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ABSTRACT

Soil salinization has been a topic due to the widespread recognition of the food crisis and the shortage of
cultivated land resources in arid regions. Unfortunately, the evolution of soil salinization under the background
of landscape dynamics is rarely addressed due to the lack of spatial coupling techniques. Recent developments in
soil science and remote sensing technology provide the possibility for accurate management of land resources.
This study aims to explore the spatiotemporal variations of soil salinization by coupling the spatial distribution of
soil salinization and landscape patterns in the irrigated northern slopes of Tianshan Mountains. We graded soil
salinization levels based on analytic hierarchy process (AHP) method. The results indicated that the proportion of
salinized cultivated land in 2014 (32.11%) was higher than that in 2005 (28.11%). We argue that simply
quantifying the changes of soil salinization can neither accurately reflect the effectiveness of salinized cultivated
land management nor meet the need for land resource planning. In response to these shortcomings, the evolution
of soil salinization was explored in three categories, i.e., “stable cultivated land”, “increased cultivated land”, and
“decreased cultivated land”. We found that the proportion of soil salinization in stable cultivated land has
dropped considerably from 38.11% in 2005 to 29.22% in 2014. This number in the increased cultivated land
(59.11%) is much higher than that of the whole study area. These results are expected to benefit local authorities

and assist in alleviating the food crisis in arid regions.

1. Introduction

Soil salinization refers to the salinity of the bottom soil or ground-
water rises to the surface with capillary water (Nativ et al., 1997; Dru-
hanetal., 2008; Xiao et al., 2019). After the evaporation process, the salt
accumulates in the surface soil. Soil salinization is regarded as a com-
bined effect of human factors and natural factors on the earth system,
threatening nearly 20% of irrigated agriculture in the world (Adejumobi
et al., 2016). It is worse in arid regions where 30% of the irrigated
agriculture is in saline (Li et al., 2014), leading to declined crop pro-
ductivity, land degradation, and reduced biodiversity (Daliakopoulos
etal., 2016; Yang et al., 2019). To make things worse, the world is on the
verge of the worst food crisis in at least 50 years (Asiedu et al., 2020).
Nearly 690 million people suffered from hunger in 2019, an increase of
10 million compared with 2018 and an increase of nearly 60 million
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compared with 2014 (FAO, 2020). Kansiime et al. (2021) estimated that
the number of chronically hungry people might increase by more than
130 million due to the Coronavirus Disease 2019 (COVID-19) and Af-
rican locust plague at the end of 2020. In the context of a potential global
food crisis, the evolution of soil salinization (referring to the range of
cultivated land in this study) is important to the sustainable develop-
ment of the irrigated agriculture and food security in arid regions.

For several decades, many efforts have been made to properly
evaluate soil salinization (Shao et al., 2019a). The development of soil
salinization evaluation methods in existing literature can be divided into
three main stages: 1) sample analysis method, 2) geophysical pro-
specting test method, and 3) remote sensing (RS) technology (Funakawa
et al., 2000; Gebremeskel et al., 2018b; Li et al., 2018; Shao et al.,
2019b). In this session, we focus on reviewing the works in the third
stage, i.e., mapping soil salinization using RS techniques. Khan et al.

Received 23 February 2021; Received in revised form 17 June 2021; Accepted 21 June 2021

Available online 1 July 2021
0341-8162/© 2021 Elsevier B.V. All rights reserved.


mailto:shaozhenfeng@whu.edu.cn
www.sciencedirect.com/science/journal/03418162
https://www.elsevier.com/locate/catena
https://doi.org/10.1016/j.catena.2021.105561
https://doi.org/10.1016/j.catena.2021.105561
https://doi.org/10.1016/j.catena.2021.105561
http://crossmark.crossref.org/dialog/?doi=10.1016/j.catena.2021.105561&domain=pdf

Q. Zhuang et al.

(2005) monitored the irrigated saline soil in Faisalabad, Pakistan, using
data from the Indian Remote Sensing Satellite (IRS-1B). The application
of hyperspectral remote sensing images benefits the identification and
analysis of surface minerals and vegetation in salinized areas. It pro-
motes a more accurate assessment of soil salinization (Dehaan and
Taylor, 2002). Microwave remote sensing based on the relationship
between EC and soil salinity (Aly et al., 2007), is another effective means
to evaluate soil salinization. In general, the advantage of remote sensing
technology lies in the existence of valuable historical data formed during
the long-term earth observation process, providing data support for the
long-term, large-scale dynamic monitoring of soil salinization (Jiang
and Shu, 2019; Shao et al., 2020a).

Detecting and simulating dynamics of the land system plays an
important role in understanding the environmental effects of human
activities (Lambin, 2006; Zhang et al., 2020; Shao et al., 2020b). After
ending the Land-Use and Cover-Change Project (LUCC) in 2005, the
International Geosphere-Biosphere Programme (IGBP) and the Inter-
national Human Dimension Programme (IHDP) jointly launched the
Global Land Project (GLP) in 2006 (IGBP, 2005). GLP, aiming to un-
derstand the human-environment coupling system, emphasizes
comprehensive integration and simulation research of the human-
environment coupling system in the global terrestrial system (Liu
et al., 2020). Existing studies have shown that changes in landscape
patterns are responsible for the heterogeneities in geophysics and
geochemical cycles (Bordonal et al., 2017; Gao and O’Neill, 2020), and
they can also lead to changes in soil properties and land productivity,
thereby greatly affecting soil conditions (Wang et al., 2019). Soil sali-
nization, as one of the important causes of cultivated land degradation,
is also affected by the negative feedback of landscape pattern changes (e.
g., unorganized urbanization) (Smith et al., 2016). Therefore, exploring
the evolution characteristics of soil salinization under the background of
landscape patterns is expected to facilitate the understanding of the
pressure from human activities on cultivated land resources.

Arid regions, accounting for 41% of the world’s land area, are home
to 38% of the population in the world (Yaseen et al., 2020). Given their
sensitivity to climate change, arid regions deserve more attention, as
they tend to own the most fragile landscape ecosystem and the most
serious soil salinization issues (Jiang et al., 2019; Zhuang et al., 2020).
The huge population, coupled with the fragile ecosystem, creates severe
soil salinization in the arid regions (Huq et al., 2019; Jordan et al.,
2010). Existing studies are limited, as they tend to focus on the impact of
landscape pattern dynamics from a certain soil factor. Although these
studies explained the ecological and geochemical effects of land use
changes (Bless et al., 2018; Islam et al., 2019; Lakhdar et al., 2009), few
comprehensively evaluate the effects of soil salinization under the
background of landscape patterns. To fill this gap, we aim to provide
important scientific references to formulate land planning policies in
arid regions.

In this study, the landscape patterns obtained by land satellite
(Landsat) images were used for monitoring the dynamics of cultivated
land. Taking the northern slope of Tianshan Mountains as the study
region, we combined a large number of soil samples to identify the
spatiotemporal characteristics of soil salinization. In this study, we aim
to: (i) assess the level of soil salinization through a new regionally
applicable method; (ii) explore the evolution characteristics of soil
salinization from 2005 to 2014; (iii) investigate the impacts of landscape
pattern changes on soil salinization; (iv) identify the effectiveness of soil
salinization control and the sustainable development planning of oasis
agriculture in arid regions.

2. Methods and material
2.1. Study area

The northern slope of Tianshan Mountains, located in the hinterland
of the Eurasian continent, is a long and narrow area along the Tianshan

Catena 206 (2021) 105561

Mountains at 42°50'N-46°12'N and 79°53'E-92°06’E (Fig. 1). It is about
14.66 x 10* km? in size, accounting for 8.78% of the area of the Xinjiang
Province. The climatic features are characterized by cold and long in
winter, hot and dry in summer, and large temperature differences be-
tween day and night. According to the statistics of the meteorological
stations from 2005 to 2014 (http://data.cma.cn/), the average annual
precipitation, mainly concentrated in May and June, is between 150.13
and 360.81 mm. Precipitation varies greatly in different sub-regions
(richest in the west sub-district and lowest in the east sub-district).
The average annual temperature is between 4.5 and 7.0 °C (highest in
July at 23.7 °C, lowest in January at —10.4 °C).

As one of the huge mountain series in central Asia, the Tianshan
Mountains span many countries. The northern slope of the Tianshan
Mountains is mainly composed of Jurassic strata with its front moun-
tains and low hills covered by loess. This has caused differences in the
geographical location and natural conditions of the sub-areas. These
sub-areas are under the jurisdiction of different administrative units. As
a result, differences in policies, culture, and other directions have been
caused, which show different patterns of land resource utilization. Some
studies have been carried out on the eastern, central and western parts of
the northern slope of Tianshan Mountain. This study can provide them
with more data references. With the complex diversity of climate, ge-
ology, and geomorphology, the soil structure in the study region pre-
sents a vertical distribution pattern as a whole. Severe soil salinization
occurs in the irrigated areas, posing a great threat to local food security.
Meanwhile, rapid urbanization also endangers cultivated land. Given
the above reasons, we decided to explore the evolution of soil saliniza-
tion under the background of landscape patterns in this area.

2.2. Methods

The evaluating methodology of soil salinization under the back-
ground of landscape patterns was established (Fig. 2). Firstly, the
Random Forest method is used to obtain land cover/land use data from
Landsat images. This classification results passed the accuracy verifi-
cation. Secondly, the collected soil data is tested in the laboratory.
Thirdly, we used the Delphi method to select 6 out of 14 indicators that
appeared in previous studies to evaluate soil salinization. Fourthly, we
explored the spatiotemporal changes of landscape patterns and soil
salinization during the study period. Finally, the evolution characteris-
tics of soil salinization under the background of landscape patterns were
explored via Transfer Matrix method.
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Fig. 1. (a) Location of the northern slope of Tianshan Mountains in China; (b)
distribution of sampling points in study area (Boundary information was ob-
tained from the Ministry of Natural Resources of China, Approve number: GS
(2019)1682). The red lines represent the boundary line between the east,
central, and west sub-district of the northern slope of the Tianshan Mountains.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Technological process for evaluating of soil salinization under the background of landscape patterns.

2.2.1. Soil samples

Soil samples were obtained in May 2005 and May 2014 (not-crop
growth period). The specific spatial distribution of 73 sampling points
(16 in the east sub-district, 44 in the central region, and 13 in the west
sub-district) can be found in Fig. 1. The depth of the sampling points
ranges from 20 cm to 30 cm. A total of five repetitive samplings were set
at each sampling point. We avoided the sidewalks, ditches, and micro
terrains during sampling. More details can be found in Fig. S1 and
Fig. S2. Specifically, we conducted a parallel laboratory analysis on nine
indicators, i.e., total salt (TS),pH, Cl,S0%~, Ca*", K*, Mg?", Na*, and
HCOj3. The testing method and results are shown in Table S1.

2.2.2. Interpretation of landscape patterns

Six major landscape patterns (i.e., wood land, grass land, cultivated
land, water body, construction land, and barren land) were extracted
from Landsat images via the Random Forest method (Hoffman et al.,
2018). The satellite images were captured on June 12, 2005 and August
31, 2014, with 18 sceneries in each phase. The classification accuracy
was evaluated via overall accuracy and kappa coefficient. The overall
accuracy, representing the probability that the classification result of
each random sample is consistent with the actual value of the corre-
sponding region, suggests the proportion of pixels that are correctly
classified for LUCC categories (Bai et al., 2019). The kappa coefficient,
considering both the correct and the incorrect pixels, was used to
characterize the degree to which the two maps agreed (derived

categories are consistent with Google Earth high-resolution images,
field-measured data, or credible classifications). A kappa coefficient
greater than 0.75 generally indicates a good agreement between the two
images (Tang et al., 2015). A total of 134 random points were generated
on both Landsat images and reference data to evaluate the classification
accuracy. We found that the overall accuracy was 92.00% in 2005 and
92.26% in 2014. The kappa coefficient was 0.89 in 2005 and 0.90 in
2014. Both overall accuracy and kappa coefficient indicated that the
classification result was reliable.

2.2.3. Mapping soil salinization

Based on the classification system of soil salinization in the second
soil survey in Xinjiang, this study established an assessment method for
soil salinization via the analytic hierarchy process (AHP) method in the
irrigated northern slopes of Tianshan Mountains.

The selection of evaluation indicators is the most important step in
the process of mapping the spatial distribution of soil salinization
(Fig. S3). We selected 4 factors with the greatest impact on soil salini-
zation, i.e., TS, pH,Cl~, andSO3~, using the principal component analysis
(PCA) method (Table 1). We used the digital elevation model (DEM) and
slope to express the natural conditions of cultivated land, given the fact
that natural conditions of cultivated land also have a great influence on
soil salinization. DEM and slope data were collected from the Resource
Environmental Science and Data Center, Chinese Academy of Sciences

(http://www.resdc.cn).
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Table 1
Gradings of soil salinization classification indicators.
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Guidelines Indicators Scoring standard
100 80 60 40 20 0
Soil conditions TS (g/kg) <3.5 3.5-5.0 5.0-6.0 6.0-8.5 8.5-10.0 >10.0
pH <8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-10.5 >10.5
CI™(g/kg) <7.0 7.0-9.0 9.0-13.0 13.0-16.0 16.0-20.0 >20.0
SO%,(g/kg) <8.0 8.0-10.0 10.0-15.0 15.0-20.0 20.0-25.0 >25.0
Natural indicators DEM (m) 0-500 500-1000 1000-1500 1500-2000 2000-2500 >2500
Slope (°) <1.0 1.0-3.0 3.0-5.0 5.0-7.0 7.0-10.0 >10.0
Further, the ordinary kriging method was used to visualize the
selected factors of 50 sampling points. We used the remaining 23 sam- Table 2 . o o o
. . . S . Area and proportion of soil salinization within different sub-districts in 2005.
pling points to verify the results of the spatial visualization. The Pearson
correlation coefficients between the verified and simulated values of TS, Grade Regions
pH,CL, andSO?{are 0.921, 0.873, 0.705, and 0.719, respectively, sug- Eastern  Central Western  Total
gesting that the results of Spatial visualization have hlgh Credlblllty None Area (ka) 4918.67 8651.78 1829.42 15399.87
(Fig. S3). salinization Proportion 80.82 67.74 70.53 71.79
Finally, we obtained the score of soil salinization by aggregating the ) o
scores Corresponding to each indicator: Ml]d. o Area (kl"n ) 980.80 3328.58 638.51 4947.89
salinization Proportion 16.11 26.06 24.62 23.06
n (%)
score = Z F, 6h) Moderate Area (km?) 18658  791.01 12566  1103.25
i=1 salinization Proportion 3.07 6.19 4.85 5.14
(%)
where F; refers to the score of the i-th factor; n represents the number of Severe Area (km®) 0.28 1.16 0.00 1.44
factors. A higher score suggests cultivated land with lighter soil salini- salinization ?O;I;POTUOH 0.00 0.01 0.00 0.01
. . . . . ] . 0.
zz.m.OH. To .bette?r .unqerst’and the distribution of' soil salinization, we Total Area (km?) 6086.33 1277253 2503.50  21452.45
divided soil salinization into four levels according to the score. The Proportion 28.37 59.54 12.09 100

specific grading standards are presented as follows: [0, 25] is defined as
severe salinization; (25, 50] is defined as moderate salinization; (50, 75]
is defined as mild salinization; (75, 100] is defined as none salinization.

2.2.4. Transfer matrix method

Proposed in the early 20-th century, the transfer matrix method as-
sumes that certain factors of a system are in transition, and the n-th
result is only affected by the (n-1)-th result (Hong et al., 1993; Kunst and
Dwivedi, 2019). We believe that this approach can reflect the follo-
wingchanges: (1) area of salinized cultivated land at different grades in
the two periods; (2) amount of salinized cultivated land at different
grades from the previous period to the next period; (3) number of sali-
nized cultivated land in the latter period was transferred from the pre-
vious period. The transfer matrix method is able to analyze the
quantitative and structural characteristics of regional landscape changes
and the specific directions of changes in various landscape patterns in a
comprehensive manner. More details of the transfer matrix method can
be found in Table S2.

3. Results
3.1. Distribution of soil salinization in cultivated land

3.1.1. Analysis of soil salinization in cultivated land in 2005

Based on the aforementioned assessment approach, we derived the
spatial distribution of soil salinization in cultivated land in 2005. We
observed that none salinization was dominant in the study area
(15,399.87 km?, occupying 71.19% of the total area of cultivated land)
in 2005. However, nearly 30% of cultivated land was threatened by soil
salinization, including mild salinization at 23.06%, moderate saliniza-
tion at 5.14%, and severe salinization at 0.01%.

Affected by natural factors (e.g., precipitation, temperature, and soil
conditions) and socio-economic factors (e.g., population, urbanization,
and policy), the amount of cultivated land varies greatly in sub-districts:
6,086.33 km? in east sub-district, 12,772.53 km? in central sub-region,
and 2,593.59 km? in west sub-district (Table 2). In the east sub-
district, the areas of mild salinization, moderate salinization, and

(%)

severe salinization were 980.80 krnz, 186.58 krnz, and 0.28 km?
respectively. The central sub-region had the largest area of salinized
cultivated land (4,120.75 kmz), occupying 32.26% of the total culti-
vated land. In this sub-region, mild salinization, moderate salinization,
and severe salinization respectively cover 3,328.58 km?, 791.01 km?,
and 0.28 km? In the west sub-district, salinized cultivated land
accounted for 29.47% of the total cultivated land. No severe salinization
occurred in the west sub-district.

The results pointed out the spatial homogeneity as well as hetero-
geneity in the distribution of soil salinization. In the study area and
within each subdistrict, cultivated land with none salinization occupies
was dominant, followed by mild salinization. While cultivated land with
severe salinization covers the least areas. However, we observed that
areas and proportions in cultivated lands with different salinization
severity present different patterns within each subdistrict. Therefore,
when formulating salinization treatment policies, it is necessary to
consider the regional discrepancies.

3.1.2. Analysis of soil salinization in cultivated land in 2014

The distribution of soil salinization in 2014 was similar to that in
2005 (Fig. 3). None salinization was still dominant in study area
(occupying 67.89%). Soil salinization was largely confined to the central
sub-region (5,186.05 km?, occupying 66.61% of the total area of soil
salinization).

By comparing the two time periods, we find considerable differences
in the quantity and composition structure of cultivated land. For
example, the total area of cultivated land was increased by 2,794.11 km?
(from 21,452.45 km? to 24,246.56 km?). With the increased cultivated
land, however, the amount and the proportion of salinized cultivated
land have increased considerably (6079.62 km?, occupying 28.34% in
2005; 7785.17 km?2, occupying 32.11% in 2014). We attempt to explore
the reasons for this worrying phenomenon in Section 3.2 and Section
3.3.

In 2014, the proportion of cultivated lands with soil salinization was



Q. Zhuang et al.

Catena 206 (2021) 105561

(a)

Legend
I Non salinization
I Mild salinization
I Moderate salinization

Il Severe salinization
Other lands

Fig. 3. (a) Distribution of soil salinization in cultivated land in 2014; soil salinization in the west (b), central (c), and east sub-district (d).

lowest in the east sub-district (1565.18 km?, accounting for 25.28% of
the area of cultivated land), including mild salinization with 1352.95
km? and moderate salinization with 212.23 km? (Table 3). Same as that
in 2005, the proportion of salinized cultivated land was also the highest
in the central sub-region (5186.05 km?, occupying 35.45%), most of
which were mild salinization (4695.62 km?2). In the west sub-district, the
proportion of none salinization was less than 70%, indicating that the
salinization problem is severer in this sub-district comparing to the
overall situation of the study area.

The above results reflect only the distribution of soil salinization in
terms of quantity, which is not sufficient to provide reasonable sug-
gestions for the potential mitigation measures targeting the soil salini-
zation problem. Therefore, we further discuss the spatiotemporal
characteristics of soil salinization in the next sessions.

Table 3
Area and proportion of soil salinization within different sub-districts in 2014.
Grade Regions
Eastern  Central Western  Total
None Area (km?) 4626.32  9443.79 2390.85 16460.96
salinization Proportion 74.72 64.55 69.80 67.89
(%)
Mild Area (km?) 1352.95  4395.62 834.64 6583.21
salinization Proportion 21.85 30.05 24.37 27.15
(%)
Moderate Area (km?) 212.23 789.37 199.23 1200.83
salinization Proportion 3.43 5.39 5.82 4.95
(%)
Severe Area (km?) 0.00 1.06 0.50 1.56
salinization Proportion 0.00 0.01 0.01 0.01
(%)
Total Area (km?) 6191.50 14629.84  3425.22 24246.56
Proportion 24.55 62.54 12.91 100

(%)

3.2. Dynamics of soil salinization in cultivated lands from 2005 to 2014

We found observable transition among soil salinization of different
levels from 2005 to 2014 after investigating the spatiotemporal map of
soil salinization and interpreting the results from the transfer matrix. In
terms of spatial distribution, there existed mutual transfer among
different degrees of soil salinization in cultivated land and strong
changes between cultivated land and other landscape patterns (Fig. 4).

We found that cultivated land with none salinization decreased by
485.73 km?, most of which was converted to other land use types
(472.79 km2), a small amount was converted to mild (11.37 km?) and
moderate salinization (1.57 km?) (Table 4). Newly identified none
salinized cultivated lands cover 1546.82 km? 53.35 km? of mild soil
salinization and 27.32 km? of moderate salinization were transformed
into none salinization. Despite that the net increase in none salinization
was 1061.09 km?, a large amount of high-quality cultivated land was
converted to other landscapes, mainly including construction land and
grassland. The farmland abandonment resulting from urbanization de-
serves further attention.

Mild salinization was dominant in cultivated land (81.75% in 2005
and 84.56% in 2014). The net increase in mild salinization was 1575.32
km?. 53.35 km? of mild salinization was converted to none salinization
(53.35 kmz), and 246.01 km? was converted to other landscapes
(246.01 krnz). Meanwhile, 82.70 km? of moderate salinization and
1857.51 km? of other landscapes were converted to mild salinization.
Compared with none/mild salinization, cultivated lands with moderate
and severe salinization pose great challenges in management and
improvement. After the implementation of some mitigation measures,
27.32 km? of moderate salinization was converted into none saliniza-
tion, and 82.70 km? was converted to mild salinization. Despite the
promising results from these treatments, we observed that area of newly
converted moderate salinization covers a considerably large space
(244.49 km?). Compared with other grades of soil salinization, the
proportion of severe salinization was very low. Converting cultivated
lands with severe salinization to woodland (e.g., Haloxylon
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Fig. 4. (a) Spatial transformation map of soil salinization in cultivated land from 2005 to 2014; transformation details of soil salinization in the west (b), central (c),
and east sub-district (d). Note: Non, none salinization; Mild, mild salinization; Mod, moderate salinization; Sev, severe salinization.

Table 4
Transfer matrix of soil salinization in cultivated land from 2005 to 2014 (unit: km?).
Year Grade 2014
Non Mild Moderate Severe Other Total Decrease
2005 None 14914.14 11.37 1.57 0.00 472.79 15399.87 485.73
Mild 53.35 4631.52 17.01 0.00 246.01 4947.89 316.37
Moderate 27.32 82.70 956.34 0.55 36.34 1103.25 86.91
Severe 0.00 0.11 0.32 1.01 0.00 1.44 0.43
Other 1466.15 1857.51 225.59 0.00 121624.78 125174.03 3549.25
Total 16460.96 6583.21 1200.83 1.56 122379.92 146626.48 \
Increase 1546.82 1891.69 244.49 0.55 755.14 \

ammodendron and Tamarix chinensis) can be a preferred option, given
the low cost of such conversion.

3.3. The response of landscape pattern changes to soil salinization

3.3.1. Spatiotemporal variations of landscape patterns

Changes in landscape patterns can produce a series of physical and
chemical effects. Fig. 5 presents the distribution, composition, and
spatial dynamics of landscape patterns in the study area. Despite the
notable discrepancies in landscape patterns in 2005 and 2014, their
distribution was rather similar. Taking 2014 as an example, the main
landscapes include grassland (60,326.92 km?, occupying 41.14% of the
study area), barren land (52,664.20 km?, occupying 35.92%), and
cultivated land (24,246.56 km?, occupying 16.54%). The remaining
three landscapes (including water bodies, construction land, and
woodland) accounted for 6.40% of the study area. We observed that
increased cultivated land is larger than the decreased cultivated land
(Fig. 5).

The transfer matrix of landscapes was obtained by overlaying the

landscape dataset from 2005 to 2014 (Table 5). The statistical results
showed that the landscapes had undergone tremendous changes. The
scales of conversion among various landscape patterns were notably
different.

We noted two phenomena. First, cultivated land encroached a large
amount of grassland (3187.66 kmz), accounting for 86.54% of the
increased cultivated land. This phenomenon can be explained by the
pressure of population and agricultural economy, which worried us as it
may bring huge challenges to the water resources and environmental
security in arid region. Second, cultivated land has decreased by 889.44
km?, of which 604.79 km? was converted into construction land. Lost
cultivated land were found concentrated around the urban fabrics,
suggesting that the process of urbanization poses a serious threat to
farmland and food security. The above results indicated that human
activities play an important role that drives the changes in landscape
patterns.

3.3.2. Comparative analysis of soil salinization in the conversion zones
To evaluate the changes and governance of soil salinization in
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Fig. 5. (a) Dynamics of soil salinization in the study area from 2005 to 2014; soil salinization dynamics from 2005 to 2014 in the west (b), central (c), and east sub-
district (d). Note: WOO, woodland; GRA, grassland; WAT, water body; CON, construction land; BAR, barren land; CUL, cultivated land.

Table 5
Transfer matrix of landscape patterns between 2005 and 2014 (unit: km?).
Year Patterns 2014
WOO GRA WAT CON BAR CUL Total Decrease
2005 WOO 3055.89 239.63 0.13 6.84 0.05 15.2 3317.74 261.85
GRA 52.47 55831.41 135.47 501.05 1041.61 3187.66 60749.67 4918.26
WAT 0.25 36.15 2803.96 5.75 162 4.83 3012.94 208.98
CON 0.92 6.11 2.87 1912.89 0.89 22.56 1946.24 33.35
BAR 5.41 3936.94 51.9 241.95 51457.94 453.3 56147.44 4689.5
CUL 3.77 276.68 2.49 604.79 1.71 20563.01 21452.45 889.44
Total 3118.71 60326.92 2996.82 3273.27 52664.2 24246.56 146626.48 \
Increase 62.82 4495.51 192.86 1360.38 1206.26 3683.55 \ \

Note: WOO, woodland; GRA, grassland; WAT, water body; CON, construction land; BAR, barren land; CUL, cultivated land.

cultivated land in a more accurate manner, we divided cultivated land
into three types: “decreased cultivated land”, “increased cultivated
land”, and “stable cultivated land”. “Decreased cultivated land” refers to
the cultivated land converted to other landscape types during the study
period (e.g., from cultivated land to construction land). “Increased
cultivated land” refers to the cultivated land converted from other
landscape types (e.g., from grassland to cultivated land). “Stable culti-
vated land” refers to the cultivated land that has not been eroded by
other landscape types.

The area of decreased cultivated land was 889.44 km? of which
cultivated land with none, mild, and moderate soil salinization
accounted for 86.05%, 8.72%, and 5.23%. Particularly, there were
considerable differences in the composition and structure of cultivated
land, which was converted into other landscapes. The areas, where
cultivated land converted into woodland, barren land, and water bodies,
were less than 10 km? Thus, they were not the focused analysis in this
study (Pillar 1, 3, and 5 of Fig. 6). Cultivated land converted into con-
struction land (604.79 km?) consisted of 93.86% none salinization,
3.08% mild salinization, and 3.05% moderate salinization (Pillar 2 of

Fig. 6). None salinization accounted for 73.73% of the cultivated land,
which was converted into grassland (276.68 km2) (Pillar 4 of Fig. 6). We
also observed that a certain amount of salinized cultivated land has
degraded into grassland (mild salinization accounted for 17.26%,
moderate salinization accounted for 9.00%). The above results indicated
that urbanization, coupled with the policy of “returning cultivated land
to grassland or woodland”, is largely responsible for the decrease in
cultivated land.

Compared with the decreased cultivated land, more increased
cultivated land has been reclaimed by encroaching other landscapes
(3683.55 km?). The cultivated land encroached on water bodies,
woodland, and construction land were rather trivial, and the converted
cultivated land was dominant by none salinization (Pillar 7, 8, and 10 of
Fig. 6). Among the cultivated land converted from barren land, none
salinization accounted for more than three-quarters, and the rest was
mainly categorized as mild salinization (22.23%) (Pillar 6 of Fig. 6).

The cultivated land converted from grassland was composed of soil
salinization of various grades , nearly half of mild salinization (46.81%),
a considerable amount of moderate (15.53%) and none salinization
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Fig. 6. Proportions of areas in four soil salinization categories (severe, moderate, mild, and none) in the decreased, increased, and stable cultivated land. Note: WOO,
woodland; GRA, grassland; WAT, water body; CON, construction land; BAR, barren land; CUL, cultivated land; Non, none salinization; Mild, mild salinization; Mod,

moderate salinization; Sev, severe salinization.

(35.33%), and severe (2.33%) salinization (Pillar 9 of Fig. 6). The grades
of salinization of “increased cultivated land” are determined by many
factors, e.g., the initial attributes of the land, management modes, and
other factors. We further explore the impact of various influencing
factors on soil salinization in the discussion section.

“Stable cultivated land” has an area of 20,563.01 km?. After ten years
of treatment, we observed that the proportion of mild, moderate, and
severe salinization had decreased significantly (Pillar 11-12 of Fig. 6).
Mild salinization decreased by 4.38% (30.08% in 2005 and 25.70% in
2014), moderate salinization dropped from 7.91% to 3.47%, and severe
salinization was reduced from 0.12% to 0.06%. These results indicated
that the treatment of soil salinization in stable cultivated land was very
effective in the past ten years.

4. Discussion
4.1. Soil salinization in arid regions

This study aims to explore the potential impact o landscape dynamics
on soil salinization. With the increasing trend of global warming, soil
salinization in low and middle-latitude regions has become increasingly
prominent (D’Odorico et al., 2013). Soil salinization in some countries
(e.g., the United States, China, Hungary, and Australia) is becoming
severe. In northern and eastern Africa, South America, the Middle East,
Central Asia, and South Asia, soil salinization is expected to be worsened
(Acosta et al., 2011), posing threats to agricultural development and
food security as well as causing a variety of issues that include land
desertification and land degradation (Muyen et al., 2011).

As discussed in the literature review session, many efforts have been
made on the evaluation of soil salinization, and most of these studies
choose arid regions as targets (Rath and Rousk, 2015). El Harti et al.
(2016) proposed a new soil salinity index (OLI-SI) to monitor saliniza-
tion in the Tadla plain in central Morocco by using spectral indices
derived from Thematic Mapper (TM) and Operational Land Imager (OLI)
data. Farzamian et al. (2019) used electromagnetic instruments to
measure the soil apparent electrical conductivity (EC,), which was then
inverted to generate electromagnetic conductivity images, providing the
vertical distribution of the soil electrical conductivity. Wang et al.
(2020) established a comprehensive scoring system for evaluating the

risk of salinity in the dry and wet seasons in the Ebinur Lake Wetland
National Nature Reserve (ELWNNR). We argue that solely relying on
remote sensing technology to quantitatively study soil salinization
usually fails to achieve desired results. Approaches that integrate remote
sensing technologies and ground measurements are preferred.

The northern slope of Tianshan Mountains is a typical arid zone,
facing a serious threat of soil salinization. In this study, we established a
new comprehensive method to evaluate soil salinization. According to
the second Chinese national soil survey in 1985, the salinized cultivated
land in Xinjiang Province accounted for 30.85% of the total cultivated
land. This ratio is very close to the results of this study, which confirms,
to a large extent, the credibility of the evaluation results. Taking the year
2014 as an example, salinized cultivated land covered an area of
7785.60 km?, accounting for 32.11% of the cultivated land, a much
higher value compared to the national average level (6.62%) in China
(Tian et al., 2016; Zhang et al., 2020). Soil salinization was concentrated
in the central sub-region (5,186.05 km?, occupying 66.61% of the total
area of soil salinization). The spatial distribution of soil salinization
differs in arid and humid regions. For example, Yang et al. (2020)
studied the spatiotemporal dynamics of soil salinization in Shandong
Province from 1979 to 2016. They found the area of salinized cultivated
land was 255.74 km?, accounting for 11.30% of the cultivated land. Soil
salinization showed a concentrated distribution along the coastal plain
while scattered in the Yellow River flood plain and inland areas.
Comparing the statistics, it is clear that soil salinization in arid regions is
considerably severe than that in humid regions.

4.2. Mitigating soil salinization

Soil salinization mitigation has been a strategic goal for the sus-
tainable development of irrigated agriculture and the improvement of
environmental quality in arid regions (Akramkhanov et al., 2014).
Major mitigation measures of salinization include water conservancy
improvement (farmland drainage), agricultural improvement (drying
ridges and backfilling of other soil), chemical improvement (various
amendments), and biological improvement (salt-tolerant crops)
(Bagheri et al., 2019). This study suggests that remote sensing images
should be combined with ground surveys to build a regional spatial
database of soil salinization. The agricultural department should
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monitor soil salinization regularly by compiling salinization maps and
establish an early risk assessment mechanism. With existing irrigation
systems, biological and chemical measures should also be used to con-
trol soil salinization.

Without considering the dynamics in landscape, soil salinization
cannot be estimated in a comprehensive and accurate manner (Gebre-
meskel et al., 2018a). In this study, we calculated the proportions of four
soil salinization categories (i.e., severe, moderate, mild, and none) in the
decreased, increased, and stable cultivated lands. The soil salinization in
stable cultivated land can best reflect the effectiveness of treatment. The
results indicated that the proportions of mild (from 30.08% to 25.70%),
moderate (7.91-3.47%), and severe salinized cultivated land
(0.12-0.06%) had decreased significantly during the study period
(Fig. 6). We acknowledge that great improvement of soil salinization has
been achieved in the past ten years. We need to continue the imple-
mentation of various mitigation measures while keep investigating the
evolution of soil salinization under the background of landscape
dynamics.

4.3. Implications for land resource management in arid regions

Numerous traditional studies have analyzed the heterogeneity of soil
salinization in different landscape patterns (Chen et al., 2019; Khong-
nawang et al., 2020; Yang et al., 2019). However, few studies clarify the
impact of landscape pattern changes on soil salinization. In this study,
we found that changes in landscape patterns are responsible for the
transformation of the grades of soil salinization (usually, this process is
irreversible). Our results indicated that the proportion of soil saliniza-
tion was only 13.96% (mild salinization occupying 8.72% and moderate
salinization occupying 5.24%) in the decreased cultivated land. How-
ever, the proportion of salinized cultivated land reached 59.11% (mild
salinization occupying 43.58%, moderate salinization occupying
13.51%, and severe salinization occupying 2.02%) in the increased
cultivated land (Fig. 6). Obviously, the proportion of soil salinization in
the increased cultivated land was much higher than that in decreased
cultivated land. The proportion of soil salinization in stable cultivated
land decreased by 8.89% (38.11% in 2005 and 29.22% in 2014).

The findings in our study provide enough evidence to prove: (1)
improvement of soil salinization in stable cultivated land is effective; (2)
most of the decreased cultivated land in the process of urbanization is
high-quality cultivated land (cultivated land with an area of 604.79 km?
was converted to construction land); (3) the increased cultivated land
was a decisive factor for the increase in soil salinization. These findings
provide scientific references for the improvement of soil salinization and
the management of land resources in arid regions and are of great value
for the food security and the sustainable development of irrigated
agriculture in arid regions.

4.4. Limitations and prospects

We need to acknowledge some minor limitations. First, we combined
remote sensing technology with ground measurement to evaluate the
salinization level. However, the potential of intelligent statistical anal-
ysis should be explored. Second, the driving factors of soil salinization is
still a complex and difficult task. Further studies need to acknowledge
the multi-faceted nature of soil salinization and evaluate this problem
from other perspectives.

Recent years have seen the rapid development of deep learning
techniques. Numerous deep learning based estimation models of soil
salinization have been established. Remote sensing technology and
machine learning algorithms are expected to benefit large-scale soil
salinization monitoring, providing a great opportunity for the develop-
ment of intelligent irrigation.
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5. Conclusion

Soil salinization, resulting from a combined effect of human factors
and natural factors, poses a great threat to the sustainable development
of the agricultural system and is responsible for declined crop produc-
tivity, land degradation, and reduced biodiversity. Contradiction exists
between the growing demand for food and the inhibition of soil salini-
zation on productivity. This study demonstrated that landscape chang-
ing dynamics have a great influence on soil salinization, providing
important references for coordinating cultivated land resources and
tackling the urgency of food security. The following conclusions were
justified by the results of this study.

Firstly, we established a classification method for soil salinization
based on AHP. We derived the spatial distribution of soil salinization in
the two different phases (2005 and 2014) in the irrigated northern
slopes of the Tianshan Mountains. Cultivated lands with soil accounted
for a relatively high proportion of the total cultivated land area (28.21%
in 2005 and 32.11% in 2014). One of the major contributions of this
research lies in the detailed analysis of the spatiotemporal heterogeneity
of soil salinization from three different types of cultivated lands, i.e.,
stable cultivated land, decreased cultivated land, and increased culti-
vated land. We found that the proportion of soil salinization decreased
by 8.89% (38.11% in 2005 and 29.22% in 2014) in stable cultivated
land. None salinization category was dominant in decreased cultivated
land, occupying 86.05% of the total area of decreased cultivated land.
The proportion of soil salinization in increased cultivated land was
59.11%, with mild, moderate, and severe salinization accounting for
43.58%, 13.51%, and 2.02%, respectively.

This study investigated the spatiotemporal characteristics of soil
salinization under the background of landscape patterns in the irrigated
northern slopes of the Tianshan Mountains, enriching the scientific
connotation of the sustainable development of agriculture in arid re-
gions. By linking the spatiotemporal landscape dynamics with soil sali-
nization, we provided scientific evidence that potentially benefits local
authorities and assists in tackling the severe food security issue in the
study region.
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