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Abstract: The problem of desertification in the Tarim Basin, an area with a unique geography and
climatic conditions, has received extensive research attention not only in China but also around the
world. Between natural factors and human activities, the latter are considered the main cause of
desertification, with the excessive use of land resources accelerating its risk. This study classified
the degree of desertification into five types, no, light, moderate, severe, and extremely severe de-
sertification, and focused on the spatio-temporal changes in LULC, desertification development,
and their relationship in the Circum-Tarim Basin during the period of 1990-2020, and the results
indicated the following. (1) Over the 30-year study period, farmland development was frequent in
the basin. The total farmland area increased significantly by 1.40 x 10* km?, which resulted from
the occupation of grassland (mainly low-covered and medium-covered grassland) and unused land
(mainly saline—alkali land). (2) There was a general alleviation of the effects of desertification, but
also local deterioration. The area of no-desertification land has significantly increased (an increase
of 2.10 x 10* km?), and the degree of desertification has shifted significantly to adjacent lighter
degrees, but the area of extremely severe desertification in certain regions has increased (an increase
of 7.89 x 10* km?). (3) There was an inseparable relationship between LULC and desertification.
Oasisization and desertification were two processes that interacted and were interrelated. There was
an approximately 54.42% increase in no-desertification land area mainly occurring in the region where
LULC types changed (Region II), although this area only accounted for 9.71% of the total area of the
basin. There was an approximately 98.28% increase in the area of extremely severe desertification
occurring where there were no changes in LULC types (Region I). Region II demonstrated the best
effects of desertification prevention and control in the 30-year study period in the Circum-Tarim
Basin. Land development and oasis expansion have led to concentrated water use, resulting in water
scarcity in certain areas, which cannot support the needs of vegetation growth, thus aggravating
the degradation. Hence, “adapting measures to local conditions, rational planning, zoning policies,
precise prevention and control” will be the way forward for desertification control in the future in the
Circum-Tarim Basin.

Keywords: desertification; Land Use/Land Cover; the Circum-Tarim Basin; desertification control;
spatial-temporal process

1. Introduction

Desertification can be defined as land degradation in arid, semi-arid, and dry sub-
humid areas due to the negative impacts of human activities and climatic variations [1],
and it seriously affects and disturbs the survival and sustainable development of human
society [2]. Indeed, desertification is one of the most serious ecological and environmental
problems in the world. The total area of global drylands accounts for around 41.00% of the
Earth’s land surface and is home to more than 38.00% of the global population (6.5 x 10°
in 2013) [3]. Desertification could bring various negative consequences, such as the loss
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of soil resources, increased soil salinity and toxicity, changes in vegetation composition,
and so on [4-6], thus further affecting the beautiful home on which humanity relies for
survival [7,8]. In the early 1990s, the United Nations Convention to Combat Desertification
Conference on Desertification focused global attention on combating desertification [2]. In
the 21st century, the Millennium Ecosystem Assessment was launched in 2001, and the
2030 Agenda for Sustainable Development was established by the UN in 2015. Both of
these efforts emphasized the importance of linking the ecosystem services provided by
deserts and desertified land to human well-being [9-11].

The occurrence and development of desertification are accompanied by the history of
human civilization, and the human-land system formed by the interaction between human
activities and the natural environment is largely reflected in the mode and extent of human
use of land [12]. For most of the history of human civilization, natural resources and the
environment have determined the mode of land use. However, in the modern era, due to the
increase in the world population and the progress of science and technology, the demand
for the utilization of natural resources has increased sharply, and the subjective initiative
and regulation of human activities have been enhanced in the human—earth relationship.
In many cases, this represents an advance in the efficient use of resources. However,
the unreasonable use of resources and the environment affects the process of changes in
resources and the environment to varying degrees, causing or even controlling adverse
gradients or mutations in resources and the environment, such as increased greenhouse
gas emissions [13], river cutoff [14], and soil erosion [15]. Desertification is a more obvious
example, and land and its related issues have always attracted great concern. As early
as the 1920s, when conducting research on the agricultural society of the Great Plans in
the United States, Webb [16] pointed out that land use types were determined by the
degree of local drought. This is the earliest known exploration of land use processes and
change mechanisms from a socio-economic perspective without considering other human
factors [17]. In the century since, the impact of human activities on land degradation
due to changing surface vegetation, land use types, and other factors has been a constant
focus of exploration. There is research highlighting that unreasonable land use puts
desertification in the process of development [18-21], and rational and efficient land use
is the fundamental solution to achieving sustainable development and desertification
prevention in affected areas [22]. Therefore, studies around the world have summarized
many successful experiences in desertification prevention and control [23-25], especially in
China, where numerous cases of successful desertification control have emerged [26].

China is one of the countries most severely affected by desertification; from 1950 to
2000, there was a significant increase in desertified land areas, with a nearly three-fold
expansion from 1.37 X 10° to 3.85 x 10° km?2 [27]. In northern China, the climate is arid,
natural resources are scarce, and utilization is difficult. In the past two centuries, especially
since 1950, population growth and the expansion of social demand have increased the
pressure on land resource utilization, undermined the rationality of traditional land use,
and are the leading human factors in the occurrence and development of desertification [12].
Zhu and Liu [28] pointed out that, in China, the total area of desertified land caused by
excessive farming, grazing, logging, industrial and mining transportation, urban construc-
tion, and the improper use of water resources was 16.66 x 10* km?. From 1950 to the early
21st century, the rapidly developing regions of desertification in China were concentrated
in the agricultural pastoral transitional zone and the grassland pastoral zone north of it,
the semi-arid rain-fed agricultural zone, and the oasis-irrigated agriculture and desert
transitional zone [12,29]. Recent studies have indicated that desertification will occur on
the edges of the desert; however, dryland areas that are not close to the edges of the desert
may also be at risk of desertification [30,31].
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Xinjiang is an arid region with sparse and unevenly distributed precipitation, and
unused and hard-to-use land accounts for 61.51% of the total land area [32]. Currently, the
fragile ecosystem causes the land to be susceptible to desertification. In Xinjiang, there are
more than 800 large and small oases, accounting for 4.27% of the total land area and carrying
more than 95.00% of its population. In comparison, the deserts and Gobi area account
for 47.70% of the total land area, where the oases are separated and surrounded by these
deserts and the Gobi area, causing the oases to be unstable [33,34]. Until the end of 2019, an
area of approximately 106.86 x 10* km? was suffering from desertification, accounting for
64.18% of the total area of Xinjiang (41.52% of the total desertification land area in China).
According to the results of the Sixth Desertification and Sandy Desertification Monitoring
by the National Forestry and Grassland Administration and the Xinjiang Autonomous
Region, the area of desertification and sandy desertification in Xinjiang achieved a double
reduction for the first time in 2019. However, desertification and sandy desertification in
some areas are still on the rise, and the desertification problem in Xinjiang is typical and
representative in China and even the world.

The Tarim Basin, the largest inland basin in China (5.30 x 10° km?), is the area with
the widest and heaviest distribution of desertification land in Xinjiang, and it is considered
the hotspot for desertification research among all existing studies. Affected by regional
climatic and environmental factors, the ecosystem around the Tarim River is fragile, and
its function is limited [35]. The vast oases surrounding the basin are the areas that people
of all ethnic groups in southern Xinjiang rely on for survival. However, these areas are
also heavily disturbed by human activities, and the consequent desertification issues have
attracted much attention [35,36]. In recent decades, factors such as population growth and
excessive utilization of water resources have triggered potential factors for land degra-
dation, accelerating land desertification, and soil salinization. This has become the main
threat to the stability and safety of oases, seriously restricting the ecological environment
construction and sustainable socio-economic development of the region [37-40]. From 1949
to 2002, the population in the Tarim Basin grew from 3.00 x 10° t0 9.00 x 10, which led
to a significant increase in farmland area and water consumption; in addition, the main
reaches of the Tarim River continually shrank, and the annual water volume declined from
about 5.00 x 10° m? in the 1950s to 4.20 x 10° m? in the 1990s [41,42]. In this area, since
the 1950s, large-scale reclamation in various tributary areas has reduced the amount of
water entering the river by 37.50%. The upstream land reclamation consumed 40.00% of
the existing water, the middle reaches devoured 43.00%, and only 17.00% flowed into the
downstream area. Water resources have also been diverted to agricultural areas, resulting
in the shortening of the mainstream of the Tarim River by more than 260 km [40,43]. Up
until the year 2000, the groundwater level in the Tarim River Basin dropped from 1-4 to
6—12 m, the vegetation degraded and died, and the tail of the Lop Nur and Taitema Lake
dried up and became a salt desert [1], with the severely desertified land in the lower reaches
of the Tarim River accounting for 52.71% of the total area [44]. This could indicate that the
process of desertification in the Tarim Basin is the deterioration of the desert environment
under drought conditions caused by the direct or indirect effects of human activities in the
context of climate change [45]. Therefore, many scholars have focused their research on the
driving factors of desertification in the Tarim River Basin, and in this area, oasisization and
desertification are two processes that interact and are interrelated [29,46]

In the Tarim Basin, human activities affect the occurrence and development of de-
sertification by changing land use types and surface vegetation coverage. In existing
research, scholars have conducted relevant research on the driving factors and control
strategies of desertification in the lower reaches of the Tarim River [47] or in a region of
the basin [33,42,48]. However, there is little comprehensive analysis on the occurrence and
development process of desertification in the whole area around the Tarim Basin, where hu-
man life is concentrated. At the same time, there is still a lack of research on the relationship
between land use change and the occurrence and development of desertification in this area
in the 30-year study period. Taking the Circum-Tarim Basin as the research area, this study
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systematically analyzed the spatio-temporal variation of land use and the occurrence and
development process of desertification since 1990, and analyzed in-depth the relationship
between the two, thereafter proposing suggestions for future desertification prevention
and control in the area.

2. Materials and Methods
2.1. The Study Area

The study area is the area of the Circum-Tarim Basin (74°18'5” E~91°24'1" E,
35°59/24" N~42°1'34’ N), with the Tianshan Mountains, Alshan Mountains and Kunlun
Mountains in the north, northeast and southwest, respectively. This region is located in the
continental arid climate zone, with hot and dry weather, average temperature 10.7 °C, large
annual and daily temperature differences, scarce precipitation (average annual average
17.4~42.8 mm), and high evapotranspiration intensity (1800~2900 mm), which is prone to
desertification [49]. The altitude range of the study area is 702 m~3526 m, and the total
area is 3.294 x 107 ha. The Circum-Tarim Basin is the main population distribution area in
southern Xinjiang, with several important distributing rivers, such as Aksu River, Tarim
River, Khotan River, and Yarkant River, and it is also a major development area for industry
and agriculture. The total area of the study area is 32.94 x 10* km?. The location diagram
of the research area is shown in Figure 1.
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Figure 1. Location diagram of study area (Projected Coordinate System: Beijing_1954; Projection:
Gauss_Kruger).

2.2. Data and Processing
2.2.1. Land Use/Land Cover (LULC) Dataset

An LULC dataset (vector data) was acquired from the Resource and Environment
Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/), including
7 periods (1990, 1995, 2000, 2005, 2010, 2015 and 2020). In order to facilitate the analysis,
this study merged some unimportant land use types according to the characteristics of land
use in the study area. The data classification description is in Table 1.
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Table 1. The LULC system.

First-Level Type Second-Level Type Description
Farmland Farmland Land for growing crops.
Forest land Natural forests and artificial forests with canopy
closure > 30%.
Shrub land Dwarf and shrub forests with a canopy closure of over
Woodland 40% and a height of less than 2 m.
Sparse forest land Forest land with a canopy density of 10-30%
Other woodland Afforest land, fallow land, nurseries, and various types
of gardens.
High-covered grassland Natural grasslands, 1mProved grasslands, ?nd cropped
grasslands with a coverage > 50%.
Grassland Medium-covered grassland Natural grasslands and 1mproved0grasslands with a
coverage of 20-50%.
Low-covered grassland Natural grasslands with a coverage of 5-20%.
Natural terrestrial water bodies and land for water
Water area Water area e
conservancy facilities.
Urban land Rural large, medium, and small cities, as well as built-up
areas above county and town levels.
Residential, industrial, Rural areas Independent settlements outside of urban areas.
mining land Land used for factories, mines, large industrial areas, oil
Other construction land fields, salt fields, and quarries, as well as transportation

roads, airports, and special purposes.

Unused land

The land surface is covered with sand, and the
Desert vegetation coverage is below 5%, including deserts but
excluding deserts in water systems.
The land surface is mainly composed of crushed gravel,
with a vegetation coverage of less than 5%.
The surface is prone to salt alkali accumulation, with
Saline-alkali land sparse vegetation, which can only grow on land with
plants that tolerate strong salt alkali.
Unutilized land except for sandy land, Gobi desert, and
saline—alkali land.

Gobi

Other unused land

2.2.2. Remote Sensing Dataset

The remote sensing dataset was sourced from Landsat data products provided by the
United States Geological Survey [50-52]. Based on Google Earth Engine (GEE) platform,
this study used JavaScript to write code to calculate cloud-free remote sensing images [53]
during the annual vegetation growth period (April to October) in seven periods (1990, 1995,
2000, 2005, 2010, 2015, and 2020) in the Circum-Tarim Basin.

2.2.3. Drone Data of Sample Site

The recognition results of desertification degree recognition were verified through
the analysis of drone images in the sample area. In this study, a total of 109 plots (sample
size: 100 x 100 m) were set up in the Aksu River Basin and the Hotan River basin based
on certain altitude gradients and spacing from July to September for the years 2021-2023
(Figure 2) based on light and small unmanned aerial vehicles equipped with RGB visible
light cameras (DJI Phantom 4 Pro) for orthophoto image acquisition of sample plots [54,55].
Then, all the drone images were taken back to the laboratory to determine the degree of
desertification via the visual interpretation method. Based on previous studies [53,56],
this study classified the degree of desertification into five types: no desertification, light,
moderate, severe, and extremely severe desertification.
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Figure 2. Unmanned aerial vehicle (UAV) plot location diagram (Projected Coordinate System:
Beijing_1954; Projection: Gauss_Kruger).

2.3. Methods
2.3.1. Regional Division of Changes in LULC

The mutual conversion between various LULC types could not only characterize land
development activities and socio-economic development in the Circum-Tarim Basin, but
also had a close relationship with desertification control. Therefore, in order to clarify
the spatial characteristics of LULC changes from 1990, this study defined an area where
a certain LULC type had no change in 6 periods as an unchanged region (Region I), and
otherwise, it was defined as a changed region (Region II).

2.3.2. Classification and Accuracy Analysis of Desertification Degree

We formulated the desertification classification system in the present study accord-
ing to the classification standards of existing studies [31,53,57,58]. Desertified land was
classified into five levels: no, light, moderate, severe, and extremely severe desertifica-
tion. The characteristics of the desertified landscapes for each level of desertification are
listed in Table 2. The desertification degrees of 109 plots were classified according to this
discrimination criterion.

Table 2. Landscape characteristics of desertification in the Circum-Tarim Basin.

Level

Description

No
Light
Moderate
Severe
Extremely severe

Vegetation cover is >70%, there is almost no bare land on the surface of the earth

Vegetation cover is higher (50-69%), Local vegetation is degraded, and patchy sandy areas appear (5-25%)

Vegetation cover is high (30-49%), Vegetation is scattered, and degraded land accounts for 25-50%

Vegetation cover is low (10-29%). The degraded area exceeds 50%. Vegetation is sparse.
Vegetation cover is very low (<10%). Mobile sandy soil is widely distributed
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Considering there are currently many classification methods for desertification degree
and the classification accuracy is not uniform, this study constructed a Desertification
Comprehensive Index (DCI) that could comprehensively express the natural and physical
attributes of land for the accurate identification of desertification degree. The index for
inverting the natural attributes of land included vegetation coverage (FVC) and a modified
soil-adjusted vegetation index (MSAVI). The index for inverting land physical properties
included surface albedo (Albedo), land surface temperature (LST), surface soil particle
size index (TGSI), and temperature vegetation drought index (TVDI). This study used
the Analytic Hierarchy Process (AHP) [59,60] and a 1-9 scale method (Table 3) [59-61] to
establish a judgment matrix, and the weights of each indicator were determined through
consistency testing [62]. On the basis of standardizing the calculation of each indicator, a
weighted linear combination method [63] was used to construct DCI (Formula (1)).

DCI=Y" W;xY; (1)

where, DCI represents the Desertification Comprehensive Index, W; is the weight of indica-
tor i, and Y; is the standardized value of indicator i, with a value of 0-1. The standardization
methods for each indicator refer to the study by Jiang et al. [31]. As this study focuses on the
mutual feedback relationship between LULC and desertification spatiotemporal processes,
the evaluation of desertification classification methods and results will be discussed in
detail in another article, and only an overview is provided in this study.

Table 3. Scale method of each remote sensing index.

Relative Importance

Definition Relative Importance Definition

1

O N O W

2,4,6,8

Equally important 1/3 Slightly unimportant

Slightly important 1/5 Quitely unimportant

Quitely important 1/7 Obviously unimportant
Obviously important 1/9 Slightly unimportant

. The median value between
Absolutely important 1/2,1/4,1/6,1/8 . .
adjacent judgments
The middle value of two
adjacent judgments

2.3.3. The Extraction of Spatiotemporal Development Regions of Desertification

Based on the transfer status between different degrees of desertification, this study
divided the occurrence and development of desertification into 4 districts: (1) constant
district (CA), where a certain type of desertification degree did not change during two
periods; (2) degraded district (DE), where desertification degree was transited to lighter
degrees; (3) reversal district (RE), where desertification degree was transited to more severe
degrees; (4) no-desertification district (NO-District), where there was no desertification.
Wh en changes were found to have occurred between adjacent levels, it was considered
light degradation (DE1) or light reversion (RE1), while others were considered obvious
degradation (DE2) or obvious reversal (RE2). The division standards for each district were
as follows (Table 4).

Table 4. Zoning standards for desertification development.

First Level

Second Level Changes in Desertification Degree

CA

Light constant (SA1), Moderate constant (SA2), Severe constant (SA3), Extremely severe
constant (SA4)
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Table 4. Cont.

First Level

Second Level Changes in Desertification Degree

No — Light (DE1-1), Light — Moderate (DE1-2), Moderate — Severe (DE1-3),

DE DE1 Severe — Extremely severe (DE1-4)
DE2 No — Moderate (DE2-1), No — Severe (DE2-2), No — Extremely severe (DE2-3), Light —
severe (DE2-4), Light — Extremely severe (DE2-5), Moderate — Extremely severe (DE2-6)
Light — No (RE1-1), Moderate— Light (RE1-2), Severe — Moderate (RE1-3), Extremely
RE1
RE severe — Severe (RE1-4)
RE2 Moderate — No (RE2-1), Severe — No (RE2-2), Extremely severe — No (RE2-3), Severe —

Light (RE2-4), Extremely severe — Light (RE2-5), Extremely severe — Moderate (RE2-6)

NO

Areas with no desertification.

3. Results
3.1. The Spatio-Temporal Changes in LULC from 1990 to 2020

Tarim Basin is a typical arid area, and the spatial distribution of LULC types is closely
related to the distribution of water resources. Farmland and residential-industrial-mining
land (abbreviated as residential land) are mainly distributed in oasis areas formed by several
major rivers and several distribution areas of the Xinjiang Production and Construction
Corps. Grassland is mainly distributed at the edge of oases and on both sides of rivers,
while unused land is heavily distributed at the edge of deserts and areas lacking water
resources. During the period of 1990-2020, unused land and grassland were the main
LULC types in the Circum-Tarim Basin, and the average proportions were 64.69% and
20.61%, respectively, followed by farmland (9.70%) and woodland (3.21%). The water
area and the residential land were the smallest ones. In grassland, low-covered grassland
(61.79%) comprised the largest area, followed by medium-covered grassland (28.25%), and
high-covered grassland (9.96%). Woodland was mainly composed of shrub (20.61%) and
spare forest land (35.98%). Residential land was mainly covered by rural areas (62.89%) and
urban land (22.82%). Unused land was mainly covered by desert (44.96%), gobi (32.39%),
and saline—alkali land (13.74%) (Figure 3).

Temporally, farmland increased the most significantly (1.40 x 10* km?) and most
obviously (0.23 x 10* km?/5a), followed by residential land (0.09 x 10* km?). Grassland
decreased significantly (—1.55 x 10* km?). The reductions in woodland fluctuated, and
there was a minor increase in unused land (0.07 x 10* km?). In the second-level types, the
types with the greatest reduction were low-covered grassland, medium-covered grassland,
saline—alkali land and high-covered grassland, of which low-covered grassland reduced the
largest area of 1.0 x 10* km?, accounting for 64.57% of the total reduction area in grassland;
medium-covered grassland, accounting for 31.11% (Figure 4).

For the transfer situation between different LULC types, the results showed that
farmland and residential land were mainly transferred in, while grassland was mainly
transferred out (Figure 5). The area transferred to farmland mainly came from grass-
land (1.22 x 10% km?, accounting for 74.51%), unused land (0.25 x 10* km?, accounting for
15.56%), and woodland (0.11 x 10* km?, accounting for 7.62%) (Figure 5a). In woodland, the
sizes of the areas transferred in and out were 0.19 x 10* km? and 0.18 x 10* km?. Woodland
was mainly transferred into farmland (60.59%) and grassland (26.93%) (Figure 5b). Grass-
land was mainly transferred out to farmland (55.90%) and unused land (33.72%); the types
that were transferred in were also mainly unused land (57.70%) and farmland (22.21%)
(Figure 5c). Unused land mainly transferred out to grassland (46.04%) and farmland
(32.09%), while the type that was transferred in was mainly grassland (89.96%) (Figure 5f).
Overall, the increase in farmland was mainly due to the occupation of grassland, unused
land, and woodland, especially, the occupation of low-covered grassland, medium-covered
grassland, and saline-alkali land.
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Figure 5. Accumulated conversion area between land use types from 1990 to 2020.

Spatially, the area with changed LULC types (Region II) was 3.20 x 10* km?, account-
ing for 9.71% of the total area of Circum-Tarim Basin (Figure 6, Table 5). Region II was
mainly distributed on the edge of the oases, riverside, the oasis—desert transition zone, and
some areas within oases, where land development mainly occurred. The area of Region I
was 29.74 x 10* km?2, accounting for 90.29% of the Circum-Tarim Basin, and it was mainly
distributed in the early oases and desert areas, where new land development activities were
relatively scarce. In Region I, unused land and grassland were still the main LULC types.

Legend
[ Boundary of the Circum Tarim Basin Il Unchanged Woodland 8 Unchanged Residental land
M Regions with changes in LULC B Unchanged Grassland [ Unchanged Unused land

0

[ 1Unchanged Farmland I Unchanged Water area 100 200 401(2m
L E—

Figure 6. Overall changes in LULC types in the Circum-Tarim Basin since 1990.
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Table 5. Overall change in area and proportion in LULC types in Circum-Tarim Basin.
Area Proportion of the
4 1cm?2 P
Type of Change Land Use Type Area/x10* km Total Area
Regions with changes in land use types (Region II) 3.20 9.71%
Farmland 2.29 6.95%
Woodland 0.88 2.66%
Regions where land use types Grassland 571 17.33%
hagve not changed (Re io};lpl) Water area 0.26 0.80%
& & Residential-industrial-mining-land 0.14 0.43%
Unused land 20.46 62.12%
Sum 29.74 90.29%

In Region II, the characteristics of temporal changes in LULC were the same as those in
the Circum-Tarim Basin, but the structure of LULC changed in 2010 (Figure 7). During the
period of 1990-2005, the top three types in terms of area were grassland (44.59%), unused
land (28.03%), and farmland (19.50%). In 2010, the order changed to farmland (44.18%),
unused land (24.54%), and grassland (19.320%), and farmland area continued to increase in
2015 and 2020. This clearly shows that the land development activities in Region II mainly
focus on converting grassland and unused land into farmland for agricultural development.

[ Farmland [ Woodland 22 Grassland [l Water area [__] Residental Land [___] Unused land

100 6.79% 12.14% 19.04% 21.02% 31.48% 50.45% 50.61%
. 80
=
=}
.S
£ 60
I}
a,
)
$t
S 404
<
g
z R, 31.58% 30.26% T
20 21.84% 22.76% 22.59%
0 I ' ) ' I ' I ' I i I T I
1990 1995 2000 2005 2010 2015 2020
Year

Figure 7. Changes in the composition of land use types in Region II.

3.2. The Spatio-Temporal Changes in Desertification Degree during the Period of 19902020

(1) Accuracy analysis of desertification degree classification

A confusion matrix was constructed between the classification results from Landsat
images and the desertification degree samples of the 109 drone images. Then, the accuracy
of classification results was evaluated using overall accuracy (OA) and Kappa coefficient.
This study used the data from 2020 as an example to evaluate the accuracy of desertification
degree classification. The results showed that overall, the accuracy of desertification
identification based on DCI was 0.862, the producer accuracy (PA) was 0.897, the user

accuracy (UA) was 0.884, and the Kappa coefficient was 0.8, indicating high accuracy
(Table 6).
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Table 6. Confusion matrix showing different degrees of desertification identification.
Type Code 1 2 3 4 5 Total Pya Kappa

1 10 0 0 0 0 10 1.000
2 2 28 5 0 0 35 0.800
3 0 0 42 2 0 44 0.955
4 0 0 6 12 0 18 0.667
5 0 0 0 0 2 2 1.000

Total 12 28 53 14 2 109

Ppa 0.833 1.000 0.792 0.857 1.000 0.862

Kappa 0.800

Ps: type code 1~4 represent light, moderate, severe and extremely severe desertification, respectively, and
5 represents no desertification.

(2) The spatio-temporal changes in desertification degree

On a multi-year average, the total area of desertification land (light, moderate, severe,
and extremely severe) was 38.66 x 10* km?, accounting for 90.40% of the total area in the
Circum-Tarim Basin, which meant severe desertification phenomenon. No-desertification
areas were mainly distributed in oasis areas and on both sides of river trunks, with a con-
centrated population and good water resource conditions. Light desertification land was
mainly distributed within and on the edges of oases and on both sides of some rivers. Mod-
erate desertification land was mainly distributed in oasis-desert transition zones. Severe
and extremely severe desertification land were mainly distributed at the edge of deserts
and in areas with extremely poor water conditions (Figure 8). The order of area proportion
for desertification degree types from largest to smallest was as follows: moderate (32.631%),
severe (29.423%), extremely severe (20.879%), and light (7.471%). The no-desertification
area was 4.10 x 10* km? (9.60%). The desertification degree composition in Region I was
similar to that of the Circum-Tarim Basin. In Region II, moderate desertification (33.475%)
had the highest proportion, but the no-desertification area was relatively large, accounting
for 26.387% (Figure 9).

In the Circum-Tarim Basin, the no-desertification area gradually increased by
2.10 x 10* km? cumulatively, and the area proportion increased from 6.70% to 11.91%. The
desertification area gradually decreased correspondingly. During the period of 1990-2020,
the area of light, moderate, and severe desertification decreased by 9.99 x 10* km? cumula-
tively; however, the extremely severe desertification area increased by 7.89 x 10* km?2. The
area size order (from large to small) changed from moderate (38.43%), severe (33.40%), light
(16.65%), and extremely severe in 1990 to extremely severe (29.95%), moderate (27.41%),
severe (25.65%), and light (16.99%) in 2020 (Figure 9, Table 7). Desertification during the
period of 19902020 was characterized by an overall improvement and local deterioration,
and the internal composition structure of desertification land underwent changes.

Table 7. Table of statistics for overall development status of desertification in different regions.

Desertification Degree Area and Proportion Region I Region II Circum-Tarim-Basin
Lieht accumulated change area (/10* km?) —1.84 —0.12 —~1.96
& Area proportion 93.99% 6.01% —
Moderat accumulated change area (/10* km?) —3.86 —0.64 —4.72
oderate Area proportion 81.87% 18.13% —
S accumulated change area (/10* km?) —3.00 —0.31 —3.31
cvere Area proportion 90.72% 9.28% —
Extremely severe accumulated change area (/10* km?) 7.75 0.01 7.89
y Area proportion 98.28% 1.72% —
accumulated change area (/ 10% km?) 0.96 1.14 2.10

No

Area proportion 45.59% 54.42% —
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Figure 8. The spatial distribution of desertification degree in the Circum-Tarim Basin during the
period of 1990-2020.
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Figure 9. Temporal variations in desertification degree in the Circum-Tarim Basin.
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In Region I, the no-desertification area increased by 0.71 x 10* km? cumulatively, and
the increase rate was 0.12 x 10* km?/5a. Although the total area of desertification land
decreased, extremely severe desertification still increased at a rate of 0.97 x 10* km?/5a.
Moreover, the composition of desertification land changed in 2020, with extremely severe
desertification becoming the largest area. The desertification in Region I was overall
significantly alleviated; however, it intensified significantly in some areas. In Region
I, the no-desertification area increased by 0.86 x 10* km? cumulatively, while the area
of extremely severe desertification also increased by 0.10 x 10* km?. For other types,
moderate desertification decreased the most (0.64 x 10* km?), and severe (0.23 x 10* km?)
and light (0.09 x 10* km?) followed. In Region II, the no-desertification increased at a
rate of 0.14 x 10* km?/5a, but extremely severe desertification still increased at a rate of
0.02 x 10* km?/5a. Overall, there was no change in the structure of desertification land,
but the proportion of no-desertification and desertification land areas has reversed in order.
In 1990, the area of desertification land accounted for 85.95% of the area in Region II, and
moderate desertification alone accounted for 44.77%. After the prevention and control
measures conducted over the 30-year study period, the no-desertification area proportion
(41.45%) leaped to the top of all types.

In the Circum-Tarim Basin, a total area of 2.10 x 10* km? was converted from de-
sertification into no-desertification land, of which 1.14 x 10* km? (54.42%) occurred in
Region ITand 0.96 x 10* km? (45.58%) occurred in Region I (Table 7). It was indicated that
there was a cumulative increase of 7.89 x 10* km? in extremely severe desertification, of
which 7.75 x 10* km? occurred in Region I, accounting for 98.28% of the total increase area.
It is clear that, although Region II only accounts for 9.71% of the total basin, it was the
area with the best effectiveness in desertification prevention and control over the 30-year
study period. In Region I, desertification prevention and control improved overall, but the
deterioration in some regions is evident. Although there was no change in land use types
in Region I, industrial and agricultural production, as well as social development, led to
concentrated water use, exacerbating water scarcity and desertification in some regions.

3.3. The Interaction between Land Use Change and Desertification Development Process from 1990
to 2020

The results showed that the degraded district was mostly distributed at the edge
of deserts, in the southern desert areas and eastern areas of the basin, where the surface
vegetation coverage was lower and the ecological environment was worse. The reversal
district was more concentrated at the edge of oases and on both sides of rivers, where the
water conditions were good and the vegetation coverage was high (Figure 10).

In the Circum-Tarim Basin, the order of desertification development from large to
small was CA (multi-period average 55.49%), DE (20.22%), RE (16.40%), and NO (7.89%).
There was little difference in the area proportion between Region I and the basin. In Region
II, the area proportion of SA was still the largest one (43.14%), but the area proportions of
RE (20.88%) and NO-District (20.45%) became evidently larger. The area proportion of DE
was the smallest (15.53%). Overall, the desertification development in the Circum-Tarim
Basin presented an overall stable trend, with both degradation and reversion coexisting.
There were differences in Region I and Region II; CA and DE dominated in Region I,
while CA and RE dominated in Region II, and NO-District accounted for a larger area
proportion in Region II than that in Region I (Figure 11). Temporally, the development of
desertification in the Circum-Tarim Basin was mainly characterized by an increase in the
area of CA and a reduction in the DE and NO-District areas. The area of CA increased by
a total of 2.41 x 10* km?, of which 81.46% occurred in Region I, and 18.54% occurred in
Region II. The total area of DE decreased by 1.60 x 10* km?, of which 87.34% occurred in
Region I, and 12.66% occurred in Region II. The total area of NO-District area decreased by
0.81 x 10* km?, of which 69.88% occurred in Region I, and 30.12% occurred in Region II.
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Figure 10. Distribution of desertification development process in Circum-Tarim Basin.

100

200

[ IRE2-District Z RE1-District [ DE2-District P2 DE1-District Ny CA-District == NO-District

100 N
__
80+ S ]
2 ]
) (R
8 Qe2e%e2e%0%%eY
2 60
19)
=9
19
e
& 40
<
2 i
<
20
0

T
The Circum-Tarim Basin

Figure 11. Changes in the area proportion of desertification development zoning.

T
Region |

T
Region II

400
km

The desertification development in the Circum-Tarim Basin was mainly characterized
by light degradation and light reversion. The degrees of desertification were mainly shifting
towards neighboring lighter degrees. In Region I, the effectiveness of desertification
prevention and control was dominated by RE1-3 and RE1-4, but in Region II, it was
dominated by RE1-1, RE1-2 and RE1-3 (Figure 12). This could indicate that there were
differences in desertification prevention and control in different regions in the Circum-
Tarim Basin. In Region I, desertification control mainly focused on the area with the most
severe desertification hazards, so the reversal types were those with a higher desertification
degree. However, in Region II, which is mainly located in the oasis-desert transition area



Land 2024, 13,735

16 of 21

with good water and vegetation conditions, and where the desertification was relatively
mild, the reversal types were mainly moderate, mild, and no desertification.
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Figure 12. The area proportion of different regional areas of desertification development (sec-
ond level).

This study analyzed the relationship between desertification development and LULC
types in Region I (Table 8). The results showed that the reduced area of severe desertifi-
cation occurred entirely in unused land. Overall, 87.89% of the area of reduced moderate
desertification occurred in unused land. However, the increased area of extremely severe
desertification also mainly occurred in unused land (91.56%). The reduced area of light
desertification mainly occurred in grassland (51.80%), unused land (27.19%) and farmland
(14.39%). The increased area of no-desertification mainly occurred in farmland (81.94%)
and grassland (20.83%). In Region I, although there were no changes in LULC types, the
desertification degree showed reduction and reversal, which meant there was an obvious
increase in vegetation cover. In some areas of unused land, there was an obvious decrease
in vegetation cover, which led to worsening in the desertification degree to extremely severe
desertification. These areas should be the key areas for future desertification prevention
and control.

Table 8. The average change in desertification land area for every land use in Region I (10* km?).

Light Moderate Severe Extremely Severe No-Desertification
Desertification Desertification Desertification Desertification
Total change area —1.84 —3.86 -3 7.75 0.96
—0.26 —0.41 —0.06 —0.01 0.79
farmland -
proportion 14.39% 10.69% 1.95% —0.17% 81.94%
—-0.14 0.10 0.02 0.02 —0.001
woodland -
proportion 7.77% —2.69% —0.76% 0.24% —0.14%
—-0.96 -0.18 0.31 0.64 0.19
grassland
proportion 51.80% 4.76% —10.35% 8.23% 20.83%
residential industrial 0.02 0.02 0.00 _ —0.04
mining land proportion ~1.00% —0.45% 0.04% — —4.17%
—0.50 —3.39 —3.00 7.10 0.07
Unused land -
proportion 27.19% 87.89% 100% 91.56% 7.50%

4. Discussion
4.1. The Impact of Changes in Land Use on Desertification Development in the
Circum-Tarim Basin

The mode and degree of LULC are dominant factors in desertification development
and reversal. The degree of LULC reflects the strength of human activities and is the
most sensitive indicator of ecological changes in desert areas [64]. Population growth
and the expansion of social demand have increased the pressure on LULC, which may
undermine the rationality of traditional land use. The further cultivation of grassland
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resulted in a sharp decrease in grassland land, with more land changing into farmland
and its utilization intensity increasing, the shortening of crop rotation time intervals,
and so on. All of the above-mentioned human activities can lead to desertification [64].
The Circum-Tarim Basin is extremely prone to desertification due to its fragile ecological
environment, and excessive development and utilization activities further exacerbate the
process of soil erosion and desertification [65]. This study showed that there was a close
relationship between the development process of desertification and changes in LULC.
Since 1990, human activities have changed LULC types and vegetation coverage through
land (cultivated land) development, urban construction, and water resource utilization,
thereby affecting the occurrence, degree, and direction of desertification in this region.

This study took the Aksu region as an example to analyze the annual value added by
the primary industry since 2000 (the data are sourced from the annual national economic
development report of the Aksu region). The results showed that the value added by
primary industry has increased 10-fold from CNY 4.34 billion in 2020 to CNY 42.12 billion.
As a pillar industry of the primary sector, agriculture’s total output value has also increased
year by year. The continuous expansion of farmland area, adjustment of planting structure,
and introduction of advanced technological experience have all been important guarantees
for the positive development of the primary industry. Developing agriculture in arid areas
requires a large amount of water resources. In addition, land development, industrial
production, and ecological engineering construction have led to significant centralized
water use, resulting in insufficient ecological water use in some regions and exacerbating
the development of desertification in certain areas.

4.2. The Positive Effects of Ecological Engineering, Afforestation, etc., on Desertification Prevention
and Control

In Xinjiang, the fight against sandstorms was destined to be a protracted battle. Now,
the sustained efforts have finally ushered in a historic turning point. According to the
Sixth National Survey on Desertification and Sandy Desertification, until 2019, the area of
desertification and sandy desertification had both decreased. In 1979, China commenced
the building of a large-scale long-term forest shelter project—the “Three-North Shelter-
belt Program Project”—in areas with severe sand storms and soil erosion, and since its
inception, the vegetation cover in Xinjiang has significantly increased. In 2000, the Chi-
nese government launched the Ecological Water Diversion Project (EWDP) to restore the
eco-environment of the lower reaches of the Tarim River, with the project costing CNY
1.07 x 1019 [66]. The monitoring data have shown that unreasonable water use leads
to a decrease in groundwater level in the lower reaches of the Tarim River, resulting in
vegetation degradation and desertification. However, 16 water conveyances in the lower
reaches of the Tarim River played a positive role in the uplift of the groundwater level in the
lower reaches. Vegetation was effectively restored, and both vegetation coverage and the
number of species increased significantly [67,68]. It was shown that from 2001 to 2013, the
primary process of land use change in the Tarim River Basin was the transformation from
unused land to natural vegetation. The fractional vegetation coverage in 2013 was 1.5 times
greater than that in 2001 [1,69]. Moreover, since 2000, various ecological projects have
been implemented successively, such as sand prevention and control projects, returning
farmland to forests and grasslands projects, etc. For example, in the Aksu region, more than
4.8 million acres of afforestation have been completed based on “5 million acre projects”,
such as the “Kekeya Desert Greening Project”, and vegetation cover increased from 3.35%
in 1980 to 9.04% in 2022 [26]. In the long-term practice of desertification prevention and
control, a number of desertification prevention and control technologies and models that
could be used for reference have been summarized, such as the famous sand fixing magic
cube “grass grid” sand barrier, the “five-belt integrated” Shapotou railway sand control
system, the Kubugi sand control model, the Kekeya control model, and the Alar control
model [26].
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All the above-mentioned efforts have indeed changed the land use types to a certain
extent. For example, returning farmland to forests would invert certain farmland to
woodland; large-scale grass planting and afforestation and EWDP would invert large
areas of bare land into grassland and grassland into woodland. Therefore, the relationship
between the changes in land use types caused by policy-driven afforestation and grass
planting activities and the changes in desertification land is worth further research in
the future.

4.3. Suggestions for Subsequent Desertification Prevention and Control in the Circum-Tarim Basin

The future prevention and control of desertification in the Circum-Tarim Basin re-
quire “adapting measures to local conditions, rational planning, zoning policies, precise
prevention and control”. According to the results of this study, the basin can be divided
into two major primary regions: Region I and Region II. In Region I, according to the
distribution of towns and social development status, the region can be roughly divided
into three secondary areas: oasis area, oasis—desert transitional zone, and desert edge
area. Corresponding prevention and control policies for ecological problems in different
regions should be established. For example, in areas with good vegetation changes and
oasis areas, land development should be strictly controlled, protective forest renewal and
transformation should be strengthened, soil salinization prevention and control should
be strengthened, and ecological water use should be guaranteed. However, Region I
and Region II were extracted based on an LULC dataset, and the relationship between
desertification and LULC was also based on the analysis of scientific data. In the future,
further detailed investigation and research will be needed on how to perform zoning and
implement policies. It is hoped that the research results of this study can provide certain
scientific support for the formulation of relevant decisions.

5. Conclusions

The Circum-Tarim Basin is an arid area with a fragile ecological environment, where
the population is also concentrated. Over the 30-year study period, the socio-economic
status developed rapidly with a significant increase in population, frequent land devel-
opment, the expansion of artificial oases, and so on. The results of this study indicate
that from 1990 to 2020, the farmland in the Circum-Tarim Basin increased significantly
by 1.40 x 10* km?, of which 74.51% came from the occupation of grassland (mainly low-
covered and medium-covered grassland), and 15.56% came from the occupation of unused
land (mainly saline—alkali land). Desertification showed a general alleviation, but there
was local deterioration. The area of no-desertification land has significantly increased (an
increase of 2.10 x 10* km?), and the degree of desertification has shifted significantly to
adjacent lighter degrees; however the area of extremely severe desertification in certain
regions has increased (7.89 x 10* km?).

There was an inseparable relationship between LULC and desertification land devel-
opment. The impact of human activities on the development of desertification in the basin
was very significant. In Region II, there was an increase of around 54.42% in the area of
no-desertification land, although the area of Region II was only 9.71% of the Circum-Tarim
Basin. Meanwhile, in Region I, there was an approximately 98.28% increase in the area of
extremely severe desertification. Evidently, Region II was the region with the best deserti-
fication prevention and control effect over the 30-year study period in the Circum-Tarim
Basin. However, there was also a general alleviation of desertification in Region II overall.
It was inevitable that activities such as land development and oasis expansion in Region II
would lead to concentrated water use, resulting in water scarcity in certain areas of Region
I, which could not then support the needs of vegetation growth, thus aggravating the
degradation. In addition, in recent decades, various ecological protection projects and vege-
tation restoration measures implemented in the Circum-Tarim Basin have played a positive
role in desertification prevention and control, alleviating the desertification degree, and
leading to a reduction in the size of the desertification area. All these efforts have indeed
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changed the type of land use to a certain extent. For example, returning farmland to forests
could turn certain farmland into forest land; large-scale grass planting and afforestation, as
well as EWDP, would transform large areas of bare land into grassland and grassland into
woodland. Therefore, the relationship between the changes in land use types caused by
policy-driven afforestation and grass planting activities and the changes in desertification
land is worth consideration in the future.

Based on the results of this study, some suggestions for subsequent desertification
prevention and control have been proposed: “adapting measures to local conditions,
rational planning, zoning policies, precise prevention and control”. Implementing policies
in different zones would bring forth clear goals, which would contribute to “precision
prevention and control of desertification”. However, in the future, significant and detailed
investigation and research on how to conduct zoning and implement relevant policies. It is
hoped that the research results of this study can provide certain scientific support for the
formulation of relevant decisions.
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