area of planted forest increased 6.5 times in 2009 com-
pared to 1982; however, the change in area was small, only 941 ha,
which was clearly the result of land integrated management since
2000 (Wang et al., 2007b). Human activities have become a dominant
Table 1
Land-use change matrix, 1982–2009 (ha).

1982 2009

Farmland Residential area Shrub land

Farmland 5213 55 32
Residential area 40 292 0
Shrub land 18 86 860
Planted forest 9 19 17
Grassland 1887 114 64
Saline-alkali land 172 26 18
2009 Total 7339 592 991
Change area 1541 217 −322
Percent (%) 26.6 57.9 −24.5

Table 2
Statistics of soil salt content and K–S test in 1982 and 2009.

Time Sample Mean SD CV (%) Min

1982 86 8.45 4.06 48.05 0.41
2009 147 12.15 7.03 57.86 0.73
factor in shaping the agricultural land-use pattern (Fu et al., 2006).
Land exploitation as a socioeconomic process is the major driver of
land-use change (Viglizzo et al., 2012). Land exploitation in the
desert–oasis ecotone changed the distribution and composition of
the Fubei regional land-use types during 1982–2009. The area of
land-use change dramatically altered from one land-use type to an-
other (Table 1). The two most prominent conversions were from
grassland to farmland and from grassland to saline-alkali land (1887
and 721 ha, respectively). Conversion from grassland to planted for-
est and from shrub land to saline-alkali land were also notable (555
and 164 ha, respectively). These remarkable transformations were
responsible for reduced areas of grassland and increased areas of
farmland and saline-alkali land, indicating a faster process of oasis de-
velopment than that of desertification (Lu et al., 2003).

3.3. Spatial statistical analysis of soil salt content in 1982 and 2009

The range in soil salinity values for the sample sites was 0.4–69 g/kg
in 1982 (Table 2). Average values in 2009were higher than in 1982 (12
and 8.5 g/kg, respectively). Asymmetry and kurtosis values are also
provided in Table 2. Values of coefficients of variation (CV) in both
1982 and 2009were >40%, indicating that salt content wasmoderately
variable in the surface soil of the study area (Sylla et al., 1995). The
Kolmogorov–Smirnov (K–S) test of soil salinity variables in 1982 and
2009 suggested a normal data distribution (pb0.05), indicating that
the data and size of the sample was appropriate for geostatistical anal-
ysis of a semivariogram (Li and Reynolds, 1995).

In the present study, a semivariogram was employed to analyze
the structure and spatial and temporal variability of soil salt content
(Table 3). The optimal theoretical models of soil salt content in
1982 and 2009 were exponential models. Values of R2 were>0.5;
the Residual Sum of Square (RSS) was small (0.006 in 1982, 0.007
in 2009) and the F-test for R2 was significant (pb0.01). These param-
eters indicated that the exponential models in 1982 and 2009 well
reflected the spatial structural characteristics of the point soil mea-
surements. The ratio of nugget and sill (C0/C0+C) wasb0.25,
suggesting strong spatial autocorrelation (Cambardella et al., 1994)
and indicating that spatial dependence of soil salt content was mainly
due to structural factors. The spatial variability of soil salt content
might be directly or indirectly due to natural and human action on
soil processes in the region, e.g. irrigation, precipitation, evaporation
and the rising groundwater table (Wang et al., 2008a). This inference
was also consistent with the conclusion from statistics of the variabil-
Planted forest Grassland Saline-alkali land 1982 Total

349 106 43 5798
14 21 8 375
75 110 164 1313
91 9 0 145

555 1931 721 5272
2 404 2356 2978

1086 2581 3292 15881
941 −2691 314 –

649 −51 10.5 –

imum Maximum Skewness Kurtosis K–S

60.18 1.35 1.57 2.21
63.74 1.49 1.88 2.58

image of Fig.�3


Table 3
The parameters and prediction errors of models (when fitted to an exponential semivariogram) for soil salt content in 1982 and 2009.

Time Model Co Sill Co/sill Rang (km) R2 RSS F-value ME RMSE

1982 Exponential 0.0234 0.1706 0.1424 1.26 0.511 0.006 7.68⁎⁎ 0.0011 0.959
2009 Exponential 0.0327 0.2497 0.1309 1.39 0.648 0.007 28.02⁎⁎ 0.0012 0.977

Note: **Means F-test significance at pb0.01.

Fig. 4. Distribution map of soil salt content in the study area both in 1982 and in 2009.
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ity of soil salt content that reduced grassland and increased farmland
and saline-alkali land were significantly related to land-use change
(Table 1).

Geostatistical analysis provides an estimation of uncertainties at
unsampled locations and is a very valuable method of presenting dis-
tributions of soil salt content degree. In this study, cokriging was uti-
lized to estimate spatial distributions of soil salinity and sampling
strategies. For the spatial prediction of soil salt content variables in
1982 and 2009, the range of MEs of predictions was around 0.001
(i.e. approaching 0), and for RMSE was 0.96–0.98, indicating that
the spatial prediction maps of soil salt content obtained by kriging in-
terpolation were reliable (Chang et al., 1998). The prediction map of
soil salt content in 1982 and 2009 (Fig. 4) illustrates that the distribu-
tion patterns of soil salt content in the study area changed greatly
during the last 28 years, and clearly shows that soil salt content in
1982 was lower than in 2009.

3.4. Soil salinity and land-use types in 1982 and 2009

The statistical analysis of areas of different soil salt contents
(Table 4) showed that, during 1982–2009, the area of soil salinization
significantly increased as did the degree of soil salinity. For example,
in 1982, >80% of the land (about 12,660 ha) had b10 g/kg in salt con-
tent; however in 2009, >64% of the land had >10 g/kg in salt con-
tent, and >16.4% (approximately 2606 ha) had >20 g/kg. In
addition, the area of soil salt content within 5–10 g/kg decreased by
Table 4
Distribution of soil salt content within land-use types in 1982 and 2009 (ha).

Landscape type Time Soil salt content (g/kg) Total

b5 5–10 10–15 15–20 20–25 >25

Farmland 1982 377 4846 575 0 0 0 5798
2009 726 3189 2392 642 215 175 7339

Residential area 1982 0 315 60 0 0 0 375
2009 43 316 134 96 3 0 592

Shrub land 1982 13 178 624 498 0 0 1313
2009 10 54 285 497 71 74 991

Planted forest 1982 9 0 136 0 0 0 145
2009 18 540 350 111 40 27 1086

Grassland 1982 58 4009 1191 14 0 0 5272
2009 104 682 1023 551 139 82 2581

Saline-alkali land 1982 789 2066 123 0 0 0 2978
2009 11 25 807 669 985 795 3292

Total 1982 1246 11,414 2709 512 0 0 15,881
2009 912 4806 4991 2566 1453 1153 15,881
6608 ha (about 42%) in 2009 compared to 1982. Clearly, soil saliniza-
tion was an astonishingly significant process in this region during
1982–2009, suggesting that the process of land exploitation changed
the pattern of the land-use type at the same time as increasing soil sa-
linization. Comparing distribution of soil salt content with land use
for the same period showed that the expanding area of soil salinity
and a higher degree of saline land were significant in both artificial
and natural landscapes during 1982–2009. In 1982, the land-use
types with higher soil salinity were only grassland and shrub land
with soil salt content >15 g/kg, and accounted for only 3.2% of the
Fubei region (Table 4). However, in 2009, the area of soil salinity
>15 g/kg was scattered in each land-use type—in total 5172 ha or
56% of the natural landscapes fell into this category (Table 4). In addi-
tion, areas with soil salt content of >20 g/kg also occurred in different
land-use types in 2009, which did not occur in 1982.
3.5. SSA from 1982 to 2009

The amount of SSA in 0–20 cm depth increased by about
21.6×1010 g from 1982 to 2009 in the sum of all land-use types
(Table 5). The mean value of SSA in 2009 was clearly higher than in
1982, and SSA per unit area increased by about 60%, indicating an ac-
celerating degree of soil salinization in the study area. Furthermore,
the mean SSA in the same land-use types significantly differed be-
tween 1982 and 2009 (pb0.05). This was especially so in farmland,
grassland and saline-alkali land (Table 5) where the mean value of
SSA increase was >9×106 g ha−1, indicating that SSA was greater
and the degree of soil salinization was serious in the surface soil of
these land-use types. The conversion of natural land-use type to agri-
cultural land had a large impact on SSA changes in time and space.
Table 5
SSA in 0–20-cm depth for different land-use types.

Land-use type Mean (×106 g ha−1) Sum (×1010 g)

1982 2009 1982 2009

Farmland 25.19±4.71 34.38±4.19* 14.61±2.73 25.23±3.51
Residential area 22.75±3.96 27.86±3.93 0.85±0.15 1.65±0.23
Shrub land 28.34±3.00 34.30±3.16 3.72±0.39 3.40±0.31
Planted forest 38.29±3.83 40.89±5.33 0.56±0.07 4.44±0.58
Grassland 23.4±3.92 34.78±3.99* 12.34±2.07 8.98±1.03
Saline-alkali land 13.99±3.08 43.08±3.62* 4.17±0.92 14.18±1.19
Total 22.82±3.98 36.45±4.32* 36.24±6.33 57.88±6.86

Note: *Significant difference for mean SSA in same land-use type (pb0.05).
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Fig. 5. Changes in water sources for irrigation and groundwater changes from 1982–2009 in the studied area. (a) The quantity of water source for irrigation, modified fromWang et
al. (2008a); and (b) the groundwater table and total dissolved solids in groundwater.
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3.6. Water consumption increased the farmland area and soil salinization

Water resources in the Fubei region mainly come from two
sources: pumped groundwater and a reservoir via a canal into the
region. With the expansion of irrigated land by 2633 ha (including
area of planted forest) from 1982 to 2009, water consumption in-
creased from 2.93×107 m3 in 1982 to 6.43×107 m3 in 2009 (more
than doubled). There was a significant increasing trend for use of ir-
rigated water from the reservoir in the studied periods (Fig. 5a,
pb0.000), with >90% of the increased use of irrigation water from
the reservoir. Although irrigation by pumped groundwater also in-
creased, correlation was very weak with a lower R2 value (Fig. 5a,
R2=0.21). The changes in consumption of water from the reservoir
indicated that surface water via canal into the region was the main
source of irrigation water. Due to the dramatic increase in the use
of irrigation water from the reservoir, the level of the groundwater
table and groundwater mineralization in the region increased signif-
icantly during 1982–2009 (Fig. 5b, pb0.000). Increased level of
groundwater tables and groundwater salinization are the main fac-
tors driving soil salinization (Bennett et al., 2009; Han et al., 2011;
Qadir et al., 2000).

Correlations between soil salinization and water use, as well as
meteorological factors, were analyzed for the Fubei region (Table 6,
n=28). During 1982–2009, the annual volume of pumped ground-
water was not significantly correlated with either increased area of
farmland or annual volume of irrigated water, suggesting that con-
sumption of pumped groundwater was not a major contributor to ir-
rigation of farmland. Water consumption from the reservoir was
positively (pb0.01) correlated with the increased area of farmland
and salinization of the groundwater; and negatively correlated with
the rise in the groundwater table (pb0.01) as well as annual evapora-
tion (pb0.05). This indicated that the increased farmland area
resulted from more water input from the reservoir and this directly
caused the rising in the groundwater table. Higher evaporation was
also a driver for increased areas of saline-alkali land and increased
Table 6
Correlations from Pearson's test of different factors and soil salinization (n=28).

X1 (ha) X2 (m3) X3 (m3) X4 (m3

X1 (ha) 1
X2 (m3) 0.87** 1
X3 (m3) 0.86** 0.99** 1
X4 (m3) 0.30 0.35 0.27 1
X5 (mm) −0.20 −0.17 −0.17 0.37
X6 (mm) 0.42* 0.47* 0.43* 0.22
X7 (g L−1) 0.86** 0.92** 0.93** −0.05
X8 (m) −0.70** −0.86** −0.88** −0.03

Note: *, **Significant at pb0.05 and pb0.01, respectively. X1 is the area of irrigated farmland
water from the reservoir, X4 is the annual volume of irrigated water from pumped groundw
average of groundwater TDS (total dissolved solids), and X8 is the annual average groundw
soil salt contents (Tables 1 and 4). Therefore, much more effort is
needed to decrease soil salt content by adjusting land-use structure
as an effective strategy, especially to limit and properly manage irri-
gated farmland in the study area.
4. Concluding remarks

Overexploitation of land resources was astonishing in the Fubei
region after 1960, with >40% increase in the area of irrigated farm-
land. The region experienced substantial and increasing rates of
land-use change during 1982–2009. There have been persistent
changes both spatially and temporally, resulting in 38% of the total
area experiencing transitional changes among land-use types. The
general trend in the study area implies a loss of grassland and shrub
land cover and an increase in cultivated areas and saline-alkali land.
Land exploitation raised the groundwater table through irrigation
leaching, and then caused soil salinization. The expanding area of
soil salinity and higher degree of saline land were significant in all
land-use types of the study area, with a 16.4% increase in the area
with soil salt content >20 g/kg during 1982–2009. In addition, the
SSA increased by 21.6×1010 g over all land-use types during
1982–2009 in the study area. SSA per unit area increased 60%, with
the highest accumulation in farmland, grassland and saline-alkali
land. The expansion of irrigated farmland required more water to be
transported from the reservoir into the study area, and this directly
caused the rising groundwater table, and then higher evaporation
led to soil salinization. The present trend may lead to more soil salini-
zation if no appropriate measures are taken to stop this process. Con-
tinued land-use change, coupled with soil salinization, has greatly
affected people's livelihoods and put the crop production system
under increasing threat. The results of the present study not only elu-
cidate the changes in land use and the impact on soil salinization in
the Fubei region, but represent a lesson to be learned for integrated
land management in similar ecotones in arid zones.
) X5 (mm) X6 (mm) X7 (g L−1) X8 (m)

1
−0.30 1
−0.22 0.41* 1

0.08 −0.14 −0.83** 1

, X2 is the annual volume of the irrigated water, X3 is the annual volume of the irrigated
ater, X5 is the annual precipitation, X6 is the annual pan evaporation, X7 is the annual
ater table.

image of Fig.�5


56 Y. Wang, Y. Li / Catena 100 (2012) 50–56
Acknowledgments

We thank all the staff at the Fukang Station of Desert Ecology for
technical and field help. Financial support was from the 973 Program
of China (No. 2009CB825102), the Knowledge Innovation Program of
the Chinese Academy of Sciences, Grant no. KZCX2-EW-QN-316 and
the ‘Western Light’ program of the Chinese Academy of Science (Nos.
XBBS200808 and XBBS201001).

References

Bennett, E.M., Balvaera, P., 2007. The future of production systems in a globalized
world. Frontiers in Ecology and the Environment 5, 191–198.

Bennett, S.J., Barrett-Lennard, E.G., Colmer, T.D., 2009. Salinity and waterlogging as con-
straints to saltland pasture production: a review. Agriculture, Ecosystems and En-
vironment 123, 349–360.

Bennett, L.T., Mele, P.M., Annett, S., Kasel, S., 2010. Examining links between soil man-
agement, soil health, and public benefits in agricultural landscapes: an Australian
perspective. Agriculture, Ecosystems and Environment 139, 1–12.

Bocco, G., Mendoza, M., Velazquez, A., 2001. Remote sensing and GIS-based regional
geomorphological mapping: a tool for land use planning in developing countries.
Geomorphology 39, 211–219.

Cambardella, C.A., Moorman, T.B., Novak, J.M., Parkin, T.B., Karlen, D.L., Turco, R.F.,
Konopka, A.E., 1994. Field-scale variability of soil properties in central Iowa soils.
Soil Science Society of America Journal 58, 1501–1511.

Campbell, J.B., 1978. Spatial variation of sand content and pH with in single contiguous
delineation of two soil mapping units. Soil Science Society of America Journal 42,
460–464.

Castrignano, A., Maiorana, M., Fornaro, F., Lopez, N., 2002. 3D spatial variability of soil
strength and its change over time in a durum wheat field in Southern Italy. Soil
and Tillage Research 65, 95–108.

Chang, Y.H., Scrimshaw, M.D., Emmerson, R.H.C., Fresco, L.O., 1998. Geostatistical anal-
ysis of sampling uncertainty at the Tollesbury Managed Retreat site in Blackwater
Estuary, Essex, UK: kriging and cokriging approach to minimize sampling density.
Science of the Total Environment 221, 43–57.

Chen, W.P., Hou, Z.A., Wu, L.S., Liang, Y.C., Wei, C.Z., 2010. Evaluating salinity distribu-
tion in soil irrigated with saline water in arid regions of northwest China. Agricul-
tural Water Management 97, 2001–2008.

Chien, Y.J., Lee, D.Y., Guo, H.Y., Houng, K.H., 1997. Geostatistical analysis of soil proper-
ties of mid-west Taiwan soils. Soil Science 162, 291–297.

David, T., Joseph, F., Brian, W., D'Antonio, C., Dobson, A., Howarth, R., Schindler, D.,
Schlesinger, W.H., Simberloff, D., Swackhamer, D., 2001. Forecasting agriculturally
driven global environmental change. Science 292, 281–284.

Douaik, A., Meirvenne, M.V., Tóth, T., 2007. Statistical methods for evaluating soil salin-
ity spatial and temporal variability. Soil Science Society of America Journal 71,
1629–1635.

Douaoui, A.E.K., Nicolas, H., Walter, C., 2006. Detecting salinity hazards within a semi-
arid content by means of combining soil and remote-sensing data. Geoderma 134,
217–230.

FAO/UNESCO, 1990. Soil Map of the World. Revised legend. Rome.
Farifteh, J., Farshad, A., George, R.J., 2006. Assessing salt-affected soils using remote

sensing, solute modeling, and geophysics. Geoderma 130, 191–206.
Fu, B., Hu, C., Chen, L., Hommay, O., Gulinck, H., 2006. Evaluating change in agricultural

landscape pattern between 1980 and 2000 in the Loess hilly region of Ansai County,
China. Agriculture, Ecosystems and Environment 114, 387–396.

Fubei Farm Land Resources Administration. Land use maps of Fubei farm at 1:10 000
scale; 1982, 2009.

Gao, Y., Mao, L., Miao, C., Zhou, P., Cao, J., Zhi, Y., Shi, W., 2010. Spatial characteristics of
soil enzyme activities and microbial community structure under different land
uses in Chongming Island, China: geostatistical modelling and PCR-RAPD method.
Science of the Total Environment 408, 3251–3260.

Ghassemi, F., Jakeman, A.J., Nix, H.A., 1995. Salinisation of Land and Water Resources:
Human Causes, Extent, Management and Case Studies. The Australian National
University/CAB International, Canberra, Australia/Wallingford, Oxon, UK.

Goovaerts, P., 1999. Geostatistics in soil science: state-of-the-art and perspectives.
Geoderma 89, 1–45.

Han, D., Song, X., Currell, M.J., Cao, G., Zhang, Y., Kang, Y., 2011. A survey of groundwa-
ter levels and hydrogeochemistry in irrigated fields in the Karamay Agricultural
Development Area, northwest China: implications for soil and groundwater salin-
ity resulting from surface water transfer for irrigation. Journal of Hydrology 405,
217–234.

Herrero, J., Pérez-Coveta, O., 2005. Soil salinity changes over 24 years in a Mediterra-
nean irrigated district. Geoderma 125, 287–308.

Houk, E., Frasier, M., Schuck, E., 2006. The agricultural impacts of irrigation induced
waterlogging and soil salinity in the Arkansas Basin. Agricultural Water Manage-
ment 85, 175–183.

Jordán, M.M., Navarro-Pedreño, J., García-Sánchez, E., Mateu, J., Juan, P., 2003. Spatial
dynamics of soil salinity under arid and semi-arid conditions: geological and envi-
ronmental implications. Environmental Geology 45, 448–456.
Li, H., Reynolds, J.F., 1995. On definition and quantification of heterogeneity. Oikos 73,
280–284.

Li, X., Xiao, D., He, X., Chen, W., Song, D., 2007. Factors associated with farmland area
changes in arid regions: a case study of the Shiyang River basin, northwestern
China. Frontiers in Ecology and the Environment 5, 139–144.

Lioubimtseva, E., Cole, R., Adams, J.M., Kapustin, G., 2005. Impacts of climate and land-
cover changes in arid lands of Central Asia. Journal of Arid Environments 62,
285–308.

Liu, J., Diamond, J., 2005. China's environment in a globalizing world. Nature 435,
1179–1186.

Lu, L., Li, X., Cheng, G., 2003. Landscape evolution in the middle Heihe River Basin of
north-west China during the last decade. Journal of Arid Environments 53,
395–408.

Luo, G.P., Zhou, C.H., Chen, X., Li, Y., 2008. A methodology of characterizing status and
trend of land changes in oasis: a case study of Sangong River watershed, Xinjiang,
China. Journal of Environmental Management 88, 775–783.

Martínez-Sánchez, M.J., Pérez-Sirvent, C., Molina-Ruiz, J., Tudela, M.L., García-Lorenzo,
M.L., 2011. Monitoring salinization processes in soils by using a chemical degrada-
tion indicator. Journal of Geochemical Exploration 109, 1–7.

McConnell, W.J., Sweeney, S.P., Mulley, B., 2004. Physical and social access to land:
spatio-temporal patterns of agricultural expansion in Madagascar. Agriculture,
Ecosystems and Environment 101, 171–184.

Metzger, M.J., Rounsevell, M.D.A., Acosta-Mihlik, L., Leemans, R., Schröter, D., 2006. The
vulnerability of ecosystem services to land use change. Agriculture, Ecosystems
and Environment 114, 69–85.

Qadir, M., Ghafoor, A., Murtaza, G., 2000. Amelioration strategies for saline soils: a re-
view. Land Degradation and Development 11, 501–521.

Qureshi, A.S., McCornick, P.G., Qadir, M., Aslam, Z., 2008. Managing salinity and
waterlogging in the Indus Basin of Pakistan. Agricultural Water Management 95,
179–189.

Rengasamy, P., 2006. World salinization with emphasis on Australia. Journal of Exper-
imental Botany 57, 1017–1023.

Ritzema, H.P., Satyanarayana, T.V., Raman, S., Boonstra, J., 2008. Subsurface drainage to
combat waterlogging and salinity in irrigated lands in India: lessons learned in
farmers’ fields. Agricultural Water Management 95, 179–189.

Robertson, G.P., 2000. Geostatistics for Environmental Sciences: GS+ User's Guide,
Version 5. Gamma Design Software, MI.

Sheng, J., Ma, L., Jiang, P., Li, B., Huang, F., Wu, H., 2010. Digital soil mapping to enable
classification of the salt-affected soils in desert agro-ecological zones. Agricultural
Water Management 97, 1944–1951.

Sveistrup, T.E., Haraldsen, T.K., Langohr, R., Marcelino, V., Kværner, J., 2005. Impact of
land use and seasonal freezing on morphological and physical properties of silty
Norwegian soils. Soil and Tillage Research 81, 39–56.

Sylla, M., Stein, A., van Breemen, N., Fresco, L.O., 1995. Spatial variability of soil salinity
at different scales in the mangrove rice agro-ecosystem in West Africa. Agriculture,
Ecosystems and Environment 54, 1–15.

Thomas, D.S.G., Middleton, N.J., 1993. Salinization: new perspectives on a major desert-
ification issue. Journal of Arid Environments 24, 95–105.

Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R., Polasky, S., 2002. Agricultural sus-
tainability and intensive production practices. Nature 418, 671–677.

Versace, V.L., Ierodiaconou, D., Stagnitti, F., Hamilton, A.J., 2008. Appraisal of random
and systematic land cover transitions for regional water balance and revegetation
strategies. Agriculture, Ecosystems and Environment 123, 328–336.

Viglizzo, E.F., Paruelo, J.M., Laterra, P., Jobbágy, E.G., 2012. Ecosystem service evaluation
to support land-use policy. Agriculture, Ecosystems and Environment 154, 78–84.

Wahap, H., Hamid, Y., Tashpulat, T., 2004. Tendency and driving forces of cultivated
land use change in Qira oases: the case of Oira oases in south of Tarim basin.
Acta Geographica Sinica 59, 608–614.

Wang, Y., Xiao, D., Li, Y., 2007a. Temporal–spatial change in soil degradation and its re-
lationship with landscape types in a desert–oasis ecotone: a case study in the Fubei
region of Xinjiang Province, China. Environmental Geology 51, 1019–1028.

Wang, Y., Xiao, D., Li, Y., 2007b. Dynamic characteristics of land degradation develop-
ment in agricultural oasis of desert–oasis ecotone. Transactions of the CSAE 23,
83–90.

Wang, Y., Xiao, D., Li, Y., Li, X., 2008a. Soil salinity evolution and its relationship with
dynamics of groundwater in the oasis of inland river basins: case study from the
Fubei region of Xinjiang Province, China. Environmental Monitoring and Assess-
ment 140, 291–302.

Wang, Y., Li, Y., Xiao, D., 2008b. Catchment scale spatial variability of soil salt content in
agricultural oasis, Northwest China. Environmental Geology 56, 439–446.

Williams, J., Bui, E.N., Gardner, E.A., Littleboy, M., Probert, M.E., 1997. Tree clearing and
dryland salinity hazard in the upper Burdekin catchment of north Queensland.
Australian Journal of Soil Research 35, 785–801.

Yost, R.S., Uehara, G., Fox, R.L., 1982. Geostatistical analysis of soil chemical properties
of large land areas I. Semivariogram. Soil Science Society of America Journal 46,
1028–1032.

Zhang, H., Wu, J., Zheng, Q., Yu, Y., 2003. A preliminary study of oasis evolution in the
Tarim Basin, Xinjiang, China. Journal of Arid Environments 55, 545–553.

Zhang, T., Zeng, S., Gao, Y., Ouyang, Z., Li, B., 2011. Assessing impact of land uses on land
salinization in the Yellow River Delta, China using an integrated and spatial statis-
tical model. Land Use Policy 28, 857–866.


	Land exploitation resulting in soil salinization in a desert–oasis ecotone
	1. Introduction
	2. Material and methods
	2.1. Study area
	2.2. Data collection and analysis

	3. Results and discussion
	3.1. Process of land exploitation and its environmental impact
	3.2. Change of land-use from 1982 to 2009
	3.3. Spatial statistical analysis of soil salt content in 1982 and 2009
	3.4. Soil salinity and land-use types in 1982 and 2009
	3.5. SSA from 1982 to 2009
	3.6. Water consumption increased the farmland area and soil salinization

	4. Concluding remarks
	Acknowledgments
	References


