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The hidden costs of desert development
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Abstract Economic benefits and ecological restoration are

the leading drivers of desert development through man-

made oasis expansion. However, the sustainability of oasis

expansion in combating desertification while promoting

economic growth remains unclear, though such knowledge

is critical for future desert development across the globe.

To address this knowledge gap, a comprehensive

assessment integrating meteorological, groundwater and

remote-sensing data as well as groundwater simulation

datasets was conducted to evaluate the spatial–temporal

changes in the desert-oasis ecotone of northwest China

over the past six decades. Desert development causes a

rapid decline in the surrounding groundwater table,

increases pollution in soil and groundwater and is

associated with an increased frequency of strong

sandstorms. Desert development seems to have improved

the environment and promoted the economy, but there is a

huge cost for the overexploitation of water resources and

the transfer of pollution from surface to underground,

which could cause deserts to degrade further.

Keywords Desert development � Groundwater �
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INTRODUCTION

Deserts and oases are independent but interacting

ecosystems (Li et al. 2016). Oasis is a type of small- or

medium-sized non-zonal and unique natural geographical

landscape that is common within desert regions around

the world and is mainly distributed in the tropical and

subtropical regions of the middle and low latitudes (Ling

et al. 2013; Xue et al. 2019a). These areas are controlled

by the subtropical high, with rare precipitation and a dry

climate (Fan et al. 2002). Oases rely heavily on the water

supply, the reason for the existence of the oases, and the

ecosystem processes and patterns are related to the status

of water resources (Hao et al. 2016). Human activities are

concentrated in oasis areas. Oases have become important

places for human beings to engage in various material

production and economic and social activities (Marx

1999). With the shortage of fertile land resources and the

pursuit of economic benefits and ecological restoration,

the expansion of the oases has been undertaken on a large

scale in recent decades. China, Israel, Egypt and other

Middle Eastern countries are reclaiming desert lands to

enlarge artificial oases for desert greens (Nativ 2004;

Clery 2011; Sarant 2017).

Superficially, desert development presumably enhances

economic and ecosystem health. However, with the

expansion of oases, several issues related to their sustain-

ability have arisen; many oases have experienced severe

pressures of surface water (Liu et al. 2018), falling water

tables (Feng et al. 2007; Marlet et al. 2009; Kamel et al.

2010), degradation of water quality (Dassi et al. 2018), and

soil salinization (Zammouri et al. 2007; Alhammadi and

Glenn 2008; Bouksila et al. 2013; Haj-Amor et al. 2017).

Oases are also the main agro-ecological environment

suitable for malaria transmission, promoting the spread of

malaria northward in the Sahara Desert (Deida et al. 2019).

Moreover, the disappearance of naturally growing palm

forests in oases has been reported (Salama et al. 2018;

Lamqadem et al. 2019), indicating the depletion of aqui-

fers. These problems of severe groundwater decline, soil

salinization and groundwater pollution caused by desert

development can trigger deepening cycles of overex-

ploitation and degradation of groundwater and soil, which

will lead to the occurrence of desertification.
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In China, oases are mainly scattered in the arid and

semi-arid desert areas to the west of Helan Mountain and

north of the Qinghai-Tibet Plateau. Many desert regions are

characterized by the extensive poverty of their inhabitants.

Some desert margins have been reclaimed into farmlands

through national programmes and projects, such as ‘‘Learn

from Tachai in Agriculture’’ (1964–1978), ‘‘Chinese Eco-

nomic Reform and Opening Up’’ (1979–present), ‘‘Three-

North Shelterbelt Development Program’’ (1979–2050)

and ‘‘National Program on Combating Desertification’’

(1991–2000), which has promoted the development of

many man-made oases. Consequently, man-made oases

have continued to grow in number and in area in northwest

China. In northwest China, there is a very large area of arid

and semi-arid regions, where ecosystems are extremely

vulnerable and sensitive to human disturbance due to

severe water scarcity. Groundwater has become the most

important source of water in oasis areas because rainfall

cannot support a stable water supply in the oasis (Zhao

et al. 2018). Oases and deserts are the typical and repre-

sentative landscapes of the arid and semi-arid regions of

northwest China (Zhao and Chang 2014; Li et al. 2017).

Oases cover approximately 5% of the total area in the arid

and semi-arid regions of China but support over 95% of the

total population, making them the foundation for human

life and economic development (Li et al. 2016). In addition

to administrative measures, the Chinese government allows

and encourages private capital to be invested in the recla-

mation and management of deserts, including new agri-

cultural activities based on cash crops and desert tourism.

Furthermore, deserts have become an important location of

industrial land due to the sparse population and low price

of land. Many enterprises from the southeast coast of China

have moved to deserts. Economic benefits and ecological

restoration are the leading drivers of desert development,

which makes northwest China one of the most influential

regions for desert development. In the past few decades,

human activities have greatly changed the distribution and

allocation of limited water and land resources, which has

boosted economic development (Cheng et al. 2014).

Over the past 60 years, because of the ‘‘making the

desert green’’ movement, a large number of oases have

been reclaimed in the deserts of China, which has been

considered an achievement in desert development. How-

ever, the sustainability and effectiveness of man-made

oasis expansion in combating desertification while pro-

moting economic growth and prosperity remain unclear

(Wang et al. 2015). Such knowledge is critical for future

desert development in other parts of the world. To address

this important knowledge gap, a typical desert-oasis eco-

tone in northwest China was selected. Comprehensive

meteorological, hydrogeological and multisatellite remote-

sensing datasets of the desert-oasis ecotone, as well as

groundwater simulations, were used to examine the spa-

tial–temporal dynamics of the desert-oasis ecotone and

evaluate the long-term impact of man-made oases on the

desert environment. Decades of observations in the desert-

oasis ecotone provide a unique window to enhance our

understanding of how desert and oasis interact and how to

achieve sustainable development of desert ecosystems.

MATERIALS AND METHODS

Study region

The study area is located in the middle reach of the Heihe

River Basin (HRB), administrated by Linze County, and

the northern part of the study are is the Badain Jaran Desert

(Fig. 1). The Badain Jaran Desert is China’s second largest

shifting desert and covers an area of 50 000 km2, which

continually erodes the oasis while the oasis continues to

expand (Dong et al. 2004). The annual precipitation in this

region is approximately 108 mm, but the potential evapo-

ration is as high as 2200 mm (Zhuang and Zhao 2014).

From the 1960s to the present, the area of the oasis in the

study area has increased by 100 km2 and the population has

expanded. China has planted a large number of forests or

sand-fixing vegetation, such as Haloxylon ammodendron,

Calligonum mongolicum and Populus in the desert, among

them H. ammodendron is the most dominant (Zhuang and

Zhao 2017). Oases are the most important vegetable- and

grain-growing areas in the region. Alfalfa, barley, maize

and wheat are not desert plants, but they are economically

important crops grown in the desert-oasis ecotone with the

support of irrigation.

Vegetation greenness

The normalized difference vegetation index (NDVI) is an

indicator of vegetation activity or greenness that can be

used to assess the presence of green vegetation on land

(Luo et al. 2018a). To analyse the changing trends of

vegetation during the growing season (May–September),

the NDVI was used to characterize vegetation activity.

NDVI data were derived from observations by two satellite

datasets: Global Inventory Modeling and Mapping Studies

(GIMMS) and the Moderate Resolution Imaging Spectro-

radiometer (MODIS). The GIMMS NDVI dataset covering

the period 1982–2015 was produced at spatial and temporal

resolutions of 5 km and 15 days, respectively (https://

ecocast.arc.nasa.gov/data/pub/gimms/) (Nemani et al.

2009). The MODIS NDVI dataset for the period

2000–2015 had a 16-d composite and a 1-km spatial res-

olution (https://modis.gsfc.nasa.gov) (Stefanov and Net-

zband 2005). Averages of the monthly NDVI data during
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the growing season (May–September) were used to infer

vegetation growth.

Meteorological data

Meteorological data, including air temperature and pre-

cipitation, were used to evaluate the regional climate

change of the study area, while variables such as visibility,

wind speed and the start and end time of sandstorms were

employed to analyse the changing trend and the possible

inhibition of sandstorms in this area. Meteorological and

sandstorm observation data were obtained from the China

Meteorological Administration (http://www.cma.gov.cn/)

from permanent meteorological stations with daily mete-

orological records for the period 1953–2015.

Soil and groundwater

A major research plan entitled ‘‘Integrated research on eco-

hydrological process of the Heihe River Basin’’, also

known as the ‘‘Heihe Plan’’ was launched in 2010,

describing a comprehensive eco-hydrological experiment

to observe and collect long-term historical data in the basin

(Li et al. 2013). Surface and groundwater observations

were acquired from the Heihe Plan (http://heihedata.org/)

(Li et al. 2017). Spatial distribution data of the groundwater

table, with an approximate spatial resolution of 1 km, were

simulated using the stream-aquifer water interaction

scheme CLM_LTF (Zeng et al. 2016a) to represent the

processes involved in surface and groundwater interaction.

The current study coupled this model with the Community

Land Model CLM 4.5 and integrated the schemes of human

water regulation and the groundwater lateral flow processes

during 1981–2013 (http://heihedata.org/data/7b9b177c-

2c07-491a-bbd8-78a5e84a12a4) (Zeng et al. 2016b). The

input data of the model are derived from measurements of

wells, eddy covariance, weather stations and evapotran-

spiration remote-sensing data of the Heihe Plan (Li et al.

2013).

Monthly equivalent water heights were derived from the

Center for Space Research (CSR) Gravity Recovery and

Climate Experiment (GRACE) RL05 Mascon Solutions

dataset during 2002–2015 to evaluate the groundwater

depletion (http://www2.csr.utexas.edu/grace/RL05_

mascons.html) (Save et al. 2016).

To assess soil and groundwater contamination, soil

nitrate accumulations and nitrate concentrations from

groundwater observations during 2000–2015 were derived

from the Chinese Ecosystem Research Network (CERN,

http://www.cern.ac.cn) (Fu et al. 2010). These data are

derived from the average of multiple samplings in soil

groundwater from observation wells between 2000 and

2015.

Statistical and trend test

Linear and LOESS regression analysis methods were per-

formed to quantify the changes in satellite, climate and

observation data. The sequential Mann–Kendall (MK)

trend test was used to statistically assess whether there was

a trend shift in the climate data (Fraile 1993). The original

MK trend test can be calculated using Eqs. (1) and (2):

Fig. 1 Geography of the study area. a Location of the study area;

b desert-oasis zone using data from the GaoFen-4 satellite, the red

area is the study area; and c land cover of the desert-oasis zone in

2015
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S ¼
Xn�1

i¼1

Xn

j¼iþ1

sign xj � xi
� �

; i ¼ 2; 3; 4. . .nð Þ ð1Þ

sign(xj � xiÞ ¼
1 if xj � xi [ 0

0 if xj � xi ¼ 0

�1 if xj � xi\0

8
<

: ð2Þ

Two series for the MK trend test, a progressive test (ufi)

and a backward test (ubi), were established. The sequential

progressive series ufi was calculated using Eq. (3):

ufi ¼
Si � EðSiÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

VarðSiÞ
p ; i ¼ 1; 2; 3. . .nð Þ ð3Þ

where ufi = 0, E(Si) represents the mean, and Var(Si) rep-

resents the variance of Si. The sequential backward (ubi)

analysis of the sequential MK trend test is calculated

starting from the end of the time series data. If the values

cross each other, diverge beyond a specific threshold value

and exceed the 95% confidence level, then there is a sta-

tistically significant trend shift point.

Evaluation of long-term trend change

Trend analysis was conducted to calculate the long-term

spatial trend of NDVI and groundwater table, shown in

Eq. (4). The Ind in Eq. (4) represents these variables, Indi
represents the variable in year i, and n represents the total

number of years. Using the groundwater table as an

example, a positive slope value denotes that the ground-

water table is increasing, which indicates an improvement

in groundwater, while a negative value denotes that the

groundwater table is decreasing, which represents a

depletion in groundwater; a slope of zero suggests that

there is no change (Chen et al. 2014). Quantitative data

were estimated with a two-sample Student’s t test, where

P\ 0.05 is considered statistically significant.

Trend ¼
n�

Pn
i¼1 ði� IndiÞ �

Pn
i¼1 i

� �
�

Pn
i¼1 indi

� �

n�
Pn

i¼1 i
2 �

Pn
i¼1 i

� �2

ð4Þ

RESULTS

Meteorological factors and vegetation greenness

Surface air temperature of the study area significantly

increased by 0.24 �C per decade from 1953 to 2015

(P\ 0.001, Fig. 2a). Total precipitation levels exhibited a

slight increase of 2.15 mm per decade (Fig. 2b). The study

area experienced a warming and wetting phenomenon.

Oasis retreats were observed mainly in the 1970s, and

the retreat area was mainly distributed along the edge of

the river oasis. The large-scale expansion of the oasis

began in the 1960s and the late 1980s, and the oasis area

tended to stabilize after 2000. The oasis area has increased

at a rate of 2.01 km2 year-1, more than doubling since

1963. New oases also formed in the southeast and north-

west corners of the study area. The ‘‘Heihe River Water

Allocation’’ programme (2000–present), which aims to

increase the supply of water for the downstream of the

Heihe River, has slowed the expansion of oases due to the

decline in surface water supply (Fig. 2c).

The NDVI generally increased, especially along the

edge of the oasis away from the river. In the Gobi, changes

in vegetation activity slightly increased. Severe vegetation

deterioration was observed near the river within the oasis

(Fig. 2d). The NDVI of the growing season exhibited a

significant and positive increasing trend of 0.0017 and

0.0038 year-1 based on GIMMS and MODIS datasets,

respectively, during 2000–2015 (P\ 0.001). During

1982–2000, the increase in NDVI was 0.0001 year-1,

which indicated a significant increase in the oasis area

since 2000 (Fig. 2e).

Sandstorms

Severe and widespread sandstorms in the study area mainly

occur from March to May, especially in April. Based on

meteorological observations within the oasis (Zhou 2003;

Fu et al. 2010), the average sandstorm frequency and

duration were 10.55 events and 833 min annually, respec-

tively. The maximum frequency and duration occurred in

1966, which experienced a frequency of 28 sandstorm

events and a duration of 3411 min (Fig. 3a, b). The fre-

quency and duration of sandstorms significantly decreased

by 0.35 events year-1 and 23.07 min year-1 (P\ 0.001),

respectively. A strong sandstorm was defined as a visibility

level B 1 during 1954–1979 and visibility distance

\ 200 m during 1980–2015. Strong sandstorms occurred 7

times in 32 years and 11 times in 30 years during

1954–1986 and 1986–2015, respectively (Fig. 3c, d).

Water resources

Water withdrawals from both surface and groundwater

were considerable in this area, and the mean annual surface

water and groundwater extractions during 1984–2015 were

approximately 180 and 20 million m3, respectively. Irri-

gation accounted for approximately 80% of the total water

use. The withdrawal of surface water significantly

decreased by 3.1 million m3 year-1 (P\ 0.001) after the

‘‘Heihe River Water Allocation Scheme’’ plan was imple-

mented in 2000 by local authorities. To compensate for the

restriction in surface water use, there was a significant

increase in groundwater irrigation of 1.4 million m3 year-1
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(Fig. 4a). Overall, the groundwater level in the study area

during 1984–2015 decreased on average by 1.0–3.0 m but

reached 18.5 m in some areas (Fig. 4b). The agricultural

water demand increased the number of wells by 95%

between 2000 and 2010, most of which were concentrated

in the man-made oasis and desert ecotone. Over the last

30 years, groundwater exploitation has lowered the

groundwater table by approximately 4.13 and 10.69 m in

the oasis and the Gobi Desert, respectively. The ground-

water table has significantly and linearly dropped at aver-

age rates of 0.13 and 0.36 m year-1 in the oasis and the

Gobi Desert, respectively (P\ 0.001) (Fig. 4c–d). Com-

pared to the early period (1981–2000), the groundwater

table in the later period (2000–2015) has been declining in

the Gobi Desert zone. The groundwater table rose in cer-

tain areas near the Heihe River but fell in the Gobi Desert.

Groundwater changes were also estimated from the

Gravity Recovery and Climate Experiment (GRACE)-

derived equivalent water height (Save et al. 2016). The

rates of groundwater depletion based on GRACE in the

oasis and the desert zone were 0.13 and 0.21 cm year-1,

respectively (Fig. 4e). The groundwater storage in the

Fig. 2 Annual mean air temperature, total precipitation, oasis area and NDVI changes in the study area. a Annual mean air temperature during

1953–2015 (unit: �C); b annual total precipitation during 1953–2015 (unit: mm); c oasis area changes during 1963–2015. There are three major

periods: (1) ‘‘Learn from Tachai in Agriculture’’, starting in 1963; (2) ‘‘Chinese Economic Reform and Open Up’’, starting in 1978; (3) ‘‘Heihe

River Water Allocation’’, starting in 2000. d Spatial trends in the growing season NDVI from May to September during 2000–2015 (MODIS);

e growing season NDVI trends from May to September during 1982–2015 (GIMMS) and 2000–2015 (MODIS)
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study area was significantly reduced (P\ 0.001), which

was consistent with the simulation result. In particular, the

decreasing rate of groundwater in the desert was greater

than that of the oasis.

Soil and water pollution

For the development of farmlands in the desert, the

application of nitrogen fertilizer is required due to insuf-

ficient soil fertility. Nitrate (NO3
-) concentrations from

soil and groundwater situated in three different oasis zones

(i.e., typical old croplands, newly cultivated sandy crop-

lands and the sand-fixing belt of the oasis) were assessed

using data collected between 2000 and 2015 (Fig. 5a).

Most of the observed traditional croplands are closer to the

Heihe River, and the observed newly cultivated sandy

croplands and the sand-fixing belt are near the centre of the

oasis. Although 78% of sampled groundwater nitrate con-

centrations were lower than those of the Class 3 Chinese

national drinking water standard (B 20 mg/L), the results

indicated that nitrate concentrations increased in response

to the increased use of nitrogen fertilizer. After decades of

cultivation, soil nitrate accumulation was much higher in

the old oasis than those in the new-cultivated sandy crop-

lands (i.e., the new oasis). As a consequence, the new oasis

requires more fertilizer supplies, and the nitrate concen-

trations in its groundwater were higher than those in the old

oasis. The relationship between nitrate concentrations and

depths showed that the groundwater nitrate concentrations

were significantly and negatively correlated with depth

(r = –0.40, P\ 0.05). It is clear from these data that

contaminated groundwater was ubiquitous with high vari-

ability in deep aquifers and shallow groundwater (Fig. 5b).

DISCUSSION

Two national programmes and projects, ‘‘Learn from

Tachai in Agriculture’’ and ‘‘Chinese Economic Reform

and Opening Up’’, which were implemented to ‘‘modify

Fig. 3 Sandstorm statistical data in the study area during 1954–2015. a Frequency of sandstorms; b total duration of sandstorms (unit: min);

c minimum visibility of sandstorms during 1954–1979 (unit: level); and d minimum visibility of sandstorms during 1980–2015 (unit: m). The

two red lines in (c, d) indicate that a strong sandstorm occurred in that year (i.e., 1958, 1960, 1965, 1966, 1970, 1976, 1979, 1986, 1987, 1993,

1994, 1996, 1998, 2000, 2002, 2010, 2014 and 2015)
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the mountains, deserts and lakes to create farmland’’,

facilitated the massive expansion of oases through admin-

istrative measures. Socioeconomic and environmental

factors were the main driving force in the promotion of

oasis development in this study area. As a consequence of

desert development, the area of oasis continues to expand

and the desert intrusion has been limited. Vegetation

activity and air quality have been improved to a certain

extent, the frequency and duration of sandstorms have

decreased, and the local economy continues to develop. At

the same time, potential costs of desert development are

also emerging.

Growing strong sandstorms

Sandstorms are disastrous weather events that occur most

commonly in the desert and adjacent areas and are often

associated with major agricultural disruption and environ-

mental issues. The occurrence and development of sand-

storms are important causes for the acceleration of land

degradation and, to a certain extent, result in the expansion

of desert erosion. Local Chinese histories have documented

sandstorms in the study area since AD 351 (Sivakumar

2005). Northwest China is a region where severe sand-

storms occur frequently and cause serious economic and

environmental damage in the affected areas (Xu et al.

2017). The Badain Jaran Desert is one of the main sources

of sandstorms (Liu et al. 2017).

A number of national programmes and projects for

combating desertification have been launched. China has

been advocating the planting of suitable trees and other

plants in the desert to limit the effects of dryland degra-

dation and contain desert expansion. Vast belts of vegeta-

tion have been planted across the northwest arid lands of

China, known as the ‘‘Great Green Wall’’, the largest

Fig. 4 Water resource dynamics. a Surface and groundwater use

during 1984–2015 in the study area; b mean water table changes in

wells during 1980–2015 in the oasis (left y-axis) and desert (right y-
axis) zones; c spatial trends in the water table using the CLM_LTF

model during 1981–2000; d spatial trends in the water table during

2000–2013 using the CLM_LTF model; and e monthly equivalent

water heights using GRACE data during 2002–2015 in the oasis and

desert zones

Fig. 5 Soil nitrate accumulation and groundwater nitrate contamina-

tion in the oasis and the Gobi Desert zones of the study area. a Soil

nitrate accumulation (top-coloured semicircles) and groundwater

nitrate contamination use (bottom-coloured semicircles); b the rela-

tion between groundwater NO3--N concentrations and sample depths

of wells; the water quality in the shaded area exceeds the Class 3

Chinese national drinking water standard (above the red dashed line)
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afforestation programme undertaken in human history

(Parungo et al. 1994; Su et al. 2007). The Great Green

Wall, which includes planted sand-fixing vegetation and

crops in the oasis, can reduce wind from the desert and

resist sandstorms (Meng et al. 2012; Xue et al. 2019b).

With the continued expansion of the oasis and the contin-

ued advancement of desertification control efforts, sand-

storms seem to have been alleviated and suppressed in the

study area. However, although the duration of the sand-

storm season in the study area has diminished to some

extent since the late 1990s, the frequency of strong sand-

storms has increased.

Rising water resource exploitation

Water resources play a crucial role in the development of

desert-oasis ecosystems, but northwest China suffers from

a serious shortage of water resources. An increasingly

serious problem arises through the rapidly increasing water

demands of agricultural irrigation and industrial use. The

‘‘Heihe River Water Allocation Scheme’’ plan required that

the upstream and midstream regions of the HRB provide

more surface water to the downstream regions of the HRB,

which has led to the overexploitation of groundwater and

has resulted in a decline in the groundwater table due to the

substantial decline in surface water acquisition. The April–

October period is the annual irrigation period when

groundwater overexploitation becomes serious, resulting in

a continuous decrease in the groundwater table. This type

of groundwater table is dynamically distributed because the

groundwater aquifer is permeable and groundwater and

surface water interactions are strong (Zeng et al. 2016a).

According to the spatial variation trend of the groundwater

table obtained from regional groundwater simulation (Zeng

et al. 2016a), deepened groundwater table depths occurred

in the oasis zone and away from the river area, which

corresponded with groundwater exploitation. Although

groundwater can be replenished from surface water

recharge close to the Heihe River, the decline in the water

table indicates that groundwater extraction has created a

deficit in the water budget surrounding Gobi Desert

groundwater, and this water resource is unsustainable in

regions of intensive oasis development.

The expansion of the cultivated area is mostly concen-

trated in the man-made oasis and desert ecotone, away

from the surface water supply source, without a con-

veyance system of irrigation; thus, the system relies on

groundwater for irrigation, which results in the decrease of

the water table (Cheng et al. 2014; Li et al. 2016). Many

sand-fixing desert shrubs, such as Haloxylon ammoden-

dron, the most common desert vegetation in the desert-

oasis ecotone, obtain water mainly from groundwater. A

lowered water table affects the water source of this sand-

fixing vegetation, which will face more severe water lim-

itation in the future (Zhou et al. 2017).

Increasing soil and water pollution

Since the 1980s, China’s consumption of nitrogen fertilizer

and plastic mulching, including greenhouse film, has

increased substantially. Film mulching technology can

remarkably improve crop yields by effectively maintaining

soil moisture and temperature and reducing water evapo-

ration, which is of particular importance and has wide use

in the arid and semi-arid regions of China (Zhang et al.

2016; Luo et al. 2018b). Because the study area belongs to

primary production areas for vegetables and grains, plastic

mulching is widely used in agriculture for its instant eco-

nomic benefits (Luo et al. 2018b). Based on the first agri-

cultural census of pollution sources in 2008, more than

80% of the agricultural area has been covered with plastic

mulching technology in the study area. Residual plastic

film also showed an upward trend due to ineffective

recycling mechanisms and policies (Zhang et al. 2016).

Although plastic mulching and nitrogen fertilizer have

significantly increased productivity, high nitrogen appli-

cation rates and residual plastic film may increase soil and

groundwater pollution (Steinmetz et al. 2016). For exam-

ple, with the increase of the residual plastic mulching in the

soil, the negative effects of the residual film due to its

resistance to degradation are becoming increasingly

prominent, such as soil fertility degradation, decline in crop

yield and increased environmental pollution. Fertility

degradation requires more fertilizer to be used for crop

growth, and fertilizers are identified as the main source of

nitrate in soil and groundwater in heavily cultivated areas

of China (Han et al. 2016). Excessive NO3
- input has been

more pronounced in desert ecosystems, leading to an

increase in serious nitrate groundwater pollution (Gates

et al. 2008; Gu et al. 2015). Fertilizer and crop residues are

also considered to contribute significantly to nitrate in

groundwater (Zhang et al. 2013; Zhai et al. 2017). Sandy

soils have a lower water-holding capacity and, therefore, a

greater potential to lose nitrate from leaching when com-

pared with silt loam or clay loam soils (Li et al. 2018). The

newly reclaimed oasis is mainly composed of sandy soil, in

which pesticides and fertilizers are capable of entering and

polluting groundwater (Zhang et al. 2013, 2019). If new

oases are to be reclaimed, organic manure needs to be used

to reduce groundwater pollution (Sun et al. 2012).

Addressing the issue of groundwater pollution is urgent to

stop further contamination of deep aquifers, which are the

most important irrigation and drinking water sources in

arid and semi-arid areas. Improving nitrogen fertilizer and

irrigation management practices in the desert-oasis zone is

key to managing groundwater NO3
- concentrations.
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In recent years, many industries in China have moved to

northwest China, which has caused pollution to migrate to

China’s rural areas and even desert zones. Under the

double pressure of China’s economic development and

environmental protection, the desert has become a pre-

ferred location for sewage disposal. Deserts are relatively

difficult to regulate, providing an attractive location for

polluting emissions. Due to multiple factors, such as pol-

lution cleaning cost, and the difficulty of regulating and

monitoring large areas, many enterprises have minimally

invested in sewage facilities and have discharged waste

water into the desert (e.g., the Tengger Desert pollution

incident (Miao et al. 2015). The drainage of pollution into

the desert is a new trend; however, wastewater can easily

infiltrate into the sand, which eventually pollutes the

groundwater and is highly detrimental to the ecosystem.

Local environmental bureaus are not able to withstand

pressure due to economic interests. According to the sur-

vey, there are more than 40 wells with a depth of 180

metres in the desert zone of the study area. These wells are

all used by local enterprises. Furthermore, a large amount

of groundwater is pumped by these enterprises, causing a

drop in the water table in the desert. At present, although

air quality and the frequency of sandstorm events have

exhibited a certain reduction, the loss of life and property is

still serious (Zhu et al. 2016).

CONCLUSIONS

The costs of desert development have included a series of

environmental problems in the desert-oasis ecotone, with

increasing frequency of strong sandstorms and severe

decline in groundwater. Pollution has been diverted from

the atmosphere to the underground and from the city to the

remote areas, including deserts. Moreover, deterioration of

water quality endangers the future use of existing water in

oasis areas and may cause severe ecological and environ-

mental problems. These problems seriously threaten the

sustainable development of oases, the living environments

of local residents and the quality of life. This comprehen-

sive regional-scale assessment can help improve the

understanding of the unique features and resources of

fragile ecosystems, maximize the benefits of and reduce the

environmental pressures upon the desert-oasis ecotone, and

therefore sustain the precious oasis ecosystems distributed

in arid and semi-arid regions. It is necessary to strengthen

the supervision of the industrial pollution and improve the

utilization of organic fertilizer and water in order to ensure

that the greening of China’s deserts is sustainable. Devel-

oping desert into oasis has benefits, but maintaining healthy

ecosystem services is a great challenge.
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