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Abstract: Water and soil resources are the key elements required to maintain the stability and
sustainable development of oases in inland drylands. This study takes oases in Xinjiang as an
example, and reveals the spatial and temporal distribution characteristics of oases across Xinjiang,
as well as the dynamic migration and transformation process of oases and the mutual influence of
human activities on oasis resources, through a combination of land movement and attitude indicators,
use of a gravity model, and Geodetector. The results show that: (1) the area containing the oases in
the study has expanded, increasing by 24.0% between 1990 and 2020; (2) both artificial oases (AO)
and natural oases (NO) were tilted in a northeast–southwest direction, with the center point of AOs
moving slightly to the northeast, and the centripetal force and dispersion degree did not change
significantly; the center point of NO moved significantly to the northeast, and the dispersion degree
weakened, showing spatial convergence; (3) cultivated land and grassland were the main land types
of oasis evolution, and their contribution to evolution was over 70%; and (4) the Geodetector results
show that the three main factors driving the evolution of oases were vegetation cover, population
density, and GDP. The research results have practical implications for land-use management planning
and ecological environmental protection in arid zones.

Keywords: Xinjiang oasis; Geodetector; standard deviation ellipse; driving force

1. Introduction

Oases, as the core of the ecosystem and important places for human beings, are
the main areas for human socioeconomic activities such as agriculture and industrial
production within arid zones [1]. The proportion of oasis areas in inland river basins is
usually only about 5% of the area, but they gather more than 95% of the population and
more than 90% of the socioeconomic wealth [2]. Oases are the core areas of economic output
of the whole arid zone watershed and the areas with the most frequent interaction with
humans [3]. Oases in China have experienced massive expansion due to rapid population
growth, sustained economic development, and climate change [4,5], which has also put
tremendous pressure on oasis ecosystems [6]. This has greatly constrained the sustainable
development of oases, and the risk of oasis shrinkage is increasing, which has drawn more
and more scholars’ attention to the conservation and restoration of oases [7]. The process
of oasis change and the drivers of change are the basis and prerequisites to support the
study of oasis conservation and restoration. Therefore, studying the spatial and temporal
changes of oases and their drivers is of reference value and practical significance for
co-ordinating human–land relations, protecting arable land, and formulating ecological
restoration policies.

Land 2023, 12, 1508. https://doi.org/10.3390/land12081508 https://www.mdpi.com/journal/land

https://doi.org/10.3390/land12081508
https://doi.org/10.3390/land12081508
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0009-0008-8178-3049
https://orcid.org/0000-0002-0563-2395
https://doi.org/10.3390/land12081508
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land12081508?type=check_update&version=2


Land 2023, 12, 1508 2 of 15

The evolution of oases is most directly manifested by changes in land cover types [8].
Based on the study of land-cover-type change, one can investigate the rate and scale of
change in specific land types, as well as the interconversion relationship with other land
types [9–11]. To further explore the trajectory of movement during oasis migration, the cen-
ter of gravity model and the standard deviation ellipse (SDE) model were introduced [12].
Xuning explored the evolution of the spatial structure of oasis economy through the center
of gravity model and indicator system. It was found that the economic center of gravity in
the Tarim River basin moves from the source stream to the middle stream, and its change
trajectory follows the linear rate law [13]. Yuding explored the oasis migration evolution
process in the northwest arid zone through the center of gravity model and pointed out
that the land-use types that contribute more in the process of oasis-to-desert transformation
are grassland and woodland [14]. Jinping He revealed the spatial and temporal evolution
of oases in the Kaidu-Kongchu River basin in the past 30 years by means of the center of
gravity model, and used principal component analysis to find that human activities are the
main factors accelerating oasis migration [15].

To further explore the drivers in the migration process, traditional methods include
correlation analysis [16], principal component analysis [17], regression analysis [18], etc.
However, these methods do not correspond drivers to spatial relationships, while geo-
graphic probes can effectively solve this problem and have many applications in environ-
ment, geology, and diseases [6,19–21]. For example, Yizhen Zhao found that elevation,
distance from cities, and population were the main factors influencing land-use change in
Mao County, Sichuan, China, by means of a geographic probe [22]. Yanan Liu analyzed
the degree of influence of nine drivers on 12 types of land-use change in Henan Province,
China, by means of a geographic probe, and found that anthropogenic factors were the
main factors of land conversion for construction [23].

Xinjiang (XJ) is located in an inland arid region with a vast area, and is an important
part of the “One Belt, One Road” construction. With the rapid economic development of
Xinjiang, the landscape pattern of oases in the watershed has also significantly changed.
Some studies on Xinjiang oases have been conducted [24,25]. For example, Ke He analyzed
the oasis area in Xinjiang from 1972 to 2015 by examining remote sensing image data, and
found that the area share increased from 8.18% to 9.93%; combined with the statistical
results, he found that the warm and wet climate changes, as well as policy, population,
socio-economic, and technological factors, became the driving factors of land-use changes
in Xinjiang [26]. Li Song took 18 oasis cities in Xinjiang from 1995 to 2010 as research objects
and found that the land-use landscape diversity in Xinjiang oasis cities showed an increas-
ing trend, and the land-use structure tended to be complex and multivariate. Principal
component analysis was used to find that land economic input efficiency and urban expan-
sion became the main factors influencing the evolution of land-use landscapes in Xinjiang
oasis cities [27]. Qi used satellite remote sensing and GIS to assess the dynamics of land-use
change in Jinta Oasis, a typical oasis in the temperate arid zone of northwest China, from
1988 to 2003, and explored the interaction between these changes and the oasis environment.
The results showed that arable, urban, and wasteland areas increased, while grassland and
woodland areas decreased rapidly [28]. Using a geo-weighted regression model, Mireguli
Ainiwaer recorded that the rate of groundwater decline was significantly higher in the
Aksu oasis than in the oasis–desert transition zone. The expansion of arable land area and
the rapid decrease in shrub cover is one of the main reasons for this phenomenon [29].

These studies have provided some basis for revealing the evolutionary characteristics
of oases in Xinjiang and their influencing factors. However, existing studies have focused
on ecological quality [30,31], service function [32], carrying capacity [33], and heat island
effect [34] within the oasis. The consideration of the driving factors behind the oasis has
been neglected. There are still deficiencies in the spatially analytical expression of the
evolutionary characteristics of oases, and the guidance for watershed management policy
formulation and planning practice is not strong. To address this problem, this study uses
Landsat remote sensing data from 1990 to 2020 to study different regional subdivisions of
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Xinjiang, taking oases in the Xinjiang plain area as research objects. The study contains
the following aims: (1) to measure the spatial and temporal changes of oasis evolution in
Xinjiang from 1990 to 2020 through dynamic attitude and contribution indicators, and to
explore the interconversion relationship between artificial oases (AO) and natural oases
(NO); (2) to refine the oasis migration process through the center of gravity migration
model and standard deviation ellipse analysis; (3) to analyze the driving force of oasis
evolution process through geographic-probe-selected indicators, and to explore its spatial
and temporal changes; and (4) to explore the intrinsic drivers of oasis evolution through
geographic probes, and to reveal the dominant picture of oasis evolutionary characteristics
in Xinjiang, China. The study is expected to provide a reference for integrated watershed
management and oasis conservation in the arid zone.

2. Materials and Methods
2.1. Study Area

The study area is Xinjiang (Figure 1), with a total area of 1.66 million km2, lo-
cated in the hinterland of Eurasia, with a geographical location of 34◦25′ N–48◦10′ N,
73◦40′ E–96◦18′ E. It is bordered by eight countries, including Russia, Kazakhstan, Tajik-
istan, Kyrgyzstan, Afghanistan, Mongolia, Pakistan, and India. Since Xinjiang is far from
the sea, it has a typical temperate continental arid climate with a large temperature differ-
ence, sufficient sunshine, annual average precipitation of about 150 mm, low precipitation
and high evaporation, and a dry climate. The Tianshan Mountains stretch across the center
of Xinjiang, dividing the region into northern and southern halves. South of the Tien Shan
is called South Xinjiang (SXJ), north of the Tien Shan is called North Xinjiang (NXJ), and
the Hami and Turpan basins are called East Xinjiang (EXJ).
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Figure 1. Location of the study area.

2.2. Data Sources

The data used in this study are shown in Table 1, where slope data are generated by
ArcGIS 10.2 software using DEM data. The land-use/cover types of oases in the study
area were classified according to the mechanism of oasis formation [35]. Considering the
characteristics of the natural environment of the arid zone, the study area was divided into
deserts, mountains, and oases based on the oasis scoping method [1,4]. The mountainous
areas are over 1500 m above sea level. Oases are categorized into AO and NO. NO land-use
types in the study area include forested, open forest, shrubland, high cover grassland,
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medium cover grassland, lakes, beaches, and swamps, and AOs include paddy fields, dry
land, other forested land, construction land, reservoirs, and canals.

Table 1. Description of the data used in this study.

Data Time Resolution Sources

Administrative
boundary 2020 Province http://bzdt.ch.mnr.gov.cn/

(accessed on 7 May 2021)
Digital elevation model

(DEM) 2009 30 m http://www.gscloud.cn/
(accessed on 15 June 2022)

Land-use data 1990, 2000, 2005, 2010,
2015, 2020 30 m http://www.resdc.cn/

(accessed on 3 May 2022)
Normalized difference

vegetation index (NDVI) 2020 100 m http://www.resdc.cn/
(accessed on 11 March 2023)

Precipitation 2020 30 m http://data.cma.cn/
(accessed on 11 March 2023)

GDP density 2020 1 km http://www.resdc.cn/
(accessed on 12 March 2023)

Population density 2020 100 m https://www.worldpop.org/
(accessed on 13 March 2023)

Residential area 2020 http://www.ngcc.cn/
(accessed on 15 March 2023)

Expressway 2020 https://www.openstreetmap.org
(accessed on 15 March 2023)

2.3. Methodology
2.3.1. Oasis Land-Use Type Change Dynamic Attitude Indicators

The single land-use dynamic attitude is an indicator of the rate and magnitude of
change in different land-use types over a certain period of time and using the following
formula [36]:

K =
Sj − Si

Si
× 1

T
× 100% (1)

where K is the rate of change in a land-use type within a certain time period in the study
area (%), Si and Sj are the areas of land-use types at the beginning and end of monitoring
(km2), T is the study period, and K is the annual rate of change of a land-use type in the
study area (%) when the period of T is one year.

2.3.2. Contribution Rate Indicator

Different land-use types contribute differently to the oasis change during the trans-
formation of oasis and desert. In this study, we define the oasis expansion contribution
rate, Pe, and oasis decline contribution rate, Pd, to assess the contribution of each land-use
type in the process of oasis expansion (or decline). For land-use type i, the oasis expansion
contribution rate, Pe,i, and the oasis decline contribution rate, Pd,i, [18] are, respectively:

Pe,i =
∆Uin,i

∆Uin
× 100% (2)

Pd,i =
∆Uout,i

∆Uout
× 100% (3)

where ∆Uin is the total area converted from desert to oasis during the study time period;
∆Uin,i is the area converted from desert to land-use type i during the study time period;
∆Uout is the total area converted from oasis to desert during the study time period; and
∆Uout,i is the area of land-use type i converted to desert during the study time period.

The combined oasis contribution, Pc, is defined to describe the overall contribution of
a land-use type to the oasis change within the study period. For land-use type i, the oasis
integrated contribution rate, Pc,i, is defined as:

Pc,i =
∆Uin,i + ∆Uout,i

∆Uin + ∆Uout
× 100% (4)

http://bzdt.ch.mnr.gov.cn/
http://www.gscloud.cn/
http://www.resdc.cn/
http://www.resdc.cn/
http://data.cma.cn/
http://www.resdc.cn/
https://www.worldpop.org/
http://www.ngcc.cn/
https://www.openstreetmap.org
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As oases and deserts are transformed, AO and NO are also transformed into each other.
The analysis of the process of AO and NO transformation can help to explore the causes of
oasis structure change and interaction relationship, and further understand the influence of
human activities in the process of oasis migration. The NO conversion contribution, Pn,
and AO conversion contribution, Pa, can be defined as, respectively [37]:

Pn =
∆Una

∆Una + ∆Uan
× 100% (5)

Pa =
∆Uan

∆Una + ∆Uan
× 100% (6)

where ∆Una is the area of natural oasis transformed into artificial oasis during the study
period, and ∆Uan is the area of artificial oasis transformed into natural oasis during the
study period. Pn, in the physical sense, represents the percentage of natural oasis trans-
formed into artificial oasis in the overall process of mutual transformation. Pa represents
the percentage of artificial oases transformed into natural oases in the overall process. Pa
represents the percentage of the conversion from artificial to natural oases in the overall
process. When Pn ≥ 50 indicates that the conversion of natural oases to artificial oases
is the dominant conversion direction; when Pn < 50, it indicates that the conversion of
artificial oases to natural oases is the dominant conversion direction. All indicators of oasis
contribution are explained in Table 2.

Table 2. Illustrative table of oasis contribution rate indicators.

Indicator Name of Indicator Instruction

Pe
Oasis expansion
contribution rate

Describing the contribution of a single land-use
type in the expansion of oases

Pd
Oasis decline

contribution rate

Describing the contribution of a single land-use
type in oasis degradation

processes

Pc
Oasis combined
contribution rate

Describe the overall contribution of
a land-use type to oasis change over the

study period

Pn
Natural oasis conversion

contribution rate

Conversion of natural to artificial oases as a
percentage of the overall process

of mutual conversion

Pa
Artificial oasis conversion

contribution rate

Conversion of artificial to natural oases as a
percentage of the overall process

of mutual conversion

2.3.3. Standard Deviation Ellipse

The standard deviation ellipse model can spatially represent the spatial and temporal
migration trajectory and distribution pattern of oasis land resources. The model is mainly
composed of the spatial center of gravity co-ordinates (Xi, Yi), the offset angle θ, and the
standard deviation of the major axis (x-axis) and the minor axis (y-axis). The model can
visually reflect the general outline of point space organization. Parameters such as offset
angle θ and migration distance D can also reflect the spatial change process of the overall
region; the larger the θ and the longer the D, the more serious the spatial imbalance of the
region. The x-axis reflects the dominant distribution direction of the data, and the y-axis
reflects the distribution range of the data; the shorter the y-axis, the stronger the centripetal
force presented by the data, and, vice versa, the greater the dispersion of the data. The
larger the difference ratio between the two axis distances (the larger the flatness) indicates
that the directionality of the data is more significant, and, vice versa, the directionality is
not significant.

The center of gravity co-ordinates of each element are brought into the spatial center
of gravity migration in Equation (7), and the spatio-temporal migration trajectory of the
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center of gravity of soil and water resources is plotted by the distance (D) and the offset
angle (θ) of the center of gravity migration of each element:

D = C×
√
(Xt2 − Xt1)

2 + (Yt2 − Yt1)
2 (7)

where D is the distance of center of gravity migration (km), and (Xt1, Yt1) and (Xt2, Yt2)
represent the co-ordinates of center of gravity at time t1 and t2, respectively. C is a constant
that represents the coefficient of conversion from earth latitude and longitude co-ordinates
(◦) to plane distance (km) and takes the value of 111.111.

2.3.4. Geodetector

Geodetector is a statistical method based on the theory of spatial statistics and spatial
autocorrelation. It can be used to investigate spatial anisotropy, reveal the magnitude and
significance of the influence of each driver, detect the strength of interaction between factors,
and perform risk detection. In this study, we used the factor detection tool, interaction
detection tool, and risk detector to analyze the drivers of oasis migration changes in
the region [38].

(1) Factor detection: This is used to detect the spatial variability of the dependent variable
Y (oasis change area) and the magnitude of the independent variable X (each natural
and anthropogenic factor) on the spatial variability of Y, measured by the q value [19],
as follows.

q = 1− ∑1
h=1 Nhσ

2
h

Nσ2 (8)

In Equation (8), N is the number of sample units in the whole study area, σ2 is the
discrete variance of Y values in the whole area, h is the partition of variable Y or factor X,
and L is the number of partitions, i.e., the number of sub-regions. q has a value range of
[0, 1], and the larger its value, the stronger the explanatory power and contribution of the
factor to the spatial differentiation of surface temperature production; the weaker its value,
the opposite occurs.

(2) Interaction detection: This identifies the interaction between different independent
variables X, reflecting whether the influence of two factors on Y when acting together
is correlated or independent, and derived by q-value [q(X1∩X2)], as shown in Table 3.

Table 3. Driving force magnitude criterion interval and interaction type.

Criterion of Interval Interaction

q(X1∩X2) < Min[q(X1), q(X2)] Nonlinear weakening
Min[q(X1), q(X2)] < q(X1∩X2) < Max[q(X1), q (X2)] Single-factor nonlinear weakening

q(X1∩X2) > Max[q(X1), q (X2)] Dual factor enhancement
q(X1∩X2) = q(X1) + q(X2) Independence
q(X1∩X2) > q(X1) + q(X2) Nonlinear enhancement

3. Results
3.1. Spatial and Temporal Trends in Oasis Size

The oasis area of the whole territory showed an overall increasing trend during the
period of 1990–2020 (Figure 2a), from 13.95× 104 km2 in 1990 to 17.32× 104 km2 in 2020 (an
increase of 24.0% during the past 30 years), with an annual growth rate of 0.8% (Figure 2b).
Among them, the AO area increased from 6.18 × 104 km2 in 1990 to 10.08 × 104 km2

in 2020 (an increase of 63.1% during the past 30 years), with an annual growth rate of
2.1%. The NO area showed a trend of annual decrease, from 7.77 × 104 km2 in 1990 to
7.24 × 104 km2 in 2020 (a decrease of 6.8% during the past 30 years).
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Figure 2. Oasis change in Xinjiang from 1990 to 2020 (a), oasis dynamic attitude (b), and oasis
area change (c).

The dynamic change process of the oasis can be further revealed by the dynamic
attitude (K) analysis of the above land types. The results show (Figure 2c) that the kinetic
attitudes of all land types in the study area changed significantly from 1990 to 2020, with
AO kinetic attitudes increasing continuously between 1990 and 2010, reaching a peak of
4.62% between 2005 and 2010, and then decreasing to a minimum of 0.65% between 2015
and 2020. The rate of NO degradation accelerated during the period of 1990–2000, reached
a maximum negative value of −0.72% during 2000–2005, was moderated during 2005–2010,
and then continued to degrade during 2010–2020.

3.2. Analysis of the Contribution of Different Land Types to Oasis Evolution

The oasis expansion contribution rate Pe, the oasis decline contribution rate Pd, and
the combined oasis contribution rate Pc were calculated separately for each land-use type in
the study area. Three major land types, namely, cropland, forest land, and grassland, were
selected to calculate the changes in the contribution rate to oases at different time periods
during the period of 1990–2020 (Table 4). The land-use types that dominate the spatial and
temporal migration of oases in the study area are cropland and grassland, and the combined
contribution of these two land types is above 70% in all time periods and reaches above
80% after the year 2000. This indicates that most of the transition between oasis and desert
is related to cropland and grassland. The combined contribution of cropland compared
with 1990–2000 shows a significant increase after the year 2000 and then decreases year
by year, whereas the combined contribution of forest land decreases until 2005 and then
increases year by year.

The Pn and Pa values of the study area during the period of 1990–2020 were calculated
as shown in Table 5. The main conversion direction of the oasis in the study area is the
conversion of NO to AO, and the conversion of NO to AO is at more than 50% in all
periods. The peak was reached during the period of 2000–2005, when 89.26% of NO was
converted to AO. The amount of NO converted to AO was 84.47% during 2005–2010, and
the percentage of NO converted to AO started to decrease until 2015–2020.
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Table 4. Contribution of different types of land-to-oasis evolution in the study area.

Land Type Index
XJ (%) NXJ (%)

1990–2000 2000–2005 2005–2010 2010–2015 2015–2020 1990–2000 2000–2005 2005–2010 2010–2015 2015–2020

Cropland
Pe 40.97 76.46 24.52 71.65 62.00 50.54 79.16 38.82 70.01 69.80
Pd 40.36 41.27 8.26 51.77 23.24 49.69 72.45 12.51 77.65 21.51
Pc 40.73 72.09 17.39 68.94 43.01 50.15 78.47 29.31 71.53 48.03

Forest
Pe 5.82 1.94 6.49 0.90 2.22 1.89 1.04 1.25 0.28 0.58
Pd 13.23 5.09 9.47 3.76 1.80 23.54 3.47 8.14 1.25 0.66
Pc 8.78 2.33 7.80 1.29 2.01 11.83 1.29 3.74 0.47 0.61

Grass
Pe 36.48 7.64 41.92 5.68 8.84 35.47 4.86 46.73 2.34 5.47
Pd 40.27 24.49 38.32 26.78 9.94 23.33 9.79 46.16 4.97 4.75
Pc 37.99 9.73 40.34 8.56 9.38 29.90 5.37 46.52 2.86 5.15

Land Type Index
EXJ (%) SXJ (%)

1990–2000 2000–2005 2005–2010 2010–2015 2015–2020 1990–2000 2000–2005 2005–2010 2010–2015 2015–2020

Cropland
Pe 66.35 70.25 11.52 13.24 23.64 33.58 73.51 18.33 79.34 58.31
Pd 70.66 14.54 1.93 61.19 17.27 29.79 16.51 8.52 16.93 25.67
Pc 67.82 51.35 6.08 19.44 19.89 32.23 67.35 13.95 73.25 41.59

Forest
Pe 0.76 0.36 0.95 0.07 0.30 8.58 3.51 10.89 1.34 4.21
Pd 0.67 0.62 1.22 0.55 0.20 3.72 10.38 12.79 7.51 3.02
Pc 0.73 0.45 1.10 0.13 0.24 6.85 4.25 11.74 1.94 3.60

Grass
Pe 17.24 12.97 44.64 9.52 8.31 38.09 10.85 38.37 7.11 12.50
Pd 25.40 59.59 12.78 17.53 23.77 57.58 20.73 43.42 56.35 11.98
Pc 20.04 28.79 26.60 10.56 17.42 45.04 11.92 40.63 11.92 12.24

Table 5. AO and NO conversion contribution ratio.

Title 1 Index 1990–2000 (%) 2000–2005 (%) 2005–2010 (%) 2010–2015 (%) 2015–2020 (%)

XJ Pn 58.90 89.26 84.47 87.47 64.52
Pa 41.10 10.74 15.53 12.53 35.48

NXJ Pn 56.94 84.30 62.01 62.01 71.96
Pa 43.06 15.70 37.99 37.99 28.04

EXJ Pn 52.48 85.36 53.72 53.72 60.79
Pa 47.52 14.64 46.28 46.28 39.21

SXJ Pn 61.31 91.56 91.59 91.59 60.69
Pa 38.69 8.44 8.41 8.41 39.31

3.3. Analysis of Oasis Migration Directionality Results

The AO and NO standard deviation ellipses (SDE) were obtained by calculating the
1990–2020 AOSDE and NOSDE (Figures 3a and 4a). The results show that the AOSDE
varies slowly over 30 years, with an overall contraction and a shift of the center of gravity
to the northeast. The NOSDE varies more strongly than the AOSDE, with an obvious
directional shift, an overall shift to the northeast, and a spatial expansion and clustering.

The SDE areas of both AO and NO show a trend of increasing and then gradually
decreasing, and the corresponding x-axis and y-axis fluctuate at low levels. The y-axis of
AO shows a fluctuating trend of “decreasing–increasing–decreasing” from 1990 to 2020
(Figure 3b). The y-axis of NO shows a decreasing trend from 1990 to 2000 and an increasing
trend from 2005 to 2015 (Figure 4b), which indicates that the centripetal force of AO
decreases and the dispersion weakens from 1990 to 2015. The center point of NO is tilted in
the southeast–northwest direction (Figure 4c), and the displacement of the center point is
significant in 2005–2010, showing a significant northeastward migration. The above results
indicate that after 2000, the agricultural production activities and urbanization within the
AO were more intense compared with those before 2000, and the NO center migrated from
SXJ to NXJ.

The standard deviation ellipses were obtained for the variation in AO and NO areas
in different years for each region in Xinjiang (Figures 5a and 6a), and the artificial oasis
standard deviation ellipses (AOSDE) showed a more obvious directionality in NXJ, EXJ,
and SXJ (Figure 5c,d,f), with the most obvious in NXJ and SXJ, and the AO in SXJ had a
northwest–southeast main axis tilt. In terms of the amount of area change, the increase in
AO area is mostly concentrated in Aksu and Korla, thus showing the migration of the center
point to the northeast (Figure 5b), with increased centripetal force, weakening dispersion
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year by year, and spatial aggregation. The EXJ, on the other hand, has an east–west tilted
main axis, and the area increase area is mostly concentrated in the Hami region, thus
showing a directional migration of the center point to the east (Figure 5e). The NXJ has a
northeast–southwest tilted main axis, and the increase area is mostly concentrated in the
Urumqi to Kuitun region on the northern slope of the Tianshan Mountains, thus showing a
significant shift of the center point to the northeast (Figure 5g), but not showing a more
pronounced change in the SDE area.
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The natural oasis standard deviation ellipse (NOSDE) shows a more pronounced
directionality in SXJ and NXJ (Figure 6a). Oasis migration in NXJ is tilted to the northeast
with a northeast–southwest axis (Figure 6b). The center point better illustrates this current
situation. It has migrated substantially to the northeast since 2000 (Figure 6c). The direction
of NOSDE change in EXJ is east (Figure 6d), and the overall migration direction of the
center point is mainly east (Figure 6e). The NO in NXJ is tilted to the northeast–southwest
main axis, and the boundary line of SDE extends to the southeast year by year (Figure 6f);
the center point shows the same trend (Figure 6g).
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3.4. Analysis of Oasis Migration Driving Mechanism
3.4.1. Drive Factor Detection

Oasis migration change is a dynamic process, which is the result of the superposition
of natural, social, and ecological factors, and the driving factors of its change mainly
include natural and socio-economic factors [39]. In this paper, both natural environment
and socio-economic aspects are considered, and eight driving factors are selected, namely,
primary industry output value (X1), distance from town (X2), GDP (X4), population density
(X7), precipitation (X3), slope (X5), elevation (X6), and NDVI (X8). A 5 km × 5 km size
evaluation cell grid was created based on the GIS platform, and the Xinjiang oasis was
divided into 21,113 sample cells. The amount of area change in the oasis in each sample
cell from 1990 to 2020 was used as the dependent variable, and the single-factor driving
force was calculated for each driving factor in the area using a geographic probe (Table 6).

Table 6. Results of one-way detection of spatial and temporal changes in the oasis.

Oasis X1 X2 X3 X4 X5 X6 X7 X8

AO 0.072 0.156 0.088 0.322 0.087 0.044 0.332 0.624
NO 0.028 0.057 0.051 0.109 0.068 0.014 0.114 0.407
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The results showed that all the influencing factors passed the F < 0.05 test, and the
degree of influence of each factor on the spatial distribution of AO migration was ranked
from strong to weak as follows: NDVI (0.624) > population density (0.332) > GDP (0.322) >
distance to town (0.156) > precipitation (0.088) > slope (0.087) > value added from primary
industry (0.072) > elevation (0.044). Among the natural factors, NDVI has the highest
contribution and is the main natural factor influencing the change in AO; precipitation and
slope are the secondary influencing factors; and elevation has the weakest influence on AO.
Among the anthropogenic factors, the contribution of population density was the highest.

The influence of each factor on the spatial distribution of NO migration was ranked
from strong to weak: NDVI (0.407) > population density (0.114) > GDP (0.109) > slope (0.068)
> distance to town (0.057) > precipitation (0.051) > added value of primary industry (0.028)
> elevation (0.014). The highest contribution of NDVI among the natural factors was the
main natural factor influencing the variation of NO; slope had a higher degree of influence
compared with precipitation. Elevation had the weakest influence on NO. Among the
anthropogenic factors, population density had the highest contribution, whereas GDP and
distance from town ranked second and third, respectively.

3.4.2. Driving Factor Interaction Detection

The results of the interaction show that the influence of the two-factor interaction
is significantly higher than that of the single factor, and the interaction results of any
two factors show a non-linear enhancement. In the interaction of drivers of NO change
(Figure 7a), the interaction drivers with greater explanatory power are NDVI/slope (0.449),
NDVI/precipitation (0.436), and NDVI/population density (0.436). Among the interactions
of the drivers of AO (Figure 7b), the explanatory power of the interaction between GDP, pop-
ulation density, and NDVI is much greater than that of other factors, with NDVI/population
density (0.668) having the greatest explanatory power, followed by NDVI/GDP (0.652) and
NDVI/slope (0.650). The drivers with lower explanatory power in the single factor had
significantly higher q-values after interacting with other drivers, and the drivers did not
independently influence each other, but had some connection. The results of the interaction
further verified that anthropogenic factors are the main drivers of spatial and temporal
changes in AO, and, on this basis, interact with other factors to jointly influence spatial and
temporal changes in Xinjiang Oasis.
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4. Discussion
4.1. Influence of Natural Factors on the Process of Oasis Migration

In the process of oasis evolution, changes in climate, hydrology, and other natural
factors often lead to changes in the volume of water resources [40]. A certain volume of
water resources can only maintain a certain area of oasis under certain conditions; the
volume of water resources determines the size of the oasis, and increases or decreases
in the volume of water resources will lead to the expansion and decline of the oasis,
respectively [41]. Therefore, changes in climate, hydrology, and other natural factors reflect,
to some extent, the evolutionary process of oases. In the context of the current change in
global climate, the climate of northwest China changed from warm-dry to warm-wet after
the 1970s [42], and both temperature and precipitation in the upper mountainous regions
showed an upward and increasing trend with global warming. The rate of temperature
increase was greater than the global average [43], and with the increase in temperature,
precipitation in the mountainous regions increased, glacial meltwater increased, and river
runoff from the mountains also increased [44]. The increase in outflow runoff directly leads
to an increase in the amount of water available to the oasis, which supports the expansion
of the oasis to some extent.

4.2. Impact of Human Activities on Oasis Migration Processes

Human activities act directly on oases and are the most active factors in their migration
changes [45]. With the development of science and technology, the influence of human
activities has gradually increased and, to a large extent, directly or indirectly determines
the direction of oasis evolution. Anthropogenic factors influence the occurrence and
development of the oasis evolution process mainly from the following aspects:

(1) Population growth: the population of Xinjiang grew rapidly between 1990 and 2020,
from 15.29 million in 1990 to 25.85 million in 2020, which is an increase of nearly
10.56 million, and the growth rate was also at the forefront of the country, with an
average annual growth rate of 352,000 [46]. The increase in population has led to an
increase in the area of arable land, which has led to the expansion of artificial oases
with mainly arable land. At the same time, the increase in population also makes the
area of land for urban residents increase year by year, and the area of artificial oases
further increases;

(2) Water and soil resources utilization status and mode. Oases comprise a combination of
water, soil, air, and life in arid areas, where the utilization of water and soil resources
determines the local microclimate and plant growth conditions, and the status and
manner of utilization of water and soil resources have a vital relationship with the
evolution of oases [47]. By establishing a protective forest system combining trees,
irrigation, and grasses, water-saving irrigation, and other active means of water and
soil use, people have been able to consolidate the existing oasis while giving conditions
for oasis expansion. However, it also brings certain ecological problems, such as the
disorderly and predatory exploitation of water resources in the Tarim River basin
between 1990 and 2000, which led to the rapid development of desertification and
caused the disconnection of rivers as one of the reasons for the shrinkage of green
natural oases in this period [48];

(3) Policy factors. Policy is led or advocated for by the government, which constrains
human actions and can form a huge synergy, and is often an important factor in
the evolution of oases over a certain period of time. The western development and
the “Belt and Road” initiative also created more jobs, and the relatively abundant
agricultural land resources attracted people from other provinces to work in Xinjiang,
which led to the rapid expansion of artificial oases and the shrinkage of natural oases
during this period. The peak of expansion was reached during the period of 2000–2010.
With the introduction of ecologically sustainable development policies, the expansion
of artificial oases slowed down after 2010, while the degradation of natural oases was
also moderated.
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In summary, oases are water-dependent, and the evolutionary process of oasis evolu-
tion and change is, ultimately, a process of water resources change. Natural factors, such as
climate and hydrology, influence the evolution of oases by affecting the runoff from the
mountains, whereas human factors, such as population change, soil and water use, policy
change, and technological progress and urbanization, largely determine the spatial and
temporal distribution of water resources, directly or indirectly influencing the evolution
of oases.

5. Conclusions

Based on remote sensing data during the period of 1990–2020, this study investigated
the land-change characteristics and migration evolution process of oases in Xinjiang and
came to the following conclusions:

(1) The total oasis area in the study area showed an increasing trend between 1990 and
2020, from 13.95 × 104 km2 in 1990 to 17.32 × 104 km2 in 2020 (an increase of 24.0%
during the past 30 years). The NO to AO area ratio decreased from 1.25:1 in 1990 to
0.72:1 in 2020. The expansion of arable land and construction land in AOs, the expan-
sion of cultivated land and construction land in AOs, and the decrease in forested
grassland in NOs are the main reasons for the change in oasis structure. Cultivated
land and grassland are the types of land use that contribute more, accounting for
more than 70% of the total contribution;

(2) The AOs in the study area from 1990 to 2020 are tilted on a northeast–southwest
axis, with no significant change in centripetal force and dispersion. The AOs are
consistent with the main axis of NO migration, but the centripetal force is enhanced,
the dispersion is weakened, and there is a gradual spatial aggregation trend; after
2005, there is a substantial migration to the northeast, with the centroid moving to
the northeast;

(3) Single-factor detection found that each factor influenced the spatial distribution of
oasis migration in the following order, from strong to weak: NDVI > population
density > GDP. The interaction detection results indicated that the driving factors
did not independently influence each other, but there was some connection. The
interaction results further verify that anthropogenic factors are the main drivers of
spatial and temporal changes to oases, and, on this basis, they interact with other
factors to jointly influence the spatial and temporal changes to oases in Xinjiang.
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