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Soil salinity accumulation is strong in arid areas and it has become a serious environmental problem. Knowledge of
the process and spatial changes of accumulated salinity in soil can provide an insight into the spatial patterns of soil
salinity accumulation. This is especially useful for estimating the spatial transport of soil salinity at the watershed
scale. This study aimed to identify spatial patterns of salt accumulation in the top 20 cm soils in a typical inland
watershed, the Sangong River watershed in arid northwest China, using geostatistics, spatial analysis technology
and the Lorenz curve. The results showed that: (1) soil salt content had great spatial variability (coefficient varia-
tion>1.0) in both in 1982 and 2015, and about 56% of the studied area experienced transition the degree of soil salt
content from one class to another during 1982-2015. (2) Lorenz curves describing the proportions of soil salinity
accumulation (SSA) identified that the boundary between soil salinity migration and accumulation regions was
24.3 m lower in 2015 than in 1982, suggesting a spatio-temporal inequality in loading of the soil salinity transport
region, indicating significant migration of soil salinity from the upstream to the downstream watershed. (3)
Regardless of migration or accumulation region, the mean value of SSA per unit area was 0.17 kg/m? higher in
2015 than 1982 (p < 0.01) and the increasing SSA per unit area in irrigated land significantly increased by
0.19 kg/m? compared with the migration region. Dramatic accumulation of soil salinity in all land use types was
clearly increased by 0.29 kg/m? in this agricultural watershed during the studied period in the arid northwest of
China. This study demonstrates the spatial patterns of soil salinity accumulation, which is particularly useful for
estimating the spatial transport of soil salinity at the watershed scale.
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1. Introduction

Soil salinization is a global issue, especially in arid and semiarid areas
with low rainfall and high evapotranspiration (Butcher et al., 2016;
Amundson et al., 2015; Li et al., 2014). Soil salinization influences soil
quality and the sustainability of agriculture, and can decrease biodiver-
sity, and reduce water quality and agricultural production (Cassel et al.,
2015; Aragiiés et al., 2014; Bui, 2013). An area of >930 million ha that
occupies 7% of global land surface suffers from soil salinization, and
the area is expanding (Rengasamy, 2006). Approximately 20% of irrigat-
ed land is salt-affected globally (Yeo, 1999), and the land area that has
secondary soil salinization problems is as high as about 80 million ha
in arid and semiarid regions (Ghassemi et al., 1997). Hence, it is crucial
to mitigate and control soil salinity in agricultural lands, particularly
where irrigation is used (Jalila et al., 2016; Singh, 2015). Understanding
the process and spatial changes of salt accumulation in soil will improve
ways to prevent soil degradation, and ameliorate soil quality for eco-
nomic development (Salvati and Ferrara, 2015). This asks for accurate
estimation of spatial variation of soil salinization at large scales
(Daliakopoulos et al., 2016; Sheng et al., 2010; Benyamini et al., 2005).

Understanding the accumulation patterns and processes of soil sa-
linity and its correlative factors is crucial to control soil salinization in
arid environments. Previous studies showed that human activities and
climate change are the primary controls on soil secondary salinization
(Zhou et al., 2013; Foley et al., 2011). The conversion of natural land
use (e.g. grasslands and forests) to cropland has dramatically affected
soil properties as well as their spatial and temporal patterns. These
changes often accelerate soil salinization (Abliz et al., 2016; Devkota et
al., 2015; Ibrakhimov et al., 2011; Beltran, 1999). Generally, the spatial
variation of soil salinity is substantially regulated by factors such as to-
pography, climate and hydrological conditions (Yang et al., 2016;
Wang and Li, 2013; Wang et al., 2008a). Soil salts are transported and
redistributed with soil water, groundwater and irrigation water across
the landscape. This process is significant in surface soils under condi-
tions of little precipitation and high evapotranspiration in arid environ-
ments (Pankova et al., 2015; Zhang et al., 2014a; Cetin and Kirda, 2003).
Therefore, better understanding about the spatial patterns of soil salin-
ity could inform scientific strategies to control salinization for sustain-
able land management (Taghizadeh-Mehrjardi et al., 2014; Bennett et
al,, 2010; Qadir and Oster, 2004).

Current studies often estimate soil salinity change using indirect
measurements, small-scale experiments or poorly defined periods of
time (Herrero and Pérez-Coveta, 2005). Although single field investiga-
tions or observations can give some information about short-term
changes in soil salinity (Scudiero et al,, 2017), the changes in soil salinity
are related not only among fields, but also irrigation regions and even
the entire watershed (Scudiero et al,, 2016; Zhang et al., 2014b). Clearly
such limited information is inadequate to explain comprehensive soil-
landscape relationships concerning transport and accumulation of soil
salinity among irrigation regions, especially at the watershed scale.
Quantifying the spatio-temporal variation of soil properties at larger
scales is critical to adequately understand the extent of the environment
problem (Corwin et al., 2006). However, it is a major challenge to quan-
tify the spatio-temporal patterns of soil salinity accumulation (SSA) in
heterogeneous soils.at the watershed scale.

Techniques and methods to monitor and map soil salinization have
been a focus for research in arid and semiarid areas in recent years, be-
cause they are crucial for effective land management and utilization
(Lal, 2015; Nurmemet et al., 2015; Cruz-Cardenas, 2014; Ding et al.,
2011; Fernandez-Buces et al., 2006). The appropriate mapping methods
depend on the spatial scale of interest. Geostatistics, as an effective tool
to study and predict the spatial structure of geo-referenced variables,
has been commonly used to map soil salinization (Nifierola et al.,
2017; Li H.Y. et al., 2015; Li Y. et al., 2015; Juan et al., 2011; Douaik et
al,, 2005; Pozdnyakova and Zhang, 1999). It was used to describe spatial
variability for a number of natural indexes (Monestiez et al., 2010;

Renard et al., 2005; Cambardella et al., 1994), as well as the temporal
and spatial characteristics of soil properties over a large area (Tripathi
et al,, 2015). Therefore, identifying the spatial change of soil salt migra-
tion and accumulation is helpful to control soil salinization at the water-
shed scale. The Lorenz curve, defined by M.E. Lorenz (1905), is
commonly used to describe the degree of inequality in social distribu-
tion of income and has become an effective statistical measurement
for general equality analysis (Chakravarty, 1990). In recent years, this
has gradually been introduced to resource and environment fields,
and has proved effective in illuminating imbalances in distributions
(Abell et al., 2013; Chen et al., 2009; Preston et al., 1989). The distribu-
tion of salt accumulation in soil is highly heterogeneous in the process of
loading of soil salinity transport in the space of watershed. The Lorenz
curve can be applied to soil salinity data to determine tradeoffs in the
regions of soil salinity migration and accumulation, using the Gini coef-
ficient as the criterion. Thus, the combination of information from the
Lorenz curve and geostatistical analyses of soil salinity allows assess-
ment of soil salinity accumulation in transport and accumulation
regions, which advance our understanding of the spatio-temporal
pattern of soil salinization during the long-term process of land use at
the watershed scale.

The Sangong River watershed, a well-known inland river watershed
in China's Xinjiang Province, was selected as a case study. This study
aims (1) to quantify spatial variability of soil salinity at the watershed
scale during 1982-2015, (2) to identify the boundary of soil salinity
migration and accumulation regions using the Lorenz curve and (3) to
assess the degree of soil salinity accumulation in different regions across
land use types.

2. Materials and methods
2.1. Site description

The Sangong River watershed (87°49'-88°16'E, 43°50'-44°22'N) is
located in the northern Tianshan Mountains and southern the
Guerbantonggute Desert in northwest China (Fig. 1). The watershed
covers mountainous region in the south and plains in the north. The
plain region in this watershed is for agricultural use. It covers an area
of 94,200 ha, and the north-south and east-west distances are 36.97
and 37.65 km, respectively; with the slope of only 2-2.5% downwards
from south to north. The elevation varies from 710 m in the south to
440 m in the north (Fig. 1). The climate in the region is the arid conti-
nental climate, and the mean annual precipitation is <200 mm and
mean annual temperature 7.3 °C with average maximum of 25.75 °C
in July and average minimum of 15.7 °C in January. Based on long-
term meteorological data (1965-2005), the mean annual pan evapora-
tion is about 1533-2240 mm. In this area, irrigation is essential for
agriculture due to little precipitation and high evapotranspiration. The
dominant land use type is irrigated agriculture, with urban areas
accounting for only a small percentage of the study area. The main soil
classes are Solonchak, Haplic calcisols and Aquert, and they have been
affected by agricultural practices for over 50 years. The crops in the re-
gion include wheat, corn, cotton, grapes and hops. This region has expe-
rienced intensive land exploitation since the 1960s and soil salinization
has become a serious environmental problem during to irrigation
(Wang et al., 2008b). Natural vegetation in the study region includes a
variety of xeromorphic formations, e.g. Reaumuria soongorica, Salsola
nitraria, Ceratocarpus arenarius, Tamarix ramosissima, etc.

2.2. Data source and processing

Soil salt content in 1982 and 2015 was obtained in two ways: we
collected and measured soil salt content of 290 soil samples in 2015,
and the other 145 data points in 1982 were from China's National Soil
Inventory in the Sangong River watershed (Fukang Land Resources
Administration, 1983). The locations of soil samples in 1982 were
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Fig. 1. Location, topography, and the sampling sites of the Sangong River watershed.

recorded by geographic situation and land cover information. In 2015,
the surface soils (0-20 cm) were collected according to the national
soil inventory method, and sampling locations were recorded using
GPS. We gridded the sampling area by 2.5 km x 2.5 km; and then col-
lected at least one sample in each grid of the main plain region. The
elevation of sampling points varies from 636 m in the south to 456 m
in the north. Soils were collected in different directions using a hand
soil auger from 3-5 randomly selected spots within each land parcel,
and then compiled as one sample. Soil samples were air dried, crushed
passed through a 2-mm mesh and the large debris, plant roots, stones
and other gravel-sized materials were removed by hand. The salt con-
tent of all soil samples was analyzed using the suspensions of 1:5 soil:
water ratio. We measured Na*, K+, Ca®*, Mg?*, SO, CI~, CO3—, and
HCOs3, and then calculated the soil salt content as the sum of the eight
element (Bao, 2000).

Land use types were obtained using a land-use map at a scale of
1:50,000 for 1982 and 2015 (Fukang Land Resource Administration,
2015). According to impacts of human activity on soil salinity, land
use in the study area was divided into irrigated and non-irrigated
land, which includes eight types: cropland, grassland, planted forest,
reservoir/flood land, shrub land, saline land, sandy desert, and construc-
tion land (Fig. S1). Irrigated land includes cropland, planted forest, and
non-irrigated land includes grassland, shrub land, saline land, and
sandy desert. In this study, linear characteristic such as riverbeds,
ditches, roads and railway was not individually classified in land use
types (Fig. S1).

2.3. Statistical analysis

Descriptive statistical analyses for mean, standard deviation, mini-
mum and maximum values, coefficient of variation (CV), kurtosis and
skewness were applied to the results from soil samples in 1982 and
2015. The Kolmogorov-Smirnov (K-S) test was used to test whether
soil salt content was normally distributed. We used the software pack-
age SPSS 20.0 for Windows for all the conventional statistical analyses
(SPSS Inc., Armonk, NY, USA).

Geostatistical methods provide a series of statistical ways to com-
bine the observed data and the soil properties' variation in space and
time through a random process (Goovaerts, 1999). Thus, one significant
contribution of geostatistics is a map of the probability of soil salinity
values (Castrignano et al., 2002). The semivariogram represents the
relationship each point between its neighbor as the spatial dependence.
It generally follows the equation:

1 N i
y(h) = WZ [2(xi)—2z(x; + h)] (1)
i-1

where y(h) refers a semivariogram value; h refers the step length,
which is the spatial interval of sampling points for the classification to
reduce the individual number of spatial distances of various sampling
point assemblages; z(x;) and z(x; + h) refer the measured values at sam-
pling points x; and x; + h; and N(h) refers the number of pairs separated
by lag h.

The ordinary kriging is a method as an un-sampled site, which
usually shows a weighted observations within a neighborhood and an
ideal method of spatial prediction:

Z00) = S AZ(x) @)
i=1

where z(xp) refers the estimated value at the location xy, A; refers the
weight assigned to the i observation, z(x;) refers the known value at
the sampling point x, and n is the number of sites within the search
neighborhood for the estimate and is based on the size of the moving
window which is defined by users.

Validation of predicated map of soil salt content was tested using
two indices (the mean error (ME) and the root mean square standard-
ized error (RMSSE)) to assess the effectiveness of kriging. When the
ME is close to 0 and the RMSSE close to 1, the predicted map of soil
salt content is credible in the study area (Kitanidis, 1997). The
geostatistical analyses and interpolation were realized by spatial
geostatistical analysis tools in ARCGIS10.1.
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Fig. 2. The Lorenz curve as applied to soil salinity accumulation (SSA) across a watershed.
O refers the soil sample near the outlet of the studied watershed. X-axis refers landscape
factors, Y-axis refers the cumulative proportion of the total soil salinity accumulation
index with increasing landscape factors such as distance, relative elevation, and slope.
Cutoff point (F) is shown as black circle on the Lorenz curves. OEB indicating perfect
equality of soil salinity accumulation and migration is shown for reference.

We used the Eq. (3) to quantify the soil salt accumulation state
among regions and land use types and used the distribution of soil salt
content to estimate the quantity of SSA in individual regions and land
use types (Wang and Li, 2013). For each individual land use type with
k patches, we calculated the amount of SSA using the following Eq. (3):

k k
SSAq = SSAi=_p; x S x Di x (1=V;) x A; (3)

i=1 i=1

where SSA; refers the quantity of salt accumulation in soil (g), p; refers
the bulk density (Mg/m?), S; refers the distribution area (m?) in degree
of soil salt content i, D; refers the soil thickness (m), V; refers the volume
fraction of fragments >2 mm and A; the mean value of soil salt content
(g/kg™1). The statistical difference in SSA of the same land use type be-
tween 1982 and 2015 was analyzed using independent-samples t-test
in SPSS20.0a.

24. Using the Lorenz curve to identify the SSA process

The Lorenz curve is usually used to indicate social inequality, and
was original by economists (Chakravarty, 1990; Lorenz, 1905). It is suc-
cessful applied in the fields of environment and ecology (Abell et al.,
2013; Shi et al., 2013), and regarded as an active area of research for
the Lorenz curve to develop new functional forms (Ogwang and Rao,
1996). In the space of a watershed, when the outlet is selected as the ref-
erence point, the source and sink landscapes pattern is identified by
comparing them with the landscape properties, such as relative dis-
tance, relative elevation and relative slope gradient from outlet of the
river to the sampling point (Chen et al., 2009). In this study, the site of
the southernmost sampling point nearby the watershed outlet was se-
lected as the reference point because of salinity transported from the
upstream to the downstream watershed (Wang and Li, 2010). In the
study area, the elevation of landform is a major cause for the spatial var-
iability of soil salinity in the space of watershed (Wang et al., 2008a).
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The Lorenz curves were constructed to determine how the cumulative
proportion of the total soil salinity accumulation index (SI) that varies
with respect to the spatial landscape factors (e.g. distance and relative
elevation) (Fig. 2). The SI was calculated as follows:

Sly = [(SPi—MP) + (SPi;1-MP) + ------ + (SP,-MP)]/ Zn:(SP,»—MP) (4)

i=0

where SP; is the soil salt content at sampling point i in the study area; MP
represents soil salt content as the reference point of the outlet in the
watershed and Sl is the value of soil salinity accumulation from the
referent point to point n.

The measure of inequality of Lorenz curve is indicated by the Gini
coefficient (G). In this study, the G was used to quantify inequality of
the total soil salinity accumulation index (SI) with increasing landscape
factors such as relative distance, relative elevation, and relative slope.
The G varies from 0 to 1, with 0 implying soil salinity being constant
in an entire watershed and 1 implying soil salinity at the maximum
value of landscape factors. This parameter is calculated by the ratio of
two areas. The area in nominate is enclosed by the Lorenz curve and
the line of perfect equality of soil salinity accumulation and migration.
The denominate is the area under the line of perfect equality of soil
salinity migration and accumulation (Fig. 2). Cutoff point of G refers to
the point on the Lorenz curve, where the distance between perfect
equality line and the Lorenz curve is longest (Fig. 2). The G was calculated
as follow: enclose

G— 1-2/Y(X)dX 5)
0

where Y(X) is Lorenz curve, and X is a distribution of standardized
cumulative to the standardized SI.

3. Results
3.1. Descriptive statistics for soil salt content in the watershed

The mean value of soil salt content in 1982 (5.91 g/kg) was non-
significantly higher than in 2015 (5.27 g/kg, p > 0.05, Table 1); the
corresponding ranges were 0.40-23.8 and 0.24-33.18 g/kg. The mean
soil salt content decreased by 10.8% during 1982-2015. The values of
CV were >1, indicating that salt content of the surface soil varied greatly
in the study area. The K-S test showed that soil salt content in both 1982
and 2015 followed the normal distribution (Table 1, p < 0.05), indicating
that the data were appropriate for the geostatistical analysis using a
semi-variogram (Li and Reynolds, 1995).

According to the variogram analysis, the soil salt content in both
1982 and 2015 followed the exponential pattern (Table S1). The values
of the determining coefficient (R?) were >0.6; the residual sum of
squares (RSS) was close to zero (0.0005 in 1982 and 0.0004 in 2015)
and the F-tests for R? were significant at o = 0.01 level (Table S1, p <
0.01). These parameters showed that the exponential models well rep-
resented the spatial pattern of the soil salt content. The nugget (C0) and
sill (CO + C) usually are used to reflect spatial heterogeneity of soil ele-
ments (Cambardella et al., 1994). The ratio of nugget and sill (C0/CO
+ C) in the nugget variance can express the total spatial heterogeneity.
The C0/CO + C) in 1982 and 2015 were <0.25, suggesting strong spatial
autocorrelation between salt content in the watershed (Chien et al.,

Table 1

Summary statistics and K-S test for soil salt content.
Time Sample size Mean SD Coefficient of variation Max. Min. Skewness Kurtosis K-S test
1982 145 5.91 6.22 1.05 238 0.40 1.48 1.02 2.56
2015 290 5.27 7.35 140 33.1 0.24 1.95 3.25 4.58
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Fig. 3. The spatial distribution of salt content in the top 20 cm soils in 1982 and 2015.

1997). For the spatial prediction of salt content in soil, the standardized
ME of predictions was very small (0.005 in 1982 and — 0.0004 in 2015),
and the RMSSE ranged from 0.908 to 1.084 (Table S1), demonstrating
that the spatial maps of salt content in 1982 and 2015 estimated by
ordinary kriging interpolation were reliable and acceptable (Kitanidis,
1997).

3.2. Distribution of soil salt content during 1982-2015

When the soil salt content is lower than 3.5 g/kg in this region, there
is little effect on crop production (Xinjiang Institute of Desert and Soil
Chinese Academic Sciences, 2000). So, soil salt content in this study
was divided into five classes: <3.5, 3.5-5.0, 5.0-6.5, 6.5-8.0 and
>8.0 g/kg (Fig. 3). Soil salt content generally increased from the south
to the center of the region, with low soil salt contents in the south and
high soil salt contents in the middle region of the watershed. Soil salt
contents were clearly correlated with the land use change. There were
significantly different soil salt content patterns during 1982-2015 in
the study area (Fig. 3). There was also considerable change in the
study area during 1982-2015, and approximately 56% of the total area
experienced transitional changes (Table 2) - notably areas of soil salt
content of 3.5-5.0 g/kg (decreased by 8678 ha, about 23%) and 6.5-
8.0 g/kg (increased by 8342 ha, about 2.41 times). The area of soil salt
content <5.0 g/kg was reduced from 68,080 ha in 1982 to 51,483 ha in
2015. Clearly, the area of soil salinization considerably increased as the
degree of soil salt content did. Compared to 1982, the area of soil salt
content of 5.0-6.5 g/kg increased by 40.9% and the area of soil salt con-
tent >8.0 g/kg increased by 40.6% in 2015. However, the increases in
area of soil salt content >8.0 g/kg was small - only 2094 ha. These re-
sults could show an accelerated trend of soil salinization.

Table 2

Transition matrix of area (ha) of different soil salt contents during 1982-2015.
1982 Soil salt content in 2015 (g/kg)

<35 3.5-5 5-6.5 6.5-8 >8 Sum

<3.5 20,234 7880 2606 459 0 31,178
3.5-5 1848 14,710 8818 5493 6031 36,900
5-6.5 524 2512 4887 5988 1142 15,053
6.5-8 425 895 2681 1845 77 5925
>8 226 2227 2221 483 0.27 5157
Sum 23,259 28,223 21,214 14,267 7251 94,215

3.3. The Lorenz curve and Gini coefficient concerning SI

The values of R? for Lorenz curves of SI for relative distance and
relative elevation in 1982 and 2015 were showed in Fig. 4, respectively.
All the values were significantly higher than 0.80 (0.99 and 0.84 for
relative distance and for relative elevation in 1982, respectively, and
0.99 and 0.91 in 2015; Fig. 4, p < 0.01), indicating that these curves well
represented the distribution of SI in relation to relative distance and rela-
tive elevation change. Levels of inequality, measured by Gini coefficients,
were similar for relative distance and elevation in the 1982 and 2015
datasets. Values for the Gini coefficient were higher for both distance
and elevation in 1982 than in 2015 (0.34 and 0.22 for relative distance
in 1982, respectively, and 0.61 and 0.53 for relative elevation in 2015;
Fig. 4), which showed that regions of soil salinity migration or accumula-
tion were not equal during 1982-2015. Thus, locations of the cutoff point
in Lorenz curves would be closer to 0 in 1982 than in 2015. This informa-
tion suggests that land use changes play an import role in soil salinity
accumulation during 1982-2015. At the same time, Fig. 3 shows that
the center of gravity of salinity may have moved to the west of the
study area. It seems that so have croplands (Fig. S1). This showed again
that land use can cause soil salt content change. The boundaries of soil sa-
linity migration and accumulation at the watershed scale were identified
as cutoff points for relative distance and elevation in 1982 and 2015.
Location of cutoff points for relative distance and relative elevation to
the outlet were 12.37 km and — 120.6 m in 1982 (Fig. 4), respectively,
indicating soil salinity migration in the region of 0-12.37 km for relative
distance and —120.6 to 0 m for relative elevation. For 2015, there were
similar characteristics to those in 1982, with soil salinity migration in
the region of 0-11.07 km for relative distance and — 114.9 to 0 m for rel-
ative elevation (Fig. 4). During 1982-2015, the location of cutoff points
correlated with the distance and elevation tended to be near the reference
point of the outlet in the watershed, suggesting that the area of the region
of soil salinity migration was reducing but the region of soil salinity
accumulation was expanding. Soil salinity migration occurred in the
south of the watershed, but the accumulation in the north. This means
that soil salinity transport was in the upstream watershed and soil salinity
accumulation was in the downstream watershed.

3.4. Change of SSA in migration and accumulation regions during 1982-2015
The change of SSA in the 0-20 cm depth in different regions during

1982-2015 is shown in Fig. 5. There was a remarkable change in SSA
between migration and accumulation regions, with clear differences in
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SSA per unit area between the two regions (Fig. 5, p <0.01). Additional-
ly, SSA per unit area was significantly lower in the migration than the
accumulation region (Fig. 5, p < 0.01). SSA per unit area for the migra-
tion region increased from 0.70 to 0.87 kg/m? during 1982-2015, and
correspondingly from 1.55 to 1.87 kg/m? for the accumulation region.
Regardless of migration or accumulation region, the mean of SSA
value was larger in 2015 than 1982 (p < 0.01) and the value increased
by over 16% in per unit area during 1982-2015, indicating that the
process of soil salinization was accelerating in the study area.

3.5. SSA in land use types during 1982-2015

The mean SSA of the six main landscape types varied from
0.81 kg/m? for grassland to 1.82 kg/m? for planted forest (Fig. 6). In
the entire watershed, relative to 1982 levels, SSA per unit area increased
by 0.32 kg/m? in cropland, 0.31 kg/m? in planted forest, 0.25 kg/m? in
grassland, 0.13 kg/m? in shrub land, 0.35 kg/m? in sandy desert and
0.35 kg/m? in salinized land in 2015 - accounting for 33.68, 20.53,
30.86, 9.15, 31.53 and 31.53% of 1982 values, respectively (Fig. 6). The
rate of SSA per unit area increase in cropland was highest among the
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Fig. 5. SSA in the top 20 cm soils for migration and migration regions in the study area.

various landscape types during 1982-2015. The SSA per unit area was
higher in planted forest than any other landscape type in 1982 and
2015, but the SSA per unit area of cropland increased most rapidly
over this period.

Comparing the SSA per unit area with artificial and natural land-
scapes for the same period showed that the increasing intensity of SSA
per unit area was significant in both irrigated and non-irrigated land-
scapes during 1982-2015 (Fig. 7). The SSA per unit area in irrigated
land was <0.75 kg/m? in the migration region, but > 1.4 kg/m? in the ac-
cumulation region. Similarly, The SSA per unit area in non-irrigated land
was <0.96 kg/m? in the migration region, but >1.59 kg/m? in the
accumulation region. In both 1982 and 2015, the SSA per unit area
was 0.06-0.22 kg/m? higher for non-irrigated than irrigated land. The
increase in the SSA per unit area during 1982-2015 varied from
0.45 kg/m? in irrigated land to 0.17 kg/m? in non-irrigated land (more
than double) (Fig. 7). However, the SSA per unit area differed consider-
ably between the migration and accumulation regions (Fig. 7). In the
migration region, relative to 1982 levels, SSA per unit area increased
by 0.1 kg/m? in irrigated and 0.23 kg/m? in non-irrigated land. During
the same period, in the accumulation region, the corresponding SSA
per unit area increased by 0.29 and 0.17 kg/m?. The conversion of natu-
ral landscape to crop land in arid areas clearly affected SSA per unit area
changes in time and space.
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4. Discussion
4.1. Spatial variation of soil salinity in the watershed

The spatial variation of soil salinity is generally great, and its average
levels often reflect topography (Utset and Borroto, 2001). Our data
suggested that salt content in the surface soil of the studied area varied
greatly at the watershed scale in 1982 and 2015 (Table 1). Water in soil
is the key driver for soil salinity transport and change. Environmental
factors such as topography, climate and hydrological conditions can
directly affect water movement in soil, and promote the exchange of
salt ions in soil solution (Utset and Borroto, 2001). In our study area,
elevation was the primary factor affecting spatial variation of soil salt
content (Fig. 1) (Wang et al., 2008a). The elevation difference is up to
180 m. Furthermore, changes of land use could relatively rapidly affect
the salt content by altering the infiltration rate (Fang et al., 2005). The
study region has experienced severe soil salinization after land use
change in the past 30 years (Fig. S1 and Fig. 3). During 1982-2015,
human activities and land reclamation has converted transformed
natural landscape into planted and cultivated landscape, with an
increase in irrigated cropland (Fig. S1). These changes to irrigated land
may be the cause of the higher CV of soil salt content in 2015 than in
1982 (Table 1), which generally has strong spatial dependence in
topsoil (Liu et al., 2016; Cemek et al., 2007). The spatial variations of
soil salinity might be resulted by the impacts of human activities on
soil processes in the region (Wang et al., 2008a). Thus, robust spatial
autocorrelation of salt content in soil showed that its spatial depen-
dence was primarily caused by structural factors (Table S1).

Spatial changes in soil salt content could be due to the impacts of en-
vironmental changes and human activities on soil processes, such as
crop sequences, agricultural irrigation, fertilizer, groundwater table
change, evaporation and precipitation (Bargaz et al., 2016; Wang et
al., 2008b). Spatial analyses showed that about 56% of studied area
had experienced changes in the degree of soil salt content during
1982-2015 (Table 2). Extremely likely changes occurred in 11.07% of
areas with soil salt content>6.5 g/kg, and significant and intense soil sa-
linity accumulation was shown in the whole study area, especially in the
lower watershed (Fig. 3). The accumulation of soil salinity in irrigated
cropland is the result of water loss through evapotranspiration which
increases concentrations of salts in the remaining water (Wichelns
and Qadir, 2015). Since the area of cropland has expanded remarkably
which requires more water for irrigation in the Sangong River water-
shed, the groundwater table and degree of groundwater mineralization
in the entire watershed have increased substantially, especially in the
lower part of the study area (Wang and Li, 2013), which has directly
led to soil salinization and the resultant higher evapotranspiration
(Han et al., 2011; Qadir et al., 2001).

4.2. The migration and accumulation regions of soil salinity across the
watershed

In this watershed, soil salt tends to be transported downward from
mountainous areas to the alluvial plains by snowmelt and surface and
sub-surface run-off and accumulates in the lower part (Wang and Li,
2013).Salinity was low in higher landscape positions in alluvial fans of
the watershed (Fig. S1 and Fig. 3) and in well drained soils that has
coarser soil texture (Metternicht, 2001). However, it is usually not
clear where the boundary lies between the migration and accumulation
regions. For this reason, we applied the methodology of the Lorenz
curve to distinguish between migration and accumulation regions
using the extensive data on soil salt content in the watershed, using lim-
ited parameter data for SI, and then addressed the characteristics of soil
salinity accumulation both in migration and accumulation regions. An
important requisite of the Lorenz curve approach is that the locations
of the soil salinity calibration sites for SI should first be ascertained as
representative values of soil salt content to compare with the reference
point of the outlet in the entire survey region. The Lorenz curve indicat-
ed that a sink landscape was present in the top 0-20 cm soil in the
Sangong River watershed (Chen et al., 2009). Lorenz curves describing
the proportions of soil salinity accumulation showed that the boundary
between soil salinity migration and accumulation regions was lower in
2015 than in 1982 (Fig. 4), suggesting a spatio-temporal inequality in
loading of the soil salinity transport region. This indicated a significant
process of soil salinity migration from the upper to the lower study
area during 1982-2015. Thus, the change in SSA per unit during
1982-2015 in the migration region was no significantly different from
that in the accumulation region (Fig. 5, p < 0.05). It is clear that there
is a tradeoff location for the migration and accumulation regions in
the watershed. These data suggest that cutoff points for Lorenz curves
would determine the boundary of regions of migration and accumula-
tion at the watershed scale. So, Lorenz curves were an appropriate
method to identify the region between soil salinity migration and
accumulation at the watershed scale.

4.3. Impact of land use change on SSA

Land use type has been shown to be a critical controller of soil ions
status and movement at the watershed scale (Wang et al., 2009). Farm-
land is the major part of inland basins in northwest of China, and their
changes are the key of sustainable development of agriculture (Wahap
et al.,, 2004). Human activities are the most important contributor for
the changes in agricultural landscape patterns (Fu et al., 2006). The im-
pacts of landscape pattern change on soil salinity are complex and differ
among land use types at different landscape scales (Daliakopoulos et al.,
2016). During 1982-2015, farmland dominated land use types in the
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Sangong River watershed, and land use change showed increasing
multiplicity and fragmentation (Fig. S1). The changes of land use
patterns also significantly affect the migration and accumulation of
soil salt ions (Fang et al.,, 2005; Tuteja et al., 2003). Farmland exploita-
tion significantly affects soil properties (Li and Shao, 2014; Jia et al.,
2011; Sveistrup et al., 2005), leading to variations in salt accumulation
in soil among land use types (Fig. 6).

Accurate spatial information concerning small changes in soil salin-
ity levels is important for many agronomic practices, such as fertilizer,
crop selection, tillage and irrigation. Appropriate agricultural practices
can improve soil quality to ameliorate salt accumulation in soil. These
practices include the appropriate crop covering, the plantation of salt
tolerance plant, the compost supplemented with trichoderma
harzianum (Mbarki et al., 2017; Yan et al., 2013). Arid areas are charac-
teristic of saline or alkaline soil and high evapotranspiration with low
precipitation. In this condition, over irrigation is proved to be an
efficient approach to control soil salinity in the process of agriculture
production LiH.Y. et al,, 2015; Li Y. et al,, 2015). Agricultural and planted
forest irrigation through the construction of ditches could induce water
imbalances at a regional level, and lead to great spatial variations of soil
salinity (Yu et al., 2009; Ritzema et al., 2008). Thus, over the last
30 years, soil salinization due to human activities has been intensified
in the study area, especially in irrigated land (Fig. 7). The amount of
land coverage affects the evaporation and soil salt content in the surface
layer (Sun et al., 2011). Regardless of migration or accumulation region,
the SSA per unit increased for all land use types, indicating a process of
soil salinization due to land use conversion. Indeed, natural factors
(such as climate) in arid zones can cause salt accumulation in surface
soil. It is challenging to accurately quantify the contribution of natural
and human factors influencing salt accumulation in soil under various
landscape changes for large spatial extents. Due to the complex rela-
tionship of soil salinity with soil water, the currently available informa-
tion concerning salt accumulation for inland basins is insufficient to
determine the contribution of salt accumulation at different landscape
scales from the change in a single land use type. In this study, we only
focused on soil salinity at the depth of top 20 cm. This didn't reflect
the soil salinity transport throughout soil profile. Future research should
introduce more variables to the variogram/kriging application to
address salt accumulation along soil profile at watershed scale.

5. Concluding remarks

Few studies have specifically addressed the issue of spatial change
for soil salinity accumulation at the watershed scale. Soil salinization is
a main issue for agricultural sustainability in China. This study examined
the spatio-temporal patterns of soil salinity accumulation of various
land use types in a typical watershed, which is located in an arid area
of northwest China. We found greater soil salinity accumulation in the
surface layers of all land use types in the Sangong River watershed
during 1982-2015. About 56% of the studied area experienced transi-
tion the degree of soil salt content from one class to another. Lorenz
curves describing the proportions of soil salinity accumulation showed
a spatio-temporal inequality in loading of the soil salinity transport re-
gion. Thus, the boundaries of salt migration and transport areas were
identified in this study. The dramatic accumulation of soil salinity in
all land use types was obvious in the agricultural watershed of this
arid region. The Lorenz curves and geostatistical analyses of soil salinity
advance our understanding of the spatio-temporal variations of soil sa-
linization in the long-term process of land use at the watershed scale.
This is a valuable way to identify the spatial regional change in soil salin-
ity accumulation. This study provides an insight into the spatial patterns
of soil salinity accumulation, which is especially useful for estimating
the region of spatial transport of soil salinity at the watershed scale.
According to the pattern of soil salinity accumulation under various
land use types in the watershed space, the spatial pattern of soil salinity
will help select reasonable utilization of agricultural water resources for

efficient management in environments that are regulated by salt.
Therefore, this information will be helpful for providing guidelines in
agricultural land use and so controlling soil salinization in arid land.
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