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Abstract: Urbanization not only affects a region’s economic development but also impacts its land
use structure. As the largest inland river basin in China, the Tarim River Basin has experienced rapid
economic growth and urbanization in recent years, posing a serious threat to its soil and water resources
and ecological sustainability. In this study, four remote sensing data products from 1990–2020 are
selected to explore the distribution of land use types and their land structure changes in the basin in the
context of rapid urbanization. The results show that the built-up land area increased by 2855.74 km2

during 1990–2020, mainly from the transfer of grassland and barren land. Furthermore, the migration
of the center of gravity of built-up land moved from the desert to oasis areas, indicating that the
urbanization process intensified during the study period. The overall trend is toward a continuous
increase in arable and built-up land area and a continuous decrease in barren land. Future trends in
the Tarim River Basin predict that arable land will decrease and that built-up land will continue to
increase. However, the increase in built-up land will level off, mainly due to the transfer of arable
land and grassland, which accounts for 37.94% and 20.40%, respectively. The migration characteristics
of the center of gravity of each land type in the basin varied widely during 1990–2020, but the land
structure will tend toward a gradual balance in the future. Therefore, in the context of increasing
urbanization, focusing on the sustainable development of regional soil and water resources and
ecology is crucial for the coordinated development of regional resources and economy.

Keywords: inland river basin; urbanized expansion; land development; land structure

1. Introduction

Lately, urbanization has received widespread attention, especially in relation to its
impact on land use changes [1,2]. Urbanization mainly concerns the process of converting
different types of agricultural land into urban built-up land, while, macroscopically, it
refers to the process of expanding the scale of urban areas [3]. Urban land use change is the
most direct expression of urban spatial expansion and is gradually becoming a hot topic in
urban development [4]. Though contributing to higher levels of development and living
standards, urbanization has also triggered the spatial expansion of densely populated
built-up areas and their socio-economic activities [5]. Furthermore, rapid urbanization has
caused a significant reduction in agricultural land, which, in turn, has caused irreversible
changes in regional land use patterns and structures [6,7].

Several scholars have explored the impact of urbanization on sustainable land use and
land use efficiency [8]. Studies investigating the relationship between urbanization and
land use have focused on the sustainability of land use and sustainable urban development
at different scales, including cities, urban agglomerations, and regions [9,10]. Urbanization
not only reflects the development of the regional economy but also influences the land
use structure of a region, causing significant changes in land use patterns [11,12]. Tian
showed that urbanization often leads to a trade-off between soil conservation and net
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primary productivity (NPP) [13]. Wang used a combined CLUES-Markov-InVEST model
to simulate the impacts of rapid urbanization on ecosystem services under different future
scenarios [14]. Due to its substantial influence on sustainability and sustainability goals,
rapid urbanization and development need to be studied in the context of regional land use
pattern and land structure changes in order to optimize these trends.

The rapid development of society cannot be achieved without adequate land resources,
as such resources provide space for humans to live and area suitable for agriculture, animal
husbandry, industry, and transportation infrastructure [15]. Land is the main carrier of
social production and life, and it reflects different economic development patterns and land
management strategies. These processes are closely linked to climate change, human-land
relations, and ecological construction [16]. Land use/cover change has become a popular
way to study the relationship between humans and nature. It is also the most intuitive
way to express the interaction between human production, life, and ecosystems [17].
Urbanization has accelerated in recent years, and the ecological effects in the context
of urbanization can be analyzed through LUCC and land type transformations across
different periods [18]. Du found that the ecological effects of LUCC due to increasing
urbanization are more significant [19]. The current land use prediction simulation models
used for future LUCC mainly include the CA-Markov model, the PLUS model, the gray
prediction model, CLUE-S, and the artificial neural network model [20–23]. Although the
relevant research shows that all these prediction models have achieved fruitful results,
the CA-Markov models are most often used in land use simulations because of their
advantages in spatio-temporal representation and simulation accuracy [24,25]. Driven by
increasing urbanization, the study of LUCC has a positive effect on the trend of regional
land structure and pattern evolution, and helps to alleviate the conflict between human
and land relations [26].

Any increase in resource exploitation affects regional land use patterns, types, and
structures to varying degrees [27,28]. Since the start of the 21st century, land use activities
have intensified globally, with large-scale land development in particular leading to in-
creasing demand for land [29]. Land use change is closely related to the interconversion
between different land types in time and space, with the two processes interacting with
each other [30]. Moreover, with the booming global economy over the past few decades,
urbanization has intensified and land resources have been continuously developed, leading
to deepening conflicts between people and land and causing regional ecological degrada-
tion [31,32]. Despite being the largest inland river basin in China, the Tarim River Basin is
also ecologically fragile. Ecological security is related to people’s well-being, sustainable
economic and social development, and long-term peace and security. It is also an indispens-
able and important part of national security [33,34]. The process of desertification in the
basin is disrupting the harmonious development of the human-land relationship, leading
to immense challenges. These need to be overcome, as ecological protection and ecological
civilization construction are crucial to the economic development and social stability of the
region [35].

The continuous economic growth, rapid urbanization, and exploitation of regional
resources in the Tarim River Basin have resulted in the uncontrolled development of land
resources and the over use of groundwater. This has led to a series of ecological problems,
such as the degradation of regional grasslands and ecological function of local rivers and
lakes, unstable land structure, uncoordinated soil and water resources, and decline in
biodiversity [36–38]. This paper combines the China Land Cover Dataset (CLCD) remote
sensing data products from 1990–2020 to carry out research and analysis on the distribution
of land use types and changes in their land structure in the Tarim River Basin in the context
of increasing urbanization. Exploring the distribution of land use types and changes
in their land structure in the Tarim River Basin for both the current and future periods
is important for promoting the coordinated and rational development of regional land
resources, without which sustainable growth in the region is impossible.
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2. Materials and Methods
2.1. Study Area

The Tarim River Basin is located at the southern foot of the Tianshan Mountains, in
the mid-latitude Eurasian hinterland between the Tianshan Mountains and the Kunlun
Mountains (73◦10′–94◦05′ E, 34◦55′–43◦08′ N) (Figure 1). It covers about 102 × 104 km2,
accounting for 61.4% of the total area of Xinjiang. The Tarim River Basin is also the
largest inland river basin in China and includes 114 rivers in 9 major water systems [39,40].
The watershed covers a rich geographical landscape of high mountains, river valleys,
grasslands, etc. The main soil types are wind sand soil, oasis tide soil, meadow soil, salt
soil, etc., of which wind sand soil has the most extensive area. The vegetation type is
desert and bare desert zones and the distribution of mountain vegetation shows a vertical
differentiation pattern, mainly Populus euphratica and Tamarix chinensis [41]. The basin is
situated far from the ocean and has a continental arid climate that features general aridity
and large temperature differences. The average annual precipitation is about 51.2 mm,
the evaporation potential is as high as 2000–3000 mm, and the surface runoff is about
398 × 108 m3, classifying the Tarim River Basin as a water shortage area [42,43].
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Figure 1. Sketch map of the Tarim River Basin (GS (2019) 1652) (http://www.resdc.cn (accessed on
6 March 2023)).

2.2. Data Source

The land use/cover data were obtained from China Land Cover Dataset (CLCD). Four
phases of data with a spatial resolution of 30 m × 30 m were selected for 1990, 2000, 2010,
and 2020. The CLCD data were based on 5463 visually interpreted samples with an overall
accuracy of 79.31%. Further testing and evaluation based on a large number of samples
showed that the overall accuracy of CLCD was better than that of MCD12Q1, ESACCI_LC,
FROM_GLC, or GlobaLand30 [44]. The CLCD dataset presented in this paper is freely
available at the following website (http://doi.org/10.5281/zenodo.4417810, accessed on
20 February 2023). The attribute data were obtained from the Xinjiang Splendid 50 Years
and Xinjiang Statistical Yearbook (1990–2020).

2.3. Data Validation

In this study, the confusion matrix and Kappa coefficient methods are used to evaluate
the accuracy and precision of using remote sensing interpretation [45]. The classification
accuracy of each land type in the study area is shown in Table 1.

kappa =
Po − Pc

Pp − Pc
(1)

Po =
n1

n
, Pc =

1
N

(2)

where Po is the proportion of correctly simulated rasters, Pc is the desired proportion of
correctly simulated rasters, Pp is the proportion of correctly simulated rasters under ideal

http://www.resdc.cn
http://doi.org/10.5281/zenodo.4417810
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classification, n is the total number of rasters, n1 is the number of correctly simulated rasters,
and n is the number of land use types (n = 6 in this study).

Table 1. Image classification accuracy table.

Land Type Classification Accuracy (%)

Cropland 85.2
Woodland 83.6
Grassland 86.3

Water bodies 83.7
Built-up land 84.1
Barren land 85.5

2.4. Land Use Dynamic Attitude Model

This model can quantitatively describe the rate of quantitative change of a certain land
use type within a certain timeframe in the study area [46].

K =
Ub −Ua

Ua
× 1

T
× 100% (3)

where K is the degree of dynamic change of a land type during the study period, Ua and
Ub denote the area of that land use type at the beginning and end of the study period,
respectively, and T is the length of the study time.

2.5. Land Use Transfer Matrix

The land use transfer matrix reflects the dynamic process of area shifts between each
land use type in the study area at the beginning and end of the study period [47].

Sij =

S11 · · · S1n
...

. . .
...

Sn1 · · · Snn

 (4)

where S denotes the area; i, j (i, j = 1, 2...; n) indicate the land use types before and after
transfer; Sij describes the area of LUCC from type i to j; and n represents the number of
land use types before and after transfer.

2.6. Land Use Center of Gravity Model

The center of gravity of the land use is characterized using the center of gravity
model. Assuming that a region consists of n sub-level regions [48,49], the expression for
the coordinates of the center of gravity is:

Xti =
n

∑
i=1

(St × Xi)/
n

∑
i=1

St (5)

Yti =
n

∑
i=1

(St ×Yi)/
n

∑
i=1

St (6)

where Xti and Yti denote the latitude and longitude coordinates of the center of gravity of a
land resource in year t, respectively; St denotes the area of the land resource in the i small
area; and Xi and Yi denote the latitude and longitude coordinates of the geometric center
of the i area, respectively.

The center of gravity shift distance of the adjacent years will then be:

L =

√
(Xt+1 − Xt)

2 + (Yt+1 −Yt)
2 (7)
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2.7. Information Entropy and Equilibrium Degree of Land Use Structure

The information entropy (H) and the land use structure equilibrium degree (E) are
introduced to measure the equilibrium of the land use structure together [50,51].

H = −
m

∑
i=1

(Pi)ln(Pi) (8)

E = −
m

∑
i=1

[(Pi)ln(Pi)]/ln(m) (9)

In the above two equations, m and Pi denote the number of land use types and the
proportion of the area of the category i land use type, respectively.

2.8. CA-Markov Model

The Markov model is a method for predicting the probability of time occurrence based
on the Markov chain process theory [52,53].

S(t+1) = Pij × St (10)

Pij =

P11 · · · P1n
...

. . .
...

Pn1 · · · Pnn

 (11)

[0 ≤ Pij < 1, and
n

∑
j=1

Pij = 1(i.j = 1, 2 · · · n)] (12)

where S(t+1) is the system state in period t + 1, and Pij is the state transfer probability matrix.

3. Results
3.1. Evolution of Land Use Patterns
3.1.1. Land Use/Cover Change

During 1990–2020, significant changes in land use occurred in the Tarim River Basin
(Figure 2). The main manifestations are the continuous increase in the area of arable land
and built-up land and the continuous decrease in the area of barren land. The new arable
land during the period covered an expanse of 18,730.16 km2, with a growth rate as high
as 57.41%. The increased area was mainly located in the middle and upper reaches of the
Tarim River Basin, mostly concentrated in the lower reaches of the Kashgar River, the lower
reaches of the Aksu and Weigan-Kuqu Rivers, and the middle and lower reaches of the
Kaidu-Kongque River, with a small portion concentrated in the Hotan, Kriya, and Qarqan
rivers. The area of barren land decreased by 20,154.80 km2, with the most obvious decrease
occurring in the middle reaches of the basin.

The overall change in water bodies was not significant. However, the area of land
for construction significantly increased, with a total increase of 2855.74 km2. Woodland
experienced the second largest change, which mostly occurred in the upper and middle
reaches of the Tarim River Basin. Meanwhile, the area of grassland showed a slight
decline. Since 1990, the ranking of different land use/cover types in the study area has
remained constant, except for the area of woodland that was larger than that of built-up
land before 2010, showing barren land > grassland > cropland > water bodies > built-up
land > woodland.
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3.1.2. Land Use Dynamic Attitude Change

The land use dynamics of the Tarim River Basin by type significantly changed at
different times during the study period (Table 2). Among them, the built-up land use
dynamics in the basin were as high as 40.48% between 1990 and 2000, which is mainly due
to the small initial area of built-up land. It also reflects the significant expansion of urban
land and the increasing urbanization that occurred during the period. The dramatic change
in woodland dynamics is similar to that of the built-up land, at 9.54%. Furthermore, the
land use dynamics of cropland were 0.80%, indicating the same trend of the expansion
of cropland during the period. In contrast, there was little change in grassland. The
dynamic attitudes of land use in the water bodies and barren land were only −0.35% and
−0.03%, respectively, which are smaller than other land types. The area of barren land was
decreasing.

Table 2. Land use dynamic attitude in the Tarim River Basin, 1990–2020 (%).

Land Type Cropland Woodland Grassland Water Bodies Built-Up Land Barren Land

1990–2000 0.80 9.54 0 −0.35 40.48 −0.03
2000–2010 2.36 0.92 −0.02 1.66 27.64 −0.19
2010–2020 1.79 2.28 −0.11 −1.11 7.99 −0.04
1990–2020 1.91 5.40 −0.04 0 110.57 −0.09

During the period 2000–2010, the built-up land dynamic attitude was still the highest
(27.64%), although it decreased compared to the previous period. However, the new area of
built-up land during the period was still much larger than the previous period, indicating
that the change in the built-up land area was very dramatic and that the urbanization
expansion was significant. This is followed by arable land, with a dynamic attitude of
2.36%. There was an increasing trend in arable land expansion compared to the previous
period, with 2000–2010 being the most significant period of arable land expansion. The
water body motility was 1.66%, indicating an increasing trend in water bodies across the
Tarim River Basin. This increase was likely due to the accelerated melting of the alpine
snowpack. Meanwhile, the expansion trend of the woodland area was weak (0.92%), the
change in grassland was not obvious, and barren land continued its decreasing trend.

From 2010 to 2020, all land types showed a decreasing trend, except for the built-up
land, woodland, and arable land, which continued to increase in area. Among these latter
three, the highest land use motive attitude was 7.99% for built-up land, indicating significant
urbanization expansion as the urbanization continued to advance. The kinetic attitude
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of woodland and cropland was 2.28% and 1.79%, respectively, which also represents an
increasing trend for these two land types. In contrast, the area of grassland and barren
land still shows a decreasing trend, with the decrease in the grassland area intensifying.
However, the decreasing trend in the area of barren land was slowing down, resulting
in kinetic attitude decreases of −0.04%. The main features of LUCC in the Tarim River
Basin throughout the study period include a significant increase in land for construction,
a continuous expansion of arable land, a steady increase in the area of woodland, and a
significant reduction in barren land.

3.1.3. The Relationship between Built-Up Land and Social Economy

Since 1990, the trends in the built-up land and GDP within the Tarim River Basin
have been positively correlated (Figure 3a). Among them, the new built-up land area
was 2856 km2 and the GDP rose by a total of RMB 404.6 billion, indicating that, with the
increasing urbanization process, it has a positive effect on the rapid development of the
social economy. In particular, the city has a basically similar rising trend between 1990
and 2010. At the same time, we further illustrate the impact of changes in built-up land on
regional economic development based on the spatial variation in the built-up land within
the watershed during the study period. According to the spatial pattern of built-up land in
each period in Figure 2, we found that the built-up land increased significantly from 1990
to 2000 mainly in the main streams of the Weigan-Kuqu and Tarim rivers, while the regions
corresponding to the change in GDP in time rose more in the Aksu region and Bayingol.
From 2000 to 2010, the rise in the built-up land area was concentrated in locations near the
Aksu and Kaidu-Kongque river basins, and, similar to the previous period, it was still the
Aksu region and Bayingol that experienced the greater increase in GDP. During the period
2010–2020, in addition to the significant GDP growth in the Aksu region and Bayingol, there
is also the Kashgar region, so the basins where built-up land is spatially evident are the
Qarqan river, Tarim river, and Yarkand river basin, respectively. The relationship between
the built-up land area and GDP is strong, both temporally and spatially, and the changes in
the built-up land within the watershed have a positive impact on the regional economy.
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In addition, we analyzed the socio-economic aspects using the industrial structure
and population (age structure and education). The industrial structure shows an overall
decreasing trend in the share of primary and secondary sectors, with a significant decrease
in the primary sector and a clear increase in the tertiary sector, with a total increase of
20.84%. With the rapid socio-economic development, the trend of population expansion
has intensified, including the trend of population aging (age over 65 years old) increasing
and the trend of culture and education also significantly increasing.

3.2. Analysis of Land Use Structure Change
3.2.1. Land Use Type Transfer

As shown by the land type transfer matrix of the Tarim River Basin from 1990 to 2020,
the area conversion between land types was frequent. The analysis of the interconversion
between land types for the whole period can be seen in Table 3. As presented in the table,
the conversion between arable land, grassland, and barren land is very prominent, with
the increase in the arable land area occurring mainly from the conversion of grassland and
barren land. The conversion of grassland to arable land represents 57.82% of the increase
in arable land area during the period. This increase is concentrated in the lower reaches
of the Weigan-Kuqu and Yarkand rivers and near the middle and lower reaches of the
Aksu River. The conversion of barren land to arable land, which accounts for 45.07%, is
more significant in the middle and lower reaches of the Weigan-Kuqu and Kaidu-Kongque
rivers. The expanding area of built-up land in the basin is mainly converted from arable
land, grassland, and barren land, with the converted area accounting for 18.07%, 48.01%,
and 30.68%, respectively, of the new area of built-up land. The converted land is mainly
concentrated near the lower reaches of the Aksu, Weigan-Kuqu, and Qarqan rivers. In
contrast, the increase in woodland was the result of grassland conversion, with a conversion
share of 54.14%.

Table 3. Land Type Transfer Matrix 1990–2020 (km2).

1990

Cropland Woodland Grassland Water Bodies Built-Up Land Barren Land Total

2020

Cropland 28,198 15 3592 137 516 168 32,627
Woodland 1 626 0 0 0 0 628
Grassland 14,421 983 15,053 1160 1371 25,626 194,101

Water bodies 126 15 652 27,309 95 5302 33,498
Built-up land 0 0 1 2 83 0 86

Barren land 8610 5 36,869 4890 876 707,809 759,059
Total 51,358 1645 191,653 33,497 2942 738,905

Overall, the area of grassland and barren land significantly decreased in the Tarim
River Basin throughout the study period and was transformed into other land types. The
main transformations were grassland into cropland, built-up land, and woodland, and
barren land into cropland, grassland, and built-up land.

3.2.2. Land Use Type Gravity Shift

The spatial migration characteristics of the center of gravity for each land use type in
the Wood River watershed varied considerably during 1990–2020 (Figure 4). The center of
gravity of the cropland shifted from east to southwest, moving a total distance of 5.33 km.
The shift occurred in two stages: the first was an east-to-southwest movement during
2000–2010, and the second was a southeast movement during 2010–2020. This shift in
cropland is mainly due to the rise in population in the study area, which increased the
demand for arable land and the need to reclaim more land for human livelihood. The center
of gravity of woodland mainly migrated from northeast to southwest, moving the greatest
distance (5.89 km) during 2010–2020, while grassland’s center of gravity migrated from
southeast to northwest, then southwest, and finally northeast after 2010, shifting 6.59 km
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in total. The center of gravity of water bodies migrated 5.73 km over the 30-year period,
generally in a southwest-to-northeast direction.
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Figure 4. Migration of center of gravity of different land types in the Tarim River Basin from 1990
to 2020 (Figure (a) shows the center of gravity of each land type in 2020, and Figures (b–g) show
the migration trajectories of the center of gravity of cropland, forest land, grassland, water bodies,
built-up land, and unused land, respectively).

The center of gravity of built-up land moved the most (10.05 km) during 1990–2000.
However, the direction of migration shifted twice—once to the northwest and once to
the southeast—with the overall movement trending from the desert to the oasis areas.
For barren land, the overall center of gravity moved from south to northeast, for a total
migration distance of 6.74 km.

3.2.3. Regional Land Structure Change

By calculating and analyzing the entropy and equilibrium of land use information for
the Tarim River Basin in 1990, 2000, 2010, and 2020, we found that both the entropy and equi-
librium showed an increasing trend (Figure 5). The entropy of land use increased rapidly
during 2000–2010, indicating that the disorderly land use system drastically changed in this
period. The trend then slowed during 2010–2020, with changes in the area of arable land
and grassland playing an important role in this process. Similar to entropy, the equilibrium
of the land use trend saw an increase in value, rising from 0.55 in 1990 to 0.59 in 2010, and
then jumping substantially after 2010. The overall results show that the land use structure
of the Tarim River Basin gradually tends to be balanced after 2010, and the balance of the
distribution of various land structures tended to improve by 2020.
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3.3. Future Land Structure Changes under Increasing Urbanization
3.3.1. Future Changes by Land Type

We selected the CA-Markov model to simulate the land use pattern changes predicted
from 2020 to 2030 in the Tarim River Basin at both temporal and spatial scales. Figure 6 and
Table 4 show an increase in the area of grassland, woodland, water bodies, and built-up
land as well as a decrease in the area of barren land and arable land. As can be seen,
the area of land for construction is anticipated to continue to increase, but the degree of
change will gradually slow, with a dynamic attitude of 0.94%. The area of woodland, on
the other hand, will significantly increase, with a dynamic attitude of 11.04% indicating
a very drastic change. Grasslands and water bodies are also expected to increase. The
area of grassland will expand by 8.37%, mostly in the lower reaches of the Kashgar and
Weigan-Kuqu rivers and the Kriya and Qarqan river basins. Additionally, water bodies will
expand by 1.22%, primarily in the upper reaches of the Tarim River Basin and in the middle
and lower reaches of the Tarim River itself. During the same period, the arable land area is
anticipated to decrease by 6968.70 km2, with a dynamic attitude of −1.36%. This decrease
is mainly concentrated in the Kashgar river and the lower reaches of the Weigan-Kuqu,
Aksu, and Yarkand rivers. Additionally, the utilized land will decrease by 15,933.22 km2,
or 2.16%, mainly in the middle and lower reaches of the Tarim River Basin. Since 1990, the
built-up land area in the basin has increased by 3133.67 km2, with a dynamic attitude of
91%. This indicates that the urbanization process in the region has intensified throughout
the period and the growth rate has increased rapidly. The area of arable land and grassland
is also on the rise, while the area of barren land has decreased by 4.75%.

Table 4. Land use dynamic attitude in the Tarim River Basin, 1990–2020 (%).

Land Type Cropland Woodland Grassland Water Bodies Built-Up Land Barren Land

2020–
2030

Ub−Ua/km2 −6968.70 1815.83 16,722.12 4086.03 277.93 −15,933.22
K/% −1.36 11.04 0.87 1.22 0.94 −0.22

1990–
2030

Ub−Ua/km2 11,761.47 2832.97 14,275.68 4084.24 3133.67 −36,088.02
K/% 0.90 11.28 0.18 0.30 91.00 −0.12
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changes in the watershed in 2030. Figure (b) shows the percentage of land types in the watershed in
the future period. Figure (c) shows change in built-up land area during the period.

3.3.2. Basin Land Use Type Transfer Characteristics

The intensification of regional urbanization causes changes in local land use patterns,
which, in turn, has a significant impact on the regional land use structure as urbanization
progresses. By selecting land use data from 2010 and 2020 for the simulation projection in
2030, we analyzed the evolution pattern of land use structure change in the Tarim River
Basin with the current intensification of urbanization and the process of interconversion
of different land use types. Our aim was to explore the relationship between urban
development and land structure in the basin in the near future.

By analyzing the transformation between different land types during the chosen
period, we found that the transformation between land types occurred quite frequently
(Figure 7). The main feature was the mutual transformation between arable land, grassland,
built-up land, and barren land. During 2020–2030, the area of built-up land is anticipated
to mainly change with the transfer of arable land, grassland, and barren land, as well as
other land types. The conversion of arable land and grassland to built-up land will be
the main reason for the expansion of built-up land, accounting for 37.94% and 20.40% of
the built-up land area, respectively. In addition to the conversion to built-up land, most
of the arable land will convert to woodland, grassland, and barren land, especially in
the lower reaches of the Kaidu-Kongque, Weigan-Kuqu, Kashgar, and Yarkand rivers.
A significant reduction in the grassland area will mainly occur in the lower reaches of
the Kaidu-Kongque River and the middle and lower reaches of the Qarqan River, mostly
converting to barren land, with a conversion ratio of 20.24%. A small portion of grassland
will also convert to woodland and water bodies.

Meanwhile, the conversion of barren land to grassland and water bodies will mostly
occur in the Weigan-Kuqu, Yarkand, and Kriya rivers. Cropland, grassland, and barren
land emerge as the three most active land types. The transformation of arable land in the
oasis is obvious, but the transformation magnitude decreases significantly. Specifically,
the transformation of arable land and barren land to grassland is mainly concentrated in
the middle reaches of the Tarim River Basin, while the areas transformed into barren land
are mainly the Kaidu-Kongque, the Aksu, and the Qarqan rivers. Additionally, there is a
transformation of cropland, grassland, and barren land to woodland, water bodies, and
built-up land, leading to an increase in the area of the latter three land types.
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From A1 to A6 are the land types in the starting years, while B1–B6 are land types in the end years.
(A1/B1: Cropland, A2/B2: Grassland, A3/B3: Woodland, A4/B4: Built-up land, A5/B5: Water
bodies, and A6/B6: Barren land).

3.3.3. Characteristics of Land Use Type Gravity Shift and Land Structure Change

Based on the model simulation results, we found that the migration characteristics of
the center of gravity for each land type in the Tarim River Basin for the future period (up to
2030) are not the same as previous characteristics (Figure 8). The center of gravity for arable
land changed from the earlier southwest-to-northwest migration route, and woodland
was notably different, shifting from a northeast-to-southwest direction to a northwest-
to-southeast one. The migration trajectories of the center of gravity for grassland and
water bodies both moved from west to east at migration distances of 7.76 km and 9.71 km,
respectively. Major changes also occurred in the center of gravity’s migration direction
for built-up land in the 2020–2030 period, shifting 25.42 km northeast to southwest. This
represented the longest migration among all land types, which indicates that the trends for
built-up land in the future will likely continue to drastically change. In other words, the
urbanization process will continue its rapid increase. The center of gravity for barren land
is opposite to that for built-up land, moving from northwest to southeast at a relatively
short distance of 7.10 km.

Finally, the entropy and equilibrium of land use information in the Tarim River Basin
for 2020–2030 is combined to measure future changes in the land structure in the context of
increasing urbanization. Both entropy and equilibrium tend to increase, but the variability
slows down compared to pre-2020. The overall results indicate that the land use structure
of the Tarim River Basin will gradually tend toward balance in the near future, as will the
distribution of each land type.
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Figure 8. Migration of the center of gravity of different land types in the Tarim River Basin in the
future period. (Figure (a) shows the center of gravity of each land type in 2030, and Figure (b–g) show
the migration trajectories of the centers of gravity of cultivated land, forest land, grassland, water
bodies, built-up land, and unused land, respectively).

4. Discussion
4.1. Model Accuracy and Applicability

The CA-Markov model has the advantage of being able to simulate and predict land
use patterns in future periods based on land use data from historical periods. Hence, it is
widely used in urban area planning and land use forecasting [54,55]. However, the model
may overestimate or underestimate the area of different land use types in the process of
simulation or prognosis [56–58]. We simulated future (2030) land use changes in the Tarim
River Basin using the CA-Markov model. To ensure the accuracy of the model simulation,
we compared the actual data of the Tarim River Basin in 2015 with the simulation results
for validation (Figure 9). The simulated land use data were found to be consistent with the
actual data, with the only inconsistent areas being grassland and water bodies. According
to related studies, the Kappa index has a high consistency of results if it varies between
0.80 and 1 [45,59]. The Kappa index of the simulation results in this paper is 0.89, which
indicates that the CA-Markov model is highly reliable for simulating land use changes
in the Tarim River Basin, and, thus, can realistically predict the evolution of future land
use patterns.
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4.2. Causes Associated with Increased Urbanization

During the period 1990–2020, the overall center of gravity of the built-up land moved
from the desert to the oasis areas. This shows that the urbanization process occurring in the
Tarim River Basin intensified during the study period, with rapid economic development
resulting in an increased demand for built-up land. Nighttime light levels can reflect the
degree of urbanization in an area, while nighttime light data can also monitor regional
urbanization processes and expansion [60,61]. According to the results of Wang’s study,
the lit area of the Tarim River Basin shows an increasing trend, which also indicates the
rapid urbanization in the basin [62]. With the rapid population growth and economic
development, the total population increased from 7,128,500 to 11,951,700 during 1990–2020,
for an increase of 67.66%. The rise in demand for land in conjunction with corresponding
government policies led to a significant expansion of arable land [63]. Similarly, with the
rapid socio-economic development in the basin, the regional GDP dramatically increased,
rising from CNY 8.156 billion in 1990 to CNY 412.712 billion in 2020. The significant
increases in various industries and GDP per capita, coupled with the encouragement of
local governments and the driving force of national policies, resulted in the continuous
urbanization and expansion of built-up land area [47]. Wang also believes that regional
planning policies can influence the degree of urbanization [64]. Thus, the significant
increase in the area of arable land and built-up land is mainly dominated by human
activities, while the demand for land and food is directly proportional to the area of arable
land and residential land as the population continues to increase. Due to the large base
and proportion of the current agricultural population coupled with rapid socio-economic
development, the increase in the population will inevitably intensify the urbanization. This
will lead to increasing contradictions in urban land use, which will, in turn, affect the
changes in the pattern of land types in the region.

4.3. Recommendations and Strategies for Land Development

Since 1990, the encroachment of cropland on grassland and barren land throughout
the region simultaneously occurred with the continuous development and conversion
of cropland, grassland, and barren land into built-up land. This land type transfer was
especially prominent in the oasis areas in the middle and upper reaches of the basin,
reflecting the simultaneous expansion of cropland and urbanization processes. The large-
scale human exploitation of the oases from 1990 to 2020 was one of the main reasons
for the land use transformations. We found, based on the simulation results, that the
area transferred in for built-up land in the future period is much larger than the area
transferred out, and that the area of built-up land in the watershed increases significantly.
As urbanization intensifies, it promotes regional economic development, but it may also
be accompanied by ecological problems [65,66]. The demand for land varies from locale
to locale, and the land structure likewise varies [67]. Regional land use change is not
only critical but is considered a major indicator of climate change and global ecology [68].
Under the rapid urbanization process, great attention must be paid to the relationship
and contradiction between economic development and ecological protection. In addition,
because urbanization is intensifying, there is a continuous increase in the built-up land area
and urban population. This increase is leading to a major growth in water consumption,
imposing a serious burden on water resources and inevitably leading to changes in the
regional land use pattern and structure [69]. These changes, when coupled with the
extremely fragile ecosystem of the watershed, increasing land exploitation, and land
desertification, will eventually lead to the imbalance of water and soil resources and result
in further conflicts between supply and demand [70].

Accelerated urbanization is of great significance to regional economic and social
development. However, maintaining regional land structure and ecological development
while promoting urbanization is a difficult problem to solve [71]. Therefore, decision makers
should link socio-economic and sustainable development in the urban development process
while improving urban land utilization and adjusting the functional zoning and industrial
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land use structure of a city. In particular, considering the impact and sustainability of
increasing urbanization on regional soil, water resources, and ecological development and
promoting the ecological, economic, and social benefits of land use is essential for the
coordinated development of regional resources and ecological security.

5. Conclusions

During 1990–2020, the distribution of land types in the Tarim River Basin was mainly
characterized by a continuous increase in arable and built-up land and a continuous de-
crease in barren land. The arable land increased by 57.41%, the area of built-up land
increased by a total of 2855.74 km2, and the area of barren land decreased significantly in
the middle reaches of the Tarim River Basin. During the 30-year period, the area conver-
sion between land types was frequent. This mainly manifested in the transformation of
grassland into arable land, built-up land, and woodland, and the continuous development
and utilization of barren land into arable land, grassland, and built-up land. The migration
of the center of gravity of built-up land was characterized by a shift from desert areas to
oasis areas, indicating increasing urbanization in the basin during this period.

Increases in urbanization will also affect future regional land use structures. According
to the simulation results, we found that the arable land area in the watershed would
decrease in 2020–2030. Meanwhile, the built-up land area would continue to increase, but
the increase would be flat and mainly involve transfers from arable land and grassland,
accounting for 37.94% and 20.40%, respectively. The migration characteristics of the center
of gravity of each land type in the future watershed greatly vary. For built-up land, the
center of gravity migration distance is expected to be the longest and shift from the northeast
to the southwest, providing a clear indication that the urbanization process will continue
into the future. In the context of rapid urbanization, it is necessary to focus on the impact
and sustainability of increased urbanization on regional soil and water resources and
ecological development, which is crucial for the coordinated and sustainable development
of regional resources and the economy.
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