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The constraints and driving forces 
of oasis development in arid region: 
a case study of the Hexi Corridor 
in northwest China
Qiang Bie1,2 & Yaowen Xie1,3,4*

The oasis, a special landscape with the integration of nature and humanity in the arid region, has 
undergone an enormous transformation during the past decades. To gain a better understanding 
of the tradeoff between economic growth and oases stability in the arid land, we took the oases in 
the Hexi Corridor as a case to explore the constraints of oases development and the driving factors 
of oases expansion. The dynamic changes and spatial distribution patterns underwent by the oases 
were examined using multispectral remote sensing imagery. The constraints of oasis development 
in arid land were investigated by the grid-transformed model, as well as the index system of driving 
forces was analyzed using the grey incidence model based on the data from statistics yearbooks. 
The oasis area in the Hexi Corridor had tremendous changes expanded 40% from 1986 to 2015, the 
stable oasis area was 9062 km2, while the maximum area reached 16,374 km2. The constraints for 
oases of topography, hydrology and heat condition are as follow: The elevation of oasis ranged from 
1000 to 1800 m, peaked in 1500 m; the slope of oasis distribution was flatter than 3 degrees; the 
aspect of oases on slope land concentrated in northeast and north, accounting for more than 60%. 
The main driving forces of oasis spatial expansion in the arid region were population, water resource, 
economy, policies, and other factors. These results are expected to (1) improve the rationality of oasis 
development, and (2) promote the sustainable planning and management of oases in the arid land.

Land use and land cover (LULC) change and its ecological effects have attracted worldwide attention since the 
1990s1–4. Increased efforts have been devoted to investigating the pattern, process, trend, and driving forces of 
LULC change and its ecological responses. Arid and semi-arid land take up more than 30% of the land surface 
in global5 and 22% of the land surface in China6. Due to climate change, the unreasonable artificial activities, 
and the character of its own vulnerability, these regions suffered a large impact, thus becoming more sensitive to 
changes in environmental conditions7–9. Although the oases area in China takes up around 5% of the total arid 
and semi-arid area, the most population (90%) and social wealth (95%) in this area are concentrated in oases10,11. 
Therefore, Oasis, which is the special landscape of integration of nature and humanity in the arid region and is 
also the quintessence of the arid region, has become the focus of study. Besides, knowledge of the oasis changes 
and its constraints and driving forces is critical to promoting the sustainable management of oases.

Hexi Corridor is located in the northwest of China, composed of three inner river basins named Shiyang 
River Basin (SYRB), Heihe River Basin (HHRB), and Shule River Basin (SLRB). However, due to the disorgan-
ized, ineffective exploitations in the past decades, the ecological degradation including but not limited to the 
land desertification, soil salinization, declining in the groundwater table, and vegetation coverage decreases, 
became the most severe environmental issues, which refers to a deterioration in the functioning and productiv-
ity of an oasis ecosystem12–15. Zhang and Xie15 reported that from 1986 to 2015, the positive changes of oases in 
Dunhuang in SLRB dominated the overall change trend, where the observed changes were mainly distributed 
at the periphery of artificial oases located outside the reserve. Xie, et al.16 reported that the total area of oases 
in HHRB dramatically expanded by 60% from 1963 to 2013. Several attempts have been conducted to analyze 
the distribution and the changes of oases in the individual basin, e.g., SLRB15, the HHRB16, the SYRB17,18. The 
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previous investigations of oasis changes mainly focused on a single watershed or even a smaller area, such as 
part of a watershed18 in these arid regions.

Recent studies on the mechanism of oasis changes in arid land mainly focused on influence of water scar-
city on oasis development in HHRB19,20, dynamic mechanism of urban expansion in Hexi Corridor19, natural 
restrictions of oasis existence, and driving forces of land use/land cover change in the northwest of China21. Zhou 
et al.19 took the HHRB in Hexi Corridor to analyze the changes in oasis dynamics and their driving forces and 
concluded that the key driving force of the oasis expansion was sufficient irrigation water guaranteed by excessive 
consumption of groundwater and surface water and water conservation efforts. Besides that, the human driving 
factors such as population and economy increasing also contributed to oasis expansion, and soil fertility and the 
groundwater depth are the main natural restrictions of oasis expansion21,22. There are still, however, information 
gaps. First, Recent studies on the mechanism of oasis change driving force in arid land mainly focused on the 
qualitative analysis rather than quantitative analysis and analysis of factors independently, not comprehensively. 
Second, the constraints are the basis of oasis distribution and the driving forces are the causes the oases to expand 
or shrink. Available analyses are not sufficient to quantificationally depict the natural restrictions of oasis devel-
opment in arid regions in the long past. In other words, the issue of assessing the potential distribution of oasis, 
the area where oasis could develop, has not received recognition from many researchers.

The oasis change was caused not only by the changes in natural conditions including climate, water resources 
but also by interference with human activities. Consequently, it is urgent to provide detailed and quantitative 
information regarding the driving forces of the oasis change in past thirty years, to deal with the more frequent 
and intensive interventions between climate and humans in future23,24.In the light of climate and human inter-
ventions and the accelerating pace of rural revival25, it is critical to examine the changes of oases in past thirty 
years within which the oases changed greatly and to depict the restrictive conditions and driving forces of oasis 
existence and development. In this work, we have three specific research objectives to: (1) analyze how have the 
oases changed in past thirty years in the Hexi Corridor and; (2) quantitively analyze the constraints of oases 
distribution in Hexi Corridor; and (3) evaluate the driving forces of oasis change in an arid and semi-arid land.

Results
Characteristics of oasis change in the Hexi Corridor.  Oasis area variation at the river basin and county 
scales.  The distribution of stable oasis in three river basins and seventeen administration regions is shown in 
Fig. 1a. The total oasis area in the Hexi Corridor has increased from 10,707.7 km2 in 1986 to 14,950.1 km2 in 
2015 (Fig. 1b), with an increase factor of 1.4 from the start to the end years and an average annual increase of 

Figure 1.   Variation of oases area in three river basins of the Hexi Corridor during the past thirty years. (a) was 
generated using ArcGIS 10.3, www.esri.com.

http://www.esri.com
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140 km2. At the river basin scale, the HHRB has the largest oasis area with 47% of the total oasis area, followed 
by SYRB with 40%. The SLRB charactered by drier environments has the least oasis area of 13%. The oasis change 
types in the Hexi Corridor over the last 30 years are mainly “expansion”, which is supplemented by “retreating” 
(Fig. 1b). The oasis area variation of administration regions during the past thirty years is shown in Fig. 1c. It is 
observed that the variation tendency of the oasis area at administration regions scale was the same as that on the 
river basin scale. The oasis areas in Liangzhou District, Ganzhou District, Minqin County, Yongchang County, 
Suzhou District, and Shandan Country were more than 1000 km2 in most time. Conversely, the oasis area in 
Jiayuguan District and Sunan County was less than 200 km2.

The stable oasis and maximum oasis distribution.  The stable oasis was extracted from the area where the oasis 
exists in all seven periods, and the maximum oasis area was depicted from the area where the oasis existed 
once in the past thirty years. It can be seen that the stable oasis area is 9062 km2, while the maximum oasis area 
reaches 16,374 km2, which is almost two times larger than that of the stable oasis.

The stable oases distribute in alluvial and pluvial fans, the river plains in middle reaches, and the catchment 
area in the lower reaches (Fig. 2). The maximum oases extended from the stable oases, which mainly located at 
the edges of the alluvial–proluvial fans, low-lying areas next to rivers and ditches, and the oases-deserts ecotone.

The constraints of oasis development.  Geomorphological characteristics of oasis distribution.  The 
geomorphological conditions, formed in the geological history period, is critical for the process of oases devel-
opment. To investigate the possible relationship between limiting factors and oasis distribution, the distribution 
frequency, which is the ratio of number in specific condition among all oasis raster number, was introduced and 
the scatter plots and normal distribution fitting curves were plotted. Figure 3a shows the altitude of the oasis is 
mainly between 1000 m that is near the lowest value in the study area to 2500 m. The elevation of stable (maxi-
mum) oasis peaks in 1500 (1450) m, and accounted for 3.5% (4.5%), which suggests that when oases expand, 
they tend to occupy the lower elevation. The oases are mainly located in the plains along rivers or irrigation 
canal systems where slopes flatter than 5° (Fig. 3b), most of them are located in the level ground with a slope 
flatter than 3°. The area of the stable and the maximum oases located in flat place (slope = 0) account 64% and 
76%, respectively, which indicated that the oasis expansion mainly occurs on flat ground. The analysis of the 
oasis on eight slopes shows that the majority of the slope oasis is concentrated in the north slope and the north-
east slope, accounting for about 60%, while the east slope and the northwest slope also have a part, accounting 
for 30% (Fig.  3c). The aspect of slope oasis expansion mainly takes place in sunny slope (Northwest, West, 
Southwest, south, southeast), which due to that almost all of the shady slope has been covered by oasis. On the 
contrary, there are many deserts in sunny slope, as long as the necessary moisture conditions will be occupied 
by the oasis. The different aspects result in varying amounts of solar radiation, which affects evapotranspiration 
and consequently water balance in the soil. More specifically shady aspects have more moisture for vegetation 
growth due to less evapotranspiration, on the other hand, sunny aspects experience potentially higher rates of 

Figure 2.   The distribution of stable oases and maximum oases in the Hexi Corridor. The map was generated 
using ArcGIS 10.3, www.esri.com.

http://www.esri.com
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evapotranspiration, supporting less moisture for vegetation growth26. The fitted normal distribution formula of 
DEM frequency for stable and maximum oases are given in Fig. 3a, the fits reached a significant level (p < 0.001).

Hydrology restriction of oasis distribution.  The distribution frequency of precipitation in stable oasis and the 
maximum oasis was obtained by superposition analysis of gridded precipitation and oasis distribution. The most 
stable oasis distributes in the area where the precipitation is between 50 and 300 mm (Fig. 4a), which is limited 
by the lack of precipitation in the arid region. In fact, such low rainfall is not enough to sustain vegetation27. Plant 
growth and production are closely tied to shallow hydrologic systems, which is almost all of this from upstream 
runoff in an arid land. Therefore, the water depth, the sum of precipitation and the available runoff on grid-
scale, was induced to examine the impact of hydrology on oasis development. Both the stable and maximum 
oasis located in the area of the water depth is larger than 400 mm (Fig. 4b). Moreover, the fit curve of maximum 
oasis is flatter than that of the stable oasis, which suggests that when oases expand, they tend to occupy lower 
water depth where the land cover was desert due to water shortage. The fitted normal distribution formulas of 
precipitation and available water depth for stable and maximum oases were shown in Fig. 4, all the fits passed 
the test (p = 0.001). We suggest that the oasis developed in the area with water depth more than 400 mm, which 
has important guiding significance to the site selection of oasis development.

Figure 3.   Topographic characteristics of oasis distribution: (a) the elevation, (b) the slope, and (c) the aspect 
distribution frequency of stable and maximum oases. (the black dot represents the distribution frequency of 
stable oasis, the red dot represents the distribution frequency of maximum oasis, the black dotted line is the 
fitted curve of the distribution frequency of stable oasis, and its formula is the black one, the red dotted line is 
the fitted curve of the distribution frequency of maximum oasis, its formula is the red one).
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Temperature constraints of oasis distribution.  Precipitation and air temperature are two primary climate param-
eters, which affect vegetation growth by changing soil moisture and heat energy, especially in arid-cold regions28. 
Using the mean, maximum, and minimum air temperature data, we examined how they are related to the dis-
tribution of oases. The results show that the oases distribution relate to mean air temperature ranges between 6 
and 10 °C, with a maximum of around 7–9 °C (Fig. 5a), to minimum air temperature ranges between − 14 and 
− 7 °C, with a maximum of around − 10 to − 8 °C (Fig. 5b), to maximum air temperature ranges between 18–26, 
with a maximum of around 22–24 °C (Fig. 5c). Figure 5 also shows that oasis expansion occurs where the mean 
temperature, lowest temperature, and highest temperature are high. When the mean temperature is lower than 
6 °C or higher than 10 °C, vegetation growth becomes restricted. The fitted normal distribution formulas of 
mean, maximum, and minimum temperature for stable and maximum oases were shown in Fig. 5, all the fits 
passed the test (p = 0.001).

Driving force of oasis variation.  The driving forces of oases variation were analyzed quantificationally 
based on the grey incidence model. The grey relative degrees (GRD) between oasis expansion and population, 
AWD, and GDP are pervasively high, and the general order is: rural laborer > total population > AWD > Primary 
industry > GDP > tertiary industry > secondary industry (Table 1).

The GRD of Population, especially for the rural laborer, is the highest. The increase of the nonagricultural 
population directly stimulated urban residential, commercial, industrial, transportation, and other related indus-
try development. Consequently, urban land expanded in this area. The population growth was a major factor in 
oasis variation29. During the past 30 years, the population increased from 1.06 to 5.07 million (378% increase), 
while the oasis area increased from 10,707 to 14,950 km2 (39.6% increase) in the Hexi Corridor. The rise in 
population will unavoidably lead to an increase in arable land for survival.

Secondly, the GRD between oasis expansion and AWD is pervasively high with the value around 0.9. The 
water resource including the precipitation and runoff play an important role in the spatial expansion of oasis. The 
Hexi Corridor located in a typical arid region, where the most vital limiting factor for both vegetation growth 
and economic development is the limited water resource. Concerning the shortage of water resources, it is dif-
ficult to irrigate many newly reclaimed agricultural oases in the Hexi Corridor. That is to say, water resources 
cannot afford continuous growth. Thus, AWD of oases is significantly positively correlated with the area of oases.

Thirdly, the GRD between economic factors, including GDP, Primary industry, Secondary industry and 
Tertiary industry, is about 0.6, which is relatively low comparing to that of population, water resource. The GRD 
of primary industry is highest with a value of 0.7 among the economic factors. Separately, for the type of agricul-
ture oases contains most of the administration regions in the study area, the GRD of the primary industry was 

Figure 4.   The distribution frequency of (a) precipitation and (b) water depth in the stale and maximum oasis 
(the legend is the same as Fig. 3).
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considerably higher than that of secondary and tertiary industry, the agriculture was their first driving force. For 
the resource-based cities and towns, like Jinchuan District, Jiayuguan City, the GRD of secondary and tertiary 
industry is essentially equal to that of primary industry, the secondary industry and tertiary industry played a 
vital role in oasis development.

Discussion and conclusion
During the past decades, the oases in our study have gone through rapid changes, which is dominated by 
expansion17,30. The constraints of oasis distribution and the driving factors of oasis fluctuation are very compli-
cated. Due, in part, to the difficulty of obtaining the fundamental data, quantitative description of the topography, 
hydrology, thermal constraints of the spatial distribution, as well as quantitative driving factors have been paid 
little attention31,32. Several attempts have been performed to analyze the oases expansions and their driving force 
in an arid region in northwest China7,33,34, but the constraints of oasis spatial distribution have been ignored. 
Thus, the present work fills this gap.

Many studies have qualitatively analyzed the driving forces of oasis expansion. Xie, et al.32 found that the 
dominant factors affected Jinta oases, which is a part of our study area, were the population growth and policy 
before 1980a, whereas the dominant driving forces were the changes in agricultural production ways and eco-
nomic benefit and water utilization after 1980a. Zhou, et al.19 believed that the key driving force behind the oasis 
expansion in the Heihe river basin, the middle part of Hexi Corridor, was closely related to sufficient irrigation 
water guaranteed by excessive consumption of groundwater and surface water and water conservation efforts. 
Song and Zhang31 analyzed the driving forces in the Heihe River basin based on the random effects model and 
found that rural labor forces, annual temperature, and precipitation accelerated agricultural oasis variation.

Figure 5.   The distribution frequency of (a) mean temperature, (b) minimum temperature, and (c) maximum 
temperature in stable and Maximum oases (the legend is the same as Fig. 4).
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According to the empirical analysis, most of the researches supposed that continuously enhanced human 
activities mostly driven the agricultural oasis expansion in the arid region of Northwest China. However, using 
a GRD model we found that the total population and rural laborer significantly accounting for the expansion 
of agricultural oasis in the Hexi Corridor. In addition, we also quantitatively examined the influence of driving 
forces on oasis expansion and the order of these factors is as follows: rural laborer > total population > AWD > Pri-
mary industry > GDP > tertiary industry > secondary industry. In addition, numerous policies including promot-
ing economic development and restoring the ecological environment, conducted in this area from the 1980s 
contributed to the development of oasis.

The Household Production Responsibility System (HPRS) was implemented circa the 1980s in Hexi Cor-
ridor, which promoted the expansion of oasis in two ways: (1) greatly inspiring farmer’s production initiative 
which has resulted in an expansion of agricultural land, (2) releasing rural labor force from tilling the land to 
take up jobs in village-run factories and township enterprises, which have contributed to an increase in the use 
of human activities. The HPRS greatly emancipated and developed rural productive forces and promoted the 
growth of agriculture, which is a major driving factor for the expansion of oasis. At about the same period, the 
Construction of Commodity Grain Base (CCGB) was developed to improve crop production35. With a lot of 
steady and sustained investment in CCGB, the agricultural irrigation infrastructure, such as reservoirs, irriga-
tion canals, water supply wells, and dams, was repaired or newly constructed. Since the 2000s, China’s ecological 
restoration and conservation policies, such as the ‘Three North Shelterbelt’, the ‘Grain for Green’, the ‘Natural 
forest protection’, and the ‘Comprehensive management plan for the ecological protection and construction’ of 
the Qianlian mountains’, have been proposed to protect the ecological balance and realize sustainable develop-
ment. These projects, which are considered as ‘mega-engineering’ activities and the most ambitious afforestation 
and conservation projects in human history36, compensated participating farmers for converting their cropland 
back to forest or grassland with a cash or grain subsidy and prohibited the disorderly development of ecological 
land. In summary, Numerous policy factors conducted in this area also contributed to the development of oasis.

Generally, the oases location and layout in arid land were influenced by the spatial distribution of water 
resources, the main driving forces of oasis spatial expansion in the arid region were population, water resource, 
economy, national policies, and other factors.

Although the current study represents constraints and driving forces of oasis development in Hexi Corri-
dor, it is important to keep in mind that our work necessitated some improvement. The AWD has been used to 
depict the hydrology restriction of oasis distribution and the driving force of oasis expansion, the exact amount 
of water resources including surface water, underground water, and rainfall were not sufficient to analyze the 
water resource in Hexi Corridor. The driving forces of oasis develop was rather complex, including the effects 
of human activity and climate change, and their overlapping effects37. However, the GRD model is powerful in 
estimating the influences of factors, but the interactions between the influencing factors remain indistinguishable. 
Geomorphological attributes have effects on the distribution of oases especially in areas of rough topography26. 
The slope aspect is a landscape feature identified as a key factor driving spatial differences in the ecological and 
structural characteristics of vegetation. Other elements of topography, such as slope gradient, elevation, influ-
ence the oases distribution at least through surface and subsurface redistribution of water potentially available 
to plants. Microtopography plays an important role in analyzing the constraints of oasis distribution. DEM data 
adopted in present work, 90 m spatial resolution, may erase part of the microtopography information. Despite 

Table 1.   The relative degree of incidence between urban expansion and driving factors based on panel data in 
the Hexi Corridor (1986–2015).

Basins
Administration 
regions GDP

Primary 
industry

Secondary 
industry Tertiary industry Per capita GDP Total population Rural laborers Precipitation AWD

SYRB

Liangzhou 0.6 0.64 0.59 0.63 0.62 0.98 0.99 0.91 0.9

Jinchuan 0.58 0.71 0.56 0.61 0.61 0.94 0.92 0.82 0.77

Yongchang 0.68 0.73 0.7 0.66 0.68 0.98 0.98 0.95 0.94

Gulang 0.66 0.69 0.62 0.65 0.66 0.92 0.93 0.86 0.83

Minqin 0.69 0.73 0.64 0.69 0.68 0.92 0.92 0.89 0.87

HHRB

Ganzhou 0.65 0.69 0.63 0.63 0.66 0.98 0.97 0.91 0.92

Sunan 0.66 0.82 0.6 0.71 0.66 0.7 0.74 0.73 0.7

Minle 0.66 0.72 0.61 0.65 0.66 0.96 0.97 0.95 0.96

Linze 0.68 0.72 0.67 0.65 0.67 0.93 0.97 0.9 0.9

Shandan 0.67 0.71 0.66 0.64 0.65 0.93 0.93 0.91 0.94

Gaotai 0.69 0.75 0.65 0.67 0.69 0.95 0.98 0.91 0.93

Jiayuguan 0.68 0.72 0.67 0.65 0.67 0.93 0.97 0.9 0.9

Suzhou 0.67 0.71 0.66 0.64 0.65 0.93 0.93 0.91 0.94

Jinta 0.69 0.75 0.65 0.67 0.69 0.95 0.98 0.91 0.93

SLRB

Guazhou 0.62 0.72 0.58 0.64 0.67 0.92 0.84 0.82 0.87

Yumen 0.62 0.63 0.62 0.58 0.61 0.86 0.93 0.87 0.89

Dunhuang 0.64 0.7 0.62 0.62 0.64 0.92 0.88 0.88 0.91
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these limitations and uncertainties, the present approach is adequate for the first time to better understand the 
constraints of oasis development and driving forces of the oasis expansion in the arid land.

In this study, the oases changing data over a long period from 1985–2015 in the Hexi Corridor were used 
to analyze the constraints and driving forces. The topography, hydrology, and heat restrictions were analyzed, 
and the driving forces of oasis expansion were assessed quantitatively through the GRD model. The outcomes 
from this study may have significant implications for contributing to better management and planning of oasis 
development in the arid land.

In conclusion, a clear understanding of the relationship between oasis change and their constraints and driv-
ing forces is of great significance to sustainable management and development of the oasis landscape in arid areas. 
The oasis area in the Hexi Corridor expanded 40% from 1986 to 2015, the stable oasis area was 9062 km2, while 
the maximum area reached 16,374 km2. The constraints for oases of topography, hydrology and heat condition 
play an important in oasis development. The main driving forces of oasis spatial expansion in the arid region were 
population, water resource, economy, policies, and other factors. Moreover, the proposed results are expected to 
contribute to optimizing oasis development and minimizing environmental impact.

Study area and methods
Study area.  Hexi Corridor is a long and narrow passage, with a width of 40–100 km (north–south) and a 
length of 1120 km (east–west), and with an area of 27.6 × 104 km2. This region is characterized by a typical tem-
perature desert climate, i.e., dry with very litter annual precipitation no more than 200 mm that mainly occurs 
in summer, plenty of annual potential evaporation between 1500 to 3200 mm.

There are three independent landlocked river basins from east to west, i.e., SYRB, HHRB, and SLRB, as illus-
trated in Fig. 6. All the upstream of the three river basins are the Qilian mountain; this study focused the oases 
lied in middle and lower reaches. There are 17 administrative regions in middle and lower reaches, respectively. 
The administration regions in the middle and lower reaches and the rivers in each river basin are shown in 
Table 2. The runoff from these rivers is measured by hydrologic stations (marked in brackets), as illustrated in 
Table 2.

Data source.  The LULC datasets of the study area, including oases and deserts in 1986, 1990, 1995, 2000, 
2005, 2010, and 2015, were derived from Landsat TM\ETM\OLI imagery. Oases include the LULC types regard-
ing vegetation, water areas, residential areas, and industrial and mining land, while deserts constitute the 
remaining LULC types30. The overall accuracy values (kappa coefficient) of the seven periods are above 0.79; the 
classification results are therefore reliable and suitable for oasis change analysis. More details about oasis extrac-
tion and its accuracy can be found in this literature30.

The elevation and slope were calculated from SRTM DEM with a spatial resolution of 90 m downloaded from 
the USGS website. The raster-based precipitation and temperature data from 1986 to 2015 were collected from 
the 1 km monthly temperature and precipitation dataset38 (available at https​://doi.org/10.5281/zenod​o.31141​
94 for precipitation and https​://doi.org/10.5281/zenod​o.31857​22 for air temperatures), which were created by 

Figure 6.   The oasis distribution in Hexi Corridor in 2015. The map was generated using ArcGIS 10.3, www.esri.
com.

https://doi.org/10.5281/zenodo.3114194
https://doi.org/10.5281/zenodo.3114194
https://doi.org/10.5281/zenodo.3185722
http://www.esri.com
http://www.esri.com
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spatially downscaling with the resolution of 0.5 arcminutes (~ 1 km). The socio-economic data including popula-
tion, income, grain yield, and labor for each administration region were obtained from local statistic yearbook 
1985–2015 (each yearbook every five years) (Gansu bureau of statistics). Water resource data (the runoff vol-
umes of the headstreams) from 1985–2015 were acquired from the Annual Report of Water Resources in Gansu 
Province (https​://slt.gansu​.gov.cn).

Constraints for oasis development and driving forces of oasis variation.  Oasis distribution in the 
arid region results from the natural adaptability factors and is affected by environmental conditions26. Quanti-
fying evaluation of the relationship between the distribution of oases in arid land and its constraints is signifi-
cant for managing the oases development. The topography and landforms39,40, available water resource41–43, and 
temperature44 (Table 3), which were critical for the formation and evolution of oasis, were used to depict the 
range of oasis distribution by the spatial analysis of geographic information system.

We posit that the oasis stable area where the oasis remains stable, never changed in a long time, is an ideal 
place for oasis development and could provide good conditions including topography, climate, and water 
resources. Furthermore, the maximum oasis area where the oasis occupied at least once, is a suitable place for 
oasis development. It is noteworthy that the stable oasis area has very favorable location conditions and can 
resist the interference of nature and human activities. The maximum oasis area also has good hydrology, climate, 
and geomorphology conditions, which is the place where oasis was developed. Base on the oasis stable area 
and maximum area extracted from oasis distributions in seven periods by superposing together, superposition 
analysis of oasis area and limiting factors was conducted to obtain the constraints of the oasis in the arid land.

However, the spatial expansion or shrinkage resulted from external driving factors including population 
increase, economic development, industrial adjustment, and water resource variation. To quantificationally rep-
resent the driving force of oasis area variation, we chose the oasis area as an independent variable and chose the 
natural elements, social and economic factors as the dependent variable. An indicator system on driving factors 
was built up (Table 3). The grey incidence method was used to analyze the driving forces of oasis variation, and 
the calculation steps was in the literature45.

Accessibility water depth (AWD) was built based on the available runoff (R) and precipitation (P). The 
available runoff on grid-scale was the average amount of the upstream runoff on its irrigated oases, which is 
measured at the mountain pass hydrologic station. The gridded precipitation data (P) were derived from gridded 
precipitation data mentioned above. The AWD based on the grid was the sum of R and P, representing the water 
resources that can be used in the oasis grid.

Table 2.   The administrative regions in the middle and lower reaches of three river basins in the Hexi Corridor. 
Administrative regions are county-level administrative regions by default.

River basins Parts of the basin The administration regions
Main rivers flow into this area (hydrographic station for this 
river)

SYRB
Middle reaches Liangzhou District, Jingchuan District, Yongchang County, Gulang 

County
Dajing River (Dajin reservoir), Gulang River (Gulang), Huangyang 
River (Huangyang reservoir), Zamu River (Zamusi), Jinta River (Nany-
ing reservoir), Xiying River (Jiaotiaoling), Dongda River (Shagousi), 
Xida River (Xida reservoir)Lower reaches Minqin County

HHRB
Middle reaches Ganzhou District, Linze county, Shandan County, Minle County, 

Sunan County, Suzhou District, Gaotai County, Jiayuguan City, Beida River (Binggou) and Hehei River (Yingluoxia);
Lower reaches Jinta County

SLRB
Middle reaches Yumen City, Dunhuang City,

Shule river (Changmapu), and Dang river (Dangchengwan)
Lower reaches Guazhou County

Table 3.   Indicator system on constraints and driving factors of oasis variation. Statistics and analysis of 
constraints are carried out on the scale of the grid with 90 × 90 m, and analysis of driving factors are carried on 
the scale of county-level administrative units.

Constraints Symbol Driving factor Symbol

Topography and landforms
Elevation DEM Population Total population Pt

Slope Slope Agricultural population Pa

Water resource
Precipitation P Natural factor Accessibility water depth AWD

Accessibility water depth AWD

Economic factor

GDP GDP

Temperature

Average air temperature Tavg Added-value of agriculture GDP1

Maximax temperature Tmax
Added-value of industry and con-
struction industry GDP2

Minimax temperature Tmin
Added-value of commercial and 
service industry GDP3

https://slt.gansu.gov.cn


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:17708  | https://doi.org/10.1038/s41598-020-74930-z

www.nature.com/scientificreports/

Received: 7 July 2020; Accepted: 7 October 2020

References
	 1.	 Aaviksoo, K. Changes of plant cover and land-use types (1950s to 1980s) in 3 mire reserves and their neighborhood in Estonia. 

Landsc. Ecol. 8, 287–301. https​://doi.org/10.1007/Bf001​25134​ (1993).
	 2.	 Himiyama, Y. Land use cover changes in Japan: from the past to the future. Hydrol. Process. 12, 1995–2001 (1998).
	 3.	 Rosenfield, G. H. Sample design for estimating change in land-use and land cover. Photogramm. Eng. Remote Sens. 48, 793–801 

(1982).
	 4.	 Zhilin, L. I. et al. Functional requirements of systems for visualization of sustainable development goal (SDG) indicators. J. Geo-

visualization Spat. Anal. https​://doi.org/10.1007/s4165​1-019-0046-x (2020).
	 5.	 Okin, G. S., Gillette, D. A. & Herrick, J. E. Multi-scale controls on and consequences of aeolian processes in landscape change in 

arid and semi-arid environments. J. Arid Environ. 65, 253–275. https​://doi.org/10.1016/j.jarid​env.2005.06.029 (2006).
	 6.	 Bai, J., Chen, X., Li, L., Luo, G. & Yu, Q. Quantifying the contributions of agricultural oasis expansion, management practices 

and climate change to net primary production and evapotranspiration in croplands in arid northwest China. J. Arid Environ. 100, 
31–41. https​://doi.org/10.1016/j.jarid​env.2013.10.004 (2014).

	 7.	 Liu, Y. S., Li, J. T. & Yang, Y. Y. Strategic adjustment of land use policy under the economic transformation. Land Use Policy 74, 
5–14. https​://doi.org/10.1016/j.landu​sepol​.2017.07.005 (2018).

	 8.	 Yu, Y. et al. Climate change, water resources and sustainable development in the arid and semi-arid lands of Central Asia in the 
past 30 years. J. Arid Land 11, 1–14. https​://doi.org/10.1007/s4033​3-018-0073-3 (2019).

	 9.	 Newman, G. et al. Smarter shrinkage: a neighborhood-scaled rightsizing strategy based on land use dynamics. J. Geovisualization 
Spat. Anal. https​://doi.org/10.1007/s4165​1-018-0018-6 (2018).

	10.	 Zhang, Z. C. & Dong, Z. B. Grain size characteristics in the Hexi Corridor Desert. Aeolian Res. 18, 55–67. https​://doi.org/10.1016/j.
aeoli​a.2015.05.006 (2015).

	11.	 Wang, T., Xue, X., Zhou, L. & Guo, J. Combating Aeolian desertification in Northern China. Land Degrad. Dev. 26, 118–132. https​
://doi.org/10.1002/ldr.2190 (2015).

	12.	 Huang, S., Feng, Q., Lu, Z. X., Wen, X. H. & Deo, R. C. Trend analysis of water poverty index for assessment of water stress and 
water management polices: a case study in the Hexi Corridor, China. Sustainability 9, 17. https​://doi.org/10.3390/su905​0756 (2017).

	13.	 Hao, Y., Xie, Y., Ma, J. & Zhang, W. The critical role of local policy effects in arid watershed groundwater resources sustainability: 
a case study in the Minqin oasis, China. Sci. Total Environ. 601–602, 1084–1096. https​://doi.org/10.1016/j.scito​tenv.2017.04.177 
(2017).

	14.	 Zuo, L. et al. Multitemporal analysis of cropland transition in a climate-sensitive area: a case study of the arid and semiarid region 
of northwest China. Reg. Environ. Change 14, 75–89. https​://doi.org/10.1007/s1011​3-013-0435-5 (2014).

	15.	 Zhang, X. X. & Xie, Y. W. Detecting historical vegetation changes in the dunhuang oasis protected area using landsat images. 
Sustainability 9, 13. https​://doi.org/10.3390/su910​1780 (2017).

	16.	 Xie, Y., Zhao, H. & Wang, G. Spatio-temporal changes in oases in the Heihe River Basin of China: 1963–2013. Écoscience 22, 33–46. 
https​://doi.org/10.1080/11956​860.2015.10471​40 (2015).

	17.	 Li, X. Y., Xiao, D. N., He, X. Y., Chen, W. & Song, D. M. Evaluation of landscape changes and ecological degradation by GIS in 
arid regions: a case study of the terminal oasis of the Shiyang River, northwest China. Environ. Geol. 52, 947–956. https​://doi.
org/10.1007/s0025​4-006-0536-2 (2007).

	18.	 Wei, W., Xie, Y. W., Shi, P. J., Zhou, J. J. & Li, C. H. Spatial temporal analysis of land use change in the Shiyang River Basin in Arid 
China, 1986–2015. Pol. J. Environ. Stud. 26, 1789–1796. https​://doi.org/10.15244​/pjoes​/68885​ (2017).

	19.	 Zhou, D., Wang, X. & Shi, M. Human driving forces of Oasis expansion in Northwestern China during the last decade-a case study 
of the Heihe River Basin. Land Degrad. Dev. 28, 412–420. https​://doi.org/10.1002/ldr.2563 (2017).

	20.	 Habeeb, R., Gupta, Y., Chinwan, H. & Barker, E. Assessing demographic and water sensitivities arising due to urban water insecu-
rity in Haldwani, Uttarakhand (India): a GIS-based spatial analysis. J. Geovisualization Spat. Anal. https​://doi.org/10.1007/s4165​
1-019-0031-4 (2019).

	21.	 Tang, F. S., Chen, X., Luo, G. P., Lin, Q. & Liu, H. L. A contrast of two typical LUCC processes and their driving forces in oases of 
and areas: a case study of Sangong River Watershed at the northern foot of Tianshan Mountains. Sci. China Ser. D 50, 65–75. https​
://doi.org/10.1007/s1143​0-007-5003-8 (2007).

	22.	 Ahmed, A., Nawaz, R., Woulds, C. & Drake, F. Influence of hydro-climatic factors on future coastal land susceptibility to erosion in 
Bangladesh: a geospatial modelling approach. J. Geovisualization Spat. Anal. https​://doi.org/10.1007/s4165​1-020-00050​-x (2020).

	23.	 Bryan, B. A. et al. China’s response to a national land-system sustainability emergency. Nature 559, 193–204. https​://doi.
org/10.1038/s4158​6-018-0280-2 (2018).

	24.	 Veldkamp, T. I. E. et al. Water scarcity hotspots travel downstream due to human interventions in the 20th and 21st century. Nat. 
Commun. 8, 12. https​://doi.org/10.1038/ncomm​s1569​7 (2017).

	25.	 Liu, Y. & Li, Y. Revitalize the world’s countryside. Nature 548, 275–277. https​://doi.org/10.1038/54827​5a (2017).
	26.	 Del-Toro-Guerrero, F. J., Kretzschmar, T. & Bullock, S. H. Precipitation and topography modulate vegetation greenness in the 

mountains of Baja California, México. Int. J. Biometeorol. 63, 1425–1435. https​://doi.org/10.1007/s0048​4-019-01763​-5 (2019).
	27.	 Zhang, X. L., Wu, S., Yan, X. D. & Chen, Z. J. A global classification of vegetation based on NDVI, rainfall and temperature. Int. J. 

Climatol. 37, 2318–2324. https​://doi.org/10.1002/joc.4847 (2017).
	28.	 Los, S. O., Collatz, G. J., Bounoua, L., Sellers, P. J. & Tucker, C. J. Global interannual variations in sea surface temperature and land 

surface vegetation, air temperature, and precipitation. J. Clim. 14, 1535–1549. https​://doi.org/10.1175/1520-0442(2001)014%3c153​
5:givis​s%3e2.0.co;2 (2001).

	29.	 Zhou, D. C., Luo, G. P. & Lu, L. Processes and trends of the land use change in Aksu watershed in the central Asia from 1960 to 
2008. J. Arid Land 2, 157–166. https​://doi.org/10.3724/sp.j.1227.2010.00157​ (2010).

	30.	 Xie, Y. W., Bie, Q., Lu, H. & He, L. Spatio-Temporal Changes of Oases in the Hexi Corridor over the Past 30 Years. Sustainability 
10:200. Doi: ARTN 44893390/su10124489 (2018).

	31.	 Song, W. & Zhang, Y. Expansion of agricultural oasis in the Heihe River Basin of China: patterns, reasons and policy implications. 
Phys. Chem. Earth Parts A/B/C 89–90, 46–55. https​://doi.org/10.1016/j.pce.2015.08.006 (2015).

	32.	 Xie, Y., Gong, J., Sun, P. & Gou, X. Oasis dynamics change and its influence on landscape pattern on Jinta oasis in arid China from 
1963a to 2010a: integration of multi-source satellite images. Int. J. Appl. Earth Obs. Geoinf. 33, 181–191. https​://doi.org/10.1016/j.
jag.2014.05.008 (2014).

	33.	 Amuti, T. & Luo, G. Analysis of land cover change and its driving forces in a desert oasis landscape of Xinjiang, northwest China. 
Solid Earth 5, 1071–1085. https​://doi.org/10.5194/se-5-1071-2014 (2014).

	34.	 Cheng, W. M. et al. The oasis expansion and eco-environment change over the last 50 years in Manas River Valley, Xinjiang. Sci. 
China Ser. D 49, 163–175. https​://doi.org/10.1007/s1143​0-004-5348-1 (2006).

	35.	 Lin, J. Y. Rural reforms and agricultural growth in China. Am. Econ. Rev. 82, 34–51 (1992).
	36.	 Chen, C. et al. China and India lead in greening of the world through land-use management. Nat. Sustain. 2, 122–129. https​://doi.

org/10.1038/s4189​3-019-0220-7 (2019).

https://doi.org/10.1007/Bf00125134
https://doi.org/10.1007/s41651-019-0046-x
https://doi.org/10.1016/j.jaridenv.2005.06.029
https://doi.org/10.1016/j.jaridenv.2013.10.004
https://doi.org/10.1016/j.landusepol.2017.07.005
https://doi.org/10.1007/s40333-018-0073-3
https://doi.org/10.1007/s41651-018-0018-6
https://doi.org/10.1016/j.aeolia.2015.05.006
https://doi.org/10.1016/j.aeolia.2015.05.006
https://doi.org/10.1002/ldr.2190
https://doi.org/10.1002/ldr.2190
https://doi.org/10.3390/su9050756
https://doi.org/10.1016/j.scitotenv.2017.04.177
https://doi.org/10.1007/s10113-013-0435-5
https://doi.org/10.3390/su9101780
https://doi.org/10.1080/11956860.2015.1047140
https://doi.org/10.1007/s00254-006-0536-2
https://doi.org/10.1007/s00254-006-0536-2
https://doi.org/10.15244/pjoes/68885
https://doi.org/10.1002/ldr.2563
https://doi.org/10.1007/s41651-019-0031-4
https://doi.org/10.1007/s41651-019-0031-4
https://doi.org/10.1007/s11430-007-5003-8
https://doi.org/10.1007/s11430-007-5003-8
https://doi.org/10.1007/s41651-020-00050-x
https://doi.org/10.1038/s41586-018-0280-2
https://doi.org/10.1038/s41586-018-0280-2
https://doi.org/10.1038/ncomms15697
https://doi.org/10.1038/548275a
https://doi.org/10.1007/s00484-019-01763-5
https://doi.org/10.1002/joc.4847
https://doi.org/10.1175/1520-0442(2001)014%3c1535:giviss%3e2.0.co;2
https://doi.org/10.1175/1520-0442(2001)014%3c1535:giviss%3e2.0.co;2
https://doi.org/10.3724/sp.j.1227.2010.00157
https://doi.org/10.1016/j.pce.2015.08.006
https://doi.org/10.1016/j.jag.2014.05.008
https://doi.org/10.1016/j.jag.2014.05.008
https://doi.org/10.5194/se-5-1071-2014
https://doi.org/10.1007/s11430-004-5348-1
https://doi.org/10.1038/s41893-019-0220-7
https://doi.org/10.1038/s41893-019-0220-7


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17708  | https://doi.org/10.1038/s41598-020-74930-z

www.nature.com/scientificreports/

	37.	 Kong, K., Cong, X. & Xu, Z. H. LUCC temporal features and driving forces of the Wohu Basin. Acsr Adv. Comput. 59, 493–497 
(2017).

	38.	 Peng, S., Ding, Y., Liu, W. & Li, Z. 1 km monthly temperature and precipitation dataset for China from 1901 to 2017. Earth Syst. 
Sci. Data 11, 1931–1946. https​://doi.org/10.5194/essd-11-1931-2019 (2019).

	39.	 Deng, Y., Chen, X., Chuvieco, E., Warner, T. & Wilson, J. P. Multi-scale linkages between topographic attributes and vegetation 
indices in a mountainous landscape. Remote Sens. Environ. 111, 122–134. https​://doi.org/10.1016/j.rse.2007.03.016 (2007).

	40.	 Hwang, T., Song, C., Vose, J. M. & Band, L. E. Topography-mediated controls on local vegetation phenology estimated from MODIS 
vegetation index. Landsc. Ecol. 26, 541–556. https​://doi.org/10.1007/s1098​0-011-9580-8 (2011).

	41.	 Sohoulande Djebou, D. C., Singh, V. P. & Frauenfeld, O. W. Vegetation response to precipitation across the aridity gradient of the 
southwestern United states. J. Arid Environ. 115, 35–43. https​://doi.org/10.1016/j.jarid​env.2015.01.005 (2015).

	42.	 Mo, K. et al. Spatiotemporal variation of correlation between vegetation cover and precipitation in an arid mountain-oasis river 
basin in northwest China. J. Hydrol. 574, 138–147. https​://doi.org/10.1016/j.jhydr​ol.2019.04.044 (2019).

	43.	 Felton, A. J., Zavislan-Pullaro, S. & Smith, M. D. Semiarid ecosystem sensitivity to precipitation extremes: weak evidence for 
vegetation constraints. Ecology 100, 12. https​://doi.org/10.1002/ecy.2572 (2019).

	44.	 Al Balasmeh, O. I. & Karmaker, T. Effect of temperature and precipitation on the vegetation dynamics of high and moderate altitude 
natural forests in India. J. Indian Soc. Remote https​://doi.org/10.1007/s1252​4-019-01065​-8 (2019).

	45.	 Liu, H. et al. Characteristics and driving forces of spatial expansion of oasis cities and towns in Hexi Corridor, Gansu Province, 
China. Chin. Geogr. Sci. 25, 250–262. https​://doi.org/10.1007/s1176​9-014-0687-0 (2014).

Acknowledgements
This study was financially supported by the National Key Research and Development Program of China 
(NO. 2018YFA0606404-03), the Strategic Priority Research Program of Chinese Academy of Sciences (NO. 
XDA2009000001), the Natural Science Foundation of China (No 41471163) and a grant from State Key Labora-
tory of Resources and Environmental Information System. We thank the reviewers and editors for their thought-
ful suggestions that have helped to improve the paper substantially.

Author contributions
Y.X. conceived the idea. Q.B. carried out all the analysis. Y.X. and Q.B. wrote and reviewed the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.X.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.5194/essd-11-1931-2019
https://doi.org/10.1016/j.rse.2007.03.016
https://doi.org/10.1007/s10980-011-9580-8
https://doi.org/10.1016/j.jaridenv.2015.01.005
https://doi.org/10.1016/j.jhydrol.2019.04.044
https://doi.org/10.1002/ecy.2572
https://doi.org/10.1007/s12524-019-01065-8
https://doi.org/10.1007/s11769-014-0687-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The constraints and driving forces of oasis development in arid region: a case study of the Hexi Corridor in northwest China
	Results
	Characteristics of oasis change in the Hexi Corridor. 
	Oasis area variation at the river basin and county scales. 
	The stable oasis and maximum oasis distribution. 

	The constraints of oasis development. 
	Geomorphological characteristics of oasis distribution. 
	Hydrology restriction of oasis distribution. 
	Temperature constraints of oasis distribution. 

	Driving force of oasis variation. 

	Discussion and conclusion
	Study area and methods
	Study area. 
	Data source. 
	Constraints for oasis development and driving forces of oasis variation. 

	References
	Acknowledgements


