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Abstract
The rational allocation of the water resources in drylands and the scientific evaluation of their values are important for the 
regional sustainable development. We estimated the water consumption of each ecosystem in Ejina Oases in the arid area 
in northwest China based on the water balance equation, then assessed their ecosystem service values (ESVs) using the 
value per unit area method and the value equivalent factor per unit area method considering the cost of water consumption, 
respectively, and calculated their water productivities from 1990 to 2015. With the implementation of the ecological water 
diversion project (EWDP) in 2000, the deciduous broadleaf forest dominated by Populus euphratica had an increasing trend, 
meanwhile, lakes had a changing process from shrinking and drying up to recovery and expansion from 1990 to 2015. The 
total water consumption in Ejina Oases decreased from 5.26*108 m3 in 1990 to 4.79*108 m3 in 2000, and then increased 
continually to 5.97*108 m3 in 2015. The water consumption of forest, grassland and cultivated land hardly changed, while 
the water consumption of water or wetland changed obviously. The total ESVs estimated using the value per unit area method 
in Ejina Oases decreased from 1052.6 to 787.3 million ¥ in the period of 1990–2000, then increased to 1500.6 million ¥ in 
2015, while the ESVs estimated using the value equivalent factor per unit area method decreased from 6368.7 million ¥ in 
1990 to 5892.0 million ¥ in 2000, then increased to 7139.9 million ¥ in 2015, and the latter method was more reasonable. 
The results showed that the EWDP started in 2000 led to the reallocation of water resources and transfer of ESVs among 
ecosystems, which had obvious performance in the ecological environment and social economy. This study provided a 
comprehensive view of water use and management, ecological restoration and socio-economic development in this key eco-
logical function zone, and will help decision-makers to formulate the scheme of rational allocation and efficient utilization 
of water resources in the basin.

Keywords  Water consumption · Ecosystem service values · Ecological water diversion project · Value equivalent factor · 
Water productivity · Drylands

Introduction

The drylands, covering 41% of earth’s surface and support-
ing about 40% of the world’s population, represent a vul-
nerable part of the earth’s terrestrial environments and are 
under additional stress due to ongoing climate change (Feng 
et al. 2019; Fu et al. 2021; Reynolds et al. 2007). Recently, 
the sustainable development in drylands has attracted great 
attention from many international organizations, such as 
the 2030 Agenda and the Sustainable Development Goals 
championed by the United Nations Industrial Development 
Organization (UNIDO) and the Global Land Programme, 
which specially set up the Global Dryland Social-Ecolog-
ical Systems (Fu et al. 2021; Lu et al. 2022). However, the 
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ecosystem services (ESs) in drylands are often belittled in 
the terrestrial ecosystem services investigation, and humans 
are encroachment on the limited resources used in ecosys-
tems in drylands (Lu et al. 2015; Wei et al. 2021). Often, the 
economic development in the upper and middle reaches of a 
river, including irrigated farmland expansion and industrial 
water consumption, affects the ecological health of the lower 
reaches in arid area (Lu et al. 2015; Tan et al. 2020; Zhang 
et al. 2022). With the population growth, socio-economic 
development and the implementation of a large number of 
projects in the last few decades, the fate of drylands has been 
several twists and turns (Fu et al. 2021). Most areas still 
suffer from environmental degradation and poverty, while a 
few areas are in the state of environmental restoration under 
the control of ecological engineering, such as the water 
diversion projects and the ecological migration (Lian et al. 
2021; Lu et al. 2021). Even so, there are some debates about 
whether it is worthwhile to use water that could otherwise 
be used for economic development to sustain ecosystems in 
drylands (Braat and de Groot 2012; Yuan et al. 2019; Zheng 
et al. 2019a). This is mainly because there are knowledge 
gap about the reasonable assessment of the value of arid 
ecosystems (such as the windbreak and sand-fixation, and 
recreation of the riparian forests and terminal lakes in inland 
river basins), and the trade-off between their values and the 
cost of maintaining them (including limited water resources 
and special water transmission projects).

Although, the terms ESs and ecosystem service values 
(ESVs) were coined and ESVs’ quantitative approaches were 
proposed at the end of the last century (Costanza et al. 1997; 
Daily 1997), and a great deal of research work has been carried 
out on the assessment of ESVs since then and some assess-
ment tools and models have even been developed, e.g. Invest 
(Integrated Valuation of Ecosystem Services and Tradeoffs) 
(Costanza et al. 2014; Hu et al. 2020; Zheng et al. 2019b). 
However, lack of data and regional uniqueness limit the use 
of the assessment model in drylands, and they were often 
neglected in ESVs’ assessment because of their sparse veg-
etation and large areas of unused land. The desert’s ecosystem, 
for example, was not contained in the Costanza’s (1997) evalu-
ation method, or its ESVs were given a particularly low rating 
in the value equivalent factor per unit area method used to esti-
mate the regional and national ESVs (Xie et al. 2003, 2015b). 
In some studies, the ESVs were seriously underestimated using 
value per unit area method (Lu et al. 2015; Su et al. 2006), 
which easily lead to a misunderstanding that it was not worth 
using the scarce water resources to maintain the ecosystem in 
arid regions. It is worth noting that the value equivalent factor 
per unit area method is increasingly used, mainly because of 
its ability to take into account the regional realities, including 
crop yields and prices, to assess the ESVs (Xie et al. 2003, 
2015b, 2021). However, many studies evaluating the drylands’ 
ESVs did not take into account the costs (Braat and de Groot 

2012; Lorilla et al. 2018; Nath et al. 2018). In fact, arid eco-
systems require ecological water allocation, such as riparian 
forests and water body (Lu et al. 2015; Wang et al. 2019).

Heihe River basin (HRB), the second largest inland river 
basin in China, had experienced severe water shortages and 
environmental deterioration since the 1980s, especially the 
Ejina Oases in the downstream of HRB (Cheng et al. 2014). 
However, the Ejina Oases is a key ecological function zone 
and plays an important role in guaranteeing ecological safety 
far beyond its physical extent (Yan et al. 2018). To restore 
the ecosystem in the Ejina Oases, the Chinese Government 
initiated an ecological water diversion project (EWDP) 
since 2000 by which the midstream area should discharge 
950 million m3 of water in normal years, as measured at 
the Zhengyixia Hydrological Station (ZYX) to downstream 
areas when the upstream Yingluoxia Hydrological Station 
(YLX) discharges 1580 million m3 of water, and it has made 
significant achievements in regional ecosystem restoration 
(Lu et al. 2015). With the socio-economic development, 
humans use more and more water, and the ecological water 
is likely to be compressed in the future in this region (Lian 
et al. 2021). How to allocate water resources rationally to 
balance human well-being with nature? There is an urgent 
need to conduct the joint research on ecosystems’ water con-
sumption and ESVs assessment, so as to provide a basis 
for ecological compensation or water rights trade within or 
between regions to maintain good ecological service func-
tion in the future.

The overarching goal of this paper is to reveal the changes 
in land use and land cover, water uses, ESVs, ecological 
environment, and socio-economy in Ejina Oases before and 
after the implementation of the EWDP, and their intercon-
nectedness from 1990 to 2015. The specific objectives are: 
(1) To estimate the ecosystems’ water use using water bal-
ance method, (2) To calculate ESVs using the value per unit 
area method and the value equivalent factor per unit area 
method considering the cost of water consumption, and (3) 
To compare the ecosystem services and the socio-economic 
development with the ecological environment improvement. 
This study will provide a comprehensive view of water use, 
ecological restoration, ESVs and socio-economic develop-
ment in this key ecological function zone in arid area, which 
can help to further maintain water resources’ rational alloca-
tion and efficient utilization in the basin, as well as promote 
basin’s sustainable development.

Methods and data

Study area

In this study, we take the Ejina Oases in the downstream 
area of HRB below the Langxinshan Station (LXS) as the 
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study area, and its inflow is controlled by the LXS (Fig. 1). 
Administratively, Ejina Oasis belongs to Ejin Banner of 
Alxa League of Inner Mongolia Autonomous Region, China. 
Ejina Oases is an extremely arid region with high poten-
tial evapotranspiration (up to 3000 mm per year) and very 
little annual precipitation (less than 50 mm), and consists 
of forest, grassland, cultivated land, built-up land, water or 
wetland, and unused land. Agriculture depends mainly on 
pumping well water for irrigation, while the ecosystems in 
Ejina Oases depend on flood irrigation from the midstream 
runoff and groundwater, which mainly comes from the infil-
tration of the river runoff.

The decline in streamflow to the downstream area led to 
the severe deterioration of the ecosystems in Ejina Oases 
during the 1960–2000s, such as the drying up of terminal 
lakes and the death of Populus euphratica forests. The imple-
mentation of the EWDP since 2000 is the most important 
change in water management policy in the HRB in the past 
two decades, and the ecosystems in Ejina Oases have been 
considerably restored (Cheng et al. 2014; Li et al. 2018; 
Lu et al. 2021). Moreover, tourism is developing rapidly 
because Ejin Banner is one of China’s most important tour-
ist attractions with respect to Populus euphratica forests (Hu 
et al. 2015).

Processing of land use and land cover data

The data sources are Landsat TM and ETM + data, and 
most of them were obtained from the United States Geo-
logical Survey (USGS, https://​glovis.​usgs.​gov/), and a few 
from China Geospatial Data Cloud (http://​www.​gsclo​ud.​
cn/). There were six periods of land cover data (1990, 1995, 
2000, 2005, 2010 and 2015) using an integration method of 
remote sensing monitoring, and validation through ground 

investigation and the interpretation of satellite imagery with 
high resolution.

The production of this data set used the object-oriented 
classification method based on the platform of eCognition, 
and the data processing was based on ArcGIS platform (Xie 
et al. 2019). For the time phase of remote sensing images, 
the period from mid-June to late September was selected in 
northwest China for the cloud-free images. In addition, the 
images in non-growth season and other time-phase that can 
reflect the differences of ground features, as well as DEM, 
vegetation coverage and other characteristic indexes were 
used.

In this land use/cover classification system (Feng et al. 
2011; Xie et al. 2019), there are 6 types at the first scale and 
40 types at the second scale. They include: forest (decidu-
ous broadleaf forest, deciduous broadleaf shrubland, sparse 
forest, sparse shrubland, tree garden and shrub garden), 
grassland (temperate steppe, temperate meadow and sparse 
grassland), cultivated land, water or wetland (shrub wetland, 
herbaceous wetland, lake, reservoir/pond and river), built-up 
land (settlement, transportation land and mining field), and 
unused land (bare rock, gobi, bare soil, desert and salina) in 
Ejina Oases.

Estimation of water consumption

The estimation of ecosystems’ water consumption was based 
on the water balance equation. There were some researches 
on the water balance in the downstream and the whole HRB, 
which provided the whole evapotranspiration or main land 
types’. As a terminal part of the downstream area of the 
HRB, the Ejina Oases can be seen as a complete catchment. 
Moreover, there is no stream outflow and groundwater out-
flow at the terminal lake or desert sink in Ejina Oases. For 
any length of time, the water balance can thus be expressed 
as

where P is precipitation; Rin is stream inflow; Gin is ground-
water inflow; ET is evapotranspiration; ΔS is the change 
in soil water storage; ΔGW is the change in groundwater 
storage; and ΔL is the change in lake and reservoir water 
storage. Increases and decreases in storage result in positive 
and negative values, respectively.

In this study, P was from the Ejina Station; Rin was con-
trolled by the LXS; ET can be estimated by multiplying the 
area of each land cover and their per evapotranspiration 
simulated by the model (Guo et al. 2011; Li et al. 2018; 
Peng et al. 2010; Zhang et al. 2006); ΔS was neglected in 
this study due to the soil water storage is few in extreme 
arid region; Gin was also neglected because the groundwater 
inflow from Badain Jaran Desert occurred in Gurinai region 

(1)P + Rin + Gin = ET + ΔS + ΔGW + ΔL

Fig. 1   Study area of Ejina Oases in downstream of Heihe River basin 
in northwest China

https://glovis.usgs.gov/
http://www.gscloud.cn/
http://www.gscloud.cn/


	 Applied Water Science (2023) 13:93

1 3

93  Page 4 of 12

outside the study area (Li et al. 2018); ΔGW was estimated 
by multiplying the area, the change in the groundwater depth 
and water storage coefficient of layers (Peng et al. 2011; Tian 
et al. 2015; Xi et al. 2011); and ΔL was estimated using area 
of water and shape of the lake shore (Ye et al. 2017; Zhang 
et al. 2014).

ETi is the water consumption per area of each land cover 
and referenced to the existing research results (Table 1); n 
is the number of the land cover types; and Ai is the area of 
each land cover.

µ is the water storage coefficient of layers, ΔH is the average 
change in the groundwater depth, and A is the total area. 
Groundwater depth change data were obtained from ground-
water monitoring wells and field surveys, while the water 
storage coefficient of layers was referred to the relevant lit-
erature (Peng et al. 2011; Tian et al. 2015; Xi et al. 2011).

Ecosystem services values estimation

We used two methods to estimate ESVs. The ESVs in this 
region was firstly estimated using the modified value per unit 
area method proposed by Costanza (1997). Due to the differ-
ences of vegetation coverage of the ecosystems, the schol-
ars introduced modification coefficients to distinguish the 
impact of vegetation coverage on ecosystem services based 
on the Costanza’s method (Lu et al. 2015; Su et al. 2006). 
For example, the modification coefficients for dense grass-
land and sparse grassland were 1.5 and 0.5, respectively. The 
determination of these modification coefficients was guided 
by the experts in this field. This modified method had been 
used in Shiyang River Basin and HRB, and the ESVs per 

(2)ET =

n
∑

i=1

ET
i
× A

i

(3)ΔGW = � × ΔH × A

unit area for ecosystems were listed in Table 2 according to 
the previous studies (Lu et al. 2015; Su et al. 2006).

Meanwhile, we used the value equivalent factor per unit 
area method to estimate the ESVs as a comparison. In this 
method, we firstly evaluated the value of the equivalent 
coefficient for a standard unit ESV. The equivalent coef-
ficient for a standard unit ESV (hereinafter referred to as 
the standard equivalent coefficient) refers to the economic 
value of natural food production in 1 hm2 farmland with 
the level of the national average yield every year (Xie 
et al. 2015a, 2015b), which can be used to determine the 
equivalent coefficient of other ESs combining the expert 
knowledge. In this study, referring to the treatment method 
in the national scale provided by Xie et al (2015b), we 

Table 1   The reference values 
of the evapotranspiration of 
different landscapes in Ejina 
Oases

Main landscape types Annual evapotranspiration (mm)

Forest 288–371.3 (Guo et al. 2011; Li et al. 2018; Zhang et al. 2006)
Tamarix 163–401.6 (Guo et al. 2011; Li et al. 2018; Peng et al. 2010; 

Si et al. 2006)
Other desert shrubs 165.6 (Li et al. 2018; Si et al. 2013)
Temperate steppe 78–150.7 (Guo et al. 2011; Li et al. 2018; Si et al. 2013)
Wetland 373.8 (Guo et al. 2011; Li et al. 2018)
Cropland 502.9 (Li et al. 2018)
Urban and other built up 180.9 (Li et al. 2018)
Lake 998.9 (Li et al. 2018)
Reservoir 912.7 (Li et al. 2018)
River 623.1 (Li et al. 2018)
Desert 58.2 (Li et al. 2018)

Table 2   The ESVs per unit area for each land type

a In the following calculation of ecological service value, the unit is 
Yuan (¥), and the exchange rate between $ and ¥ is 6.55

First types Second types ESVs per 
unit area 
($a)

Forest lands Deciduous broadleaf forest 453
Deciduous broadleaf shrubland 332.2
Sparse forest 211.4
Sparse shrubland 211.4
Tree garden 453
Shrub garden 332.2

Grasslands Temperate steppe 232
Temperate meadow 348
Sparse grassland 116

Cultivated land Dry farmland 92
Wetlands Shrub wetland 8498

Herbaceous wetland 8498
Lake 8498
Reservoir/Pond 8498
River 8498
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took the net profit of food production per unit area of local 
farmland ecosystem as the ESVs of a standard equivalent 
coefficient. Because the statistical data in Ejin Banner 
were limited, the grain yield value of farmland ecosystem 
was calculated based on the statistical data of the Inner 
Mongolia Autonomous Region and China from 2001 to 
2015. The standard equivalent coefficient was calculated 
as follows:

where D is the average of the standard equivalent coefficient 
from 2001 to 2015 (¥/hm2), Pw,i and Pc,i are the prices of the 
wheat and corn in year i in China (¥/kg), Yw,i and Yc,i are the 
yield of wheat and corn in year i in Inner Mongolia Autono-
mous Region (kg), Cw,i and Cc,i are the cost of wheat and 
corn in year i in China (¥/hm2), and Aw,i and Ac,i are the area 
of wheat and corn in year i in Inner Mongolia Autonomous 
Region (hm2), respectively. The data were obtained from the 
yearbooks and statistical yearbooks of Alxa League, Inner 
Mongolia Autonomous Region and China, and literature 
(Wang 2017). According to the formula, the average of the 
standard equivalent coefficient in Alxa League from 2001 to 
2015 was 2857 ¥/hm2.

Then, we estimated the basic equivalent of the value of 
ecosystem services per unit area. The basic equivalent of 
the value of ESs per unit area refers to the average annual 
value equivalent of each ecosystem service per unit area of 
different types of ecosystems (hereinafter referred to as the 
basic equivalent). The basic equivalent reflects the average 
annual value of different ecosystems and their various ESs 
across the country, and is also the premise and basis for the 
reasonable construction of dynamic equivalents represent-
ing the spatial difference and temporal variances of ESVs. 
We determined the basic equivalent in Ejina Oases by inte-
grating the national average provided by Xie et al (2015b) 
and local conditions (Xie et al. 2021), and referring to an 
adjacent case of Wu’an city in Hebei Province (Yao 2016).

In Ejina Oases, there is riparian forest along the river, 
including deciduous broadleaf forest, deciduous broad-
leaf shrubland, sparse forest and sparse shrubland, which 
depend mainly on groundwater. Similarly, the irrigated 
land needs irrigation using river runoff or groundwater. 
Thus, their water supply service should be negative val-
ues as similar as the value of the paddy fields proposed 
by Xie et al (2015b) and Yao (2016). We set the values 
of the water supply service of the riparian forest and the 
irrigated land negative according to their evapotranspira-
tion, equal to their cost of water consumption (Li et al. 
2018), because these land use types require large amounts 
of groundwater or irrigation but are difficult to provide 

(4)

D =

∑15

i=1

((

P
w,i ∗ Y

w,i − C
w,i ∗ A

w,i

)

+
(

P
c,i ∗ Y

c,i − C
c,i ∗ A

c,i

))

15 ∗
(

A
w,i + A

c,i

)

water resources. In addition, the bare land in Ejina Oases 
had the ability of water supply (Li et al. 2018), and should 
be set the same value as desert (Xie et al. 2003, 2015b; 
Yao 2016) (Table 3).

Water productivities of ecosystems and other 
ecological and socio‑economic indicators

In this study, in order to compare the benefits of ecosystems, 
we calculated the water productivity of various ecosystems 
through dividing their ESVs by water consumption. It was 
helpful to the optimal allocation of water resources in chang-
ing environments.

Moreover, we collected the climatic and socio-economic 
indicators to validate the changes in the ES and ESVs, 
including the sand and dust weather, tourist population and 
the industrial value-added. The climatic data at the Ejina 
Meteorological Station from 1990 to 2015 were collected 
from the China Administration of Meteorology, and the 
socio-economic data were obtained from the regional sta-
tistical yearbook and annual reports.

Results

Land use and land cover changes

The Ejina Oases was dominated by unused land, accounting 
for about 78%. At the first level, there was little change for 
the forest, grassland and cultivated land, except for the water 
or wetland, which first decreased in the period of 1990–2000 
and then continued to increase in the period of 2000–2015, 
and the built-up land continued to increase from 1990 to 
2015 (Fig. 2). However, the land use/cover changes were 
more complex at the second level. For the forest, the sparse 
forest accounted for about 64%, and the deciduous broadleaf 
forest dominated by Populus euphratica, deciduous broadleaf 
shrubland, tree garden, and shrub garden were in increas-
ing trend, while the sparse forest and sparse shrubland were 
in decreasing trend. For grassland, the sparse grassland 
accounted for nearly 98%, and increased in the period of 
1990–1995 and decreased in the period of 1995–2015, while 
the temperate steppe was in the decreasing trend. For the 
water or wetland, the subtypes changed obviously, and the 
herbaceous wetland was the main type and in the increas-
ing trend in the period of 1990–2015, but its proportion 
increased from 60.4 to 89.6% in the period of 1990–2000 
and then decreased to 44.7% in 2015; the lake first decreased 
in the period of 1990–2000 and then increased in the period 
of 2000–2015; while the proportions of the reservoir/pond, 
river and shrub wetland were small and changed dramati-
cally due to the influence of water discharge in the middle 
reach. For the built-up land, all the settlement, transportation 
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land and mining field increased in the period of 1990–2015. 
The cultivated land firstly decreased from 106.9 km2 to 
100.0 km2 in period of 1990–1995, and then increased to 
114.1 km2 in 2015.

Water consumption composition

The total water consumption in the Ejina Oases decreased 
from 5.26*108 m3 to 4.79*108 m3 in the period of 
1990–2000, and then increased continually to 5.97*108 
m3 in 2015 (Fig. 3). The water consumption of forest, 
grassland and cultivated land hardly changed, while the 
water consumption of water or wetland and built-up land 
changed obviously. The water consumption of forest was 
the largest, except that water consumption of water or wet-
land exceeded forest’s in 2015, and its proportion had been 
increasing from 36.4 to 39.1% with the decreases in water 
or wetland in the period of 1990–2000; then decreased 
from 39.1 to 31.5% with the recovery of water or wetland 
in the period of 2000–2015. The water consumption of 
grassland was the second until 2005 and the third after 
2005 with the increase in the water or wetland’s water con-
sumption, and its proportion increased from 26.9 to 30.1% 
in the period 1990–1995 and then decreased continually 

to 23.6%. The water or wetland’s water consumption 
decreased from 1.29*108 m3 to 0.82*108 m3 in the period 
of 1990–2000, and then increased continually to 1.94*108 
m3 in 2015. Its proportion decreased from 24.5 to 17.1% 
in the period 1990–2000 and then increased continually 
to 32.4%. The cultivated land’s water consumption was 

Fig. 2   The land use/cover 
changes from 1990 to 2015 in 
the Ejina Oases

Fig. 3   The water consumption composition in the Ejina Oases from 
1990 to 2015
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stable at about 0.50*108–0.58*108 m3, and its proportion 
was about 9.6–11.5%.

The stream inflow at LXS changed dramatically in the 
range of 1.83*108–10.8*108 m3, and gradually became sta-
ble at about 6*108 m3 with the implementation of the EWDP 
since 2000. The precipitation in Ejina fluctuated wildly from 
9.2 to 77.3 mm, but it was difficult to generate runoff and 
recharge groundwater because there were almost daily pre-
cipitation events of less than 5 mm in this region (Fig. 4a). 
Compared with runoff change, groundwater change lagged 
behind about one year, and groundwater depth increased in 
most of years before 2001 and then entered reduced mode 
(Fig. 4b).

The changes in ecosystem services values

The total ESVs estimated using the modified value per unit 
area method in Ejina Oases decreased from 1052.6 to 787.3 
million ¥ in the period of 1990–2000. From 2000 to 2015, 
the total value increased to 1500.6 million ¥, which was 
more than it in 1990 (Fig. 5a). The ESVs of water or wetland 
changed significantly and was the largest, which amounted to 
63.9% at least in 2000 and up to 81.1% in 2015. The ESVs of 

the grassland and forest were about the same and more stable 
compared to the water or wetland’s. The grassland’s ESVs 
were the second, and its proportion increased from 13.5 to 
18.3% in the period of 1990–2000 and then decreased to 
9.5% in 2015. The proportion of forest increased from 13.1 
to 17.0% in the period of 1990–2000 and then decreased to 
8.9% in 2015.

The ESVs estimated using the value equivalent factor 
per unit area method was shown in Fig. 5b. The total ESVs 
decreased from 6368.7 to 5892.0 million ¥ in the period of 
1990–2000. From 2000 to 2015, the total value increased 
to 7139.9 million ¥, which was more than it was in 1990. 
The ESVs of forest was the largest, except that ESVs of 
water or wetland exceeded forest’s in 2015, and its pro-
portion had been increasing from 36.2 to 38.1% with the 
decreases in water or wetland’s area and its ESVs in the 
period of 1990–2000; then decreased from 38.1 to 31.6% 
with the recovery of water or wetland and its ESVs in 
the period of 2000–2015. The ESVs of water or wetland 
decreased from 27.1 to 21.9% in the period of 1990–2000 
and then increased continually to 35.6%, and it was the 
second in 1990, 2005 and 2010 and the third in 1995 and 
2000. The ESVs of grassland increased from 21.3 to 23.3% 

Fig. 4   The changes in runoff, 
climate and groundwater from 
1990 to 2015 in the Ejina Oases 
(a the changes in runoff at LXS 
and climate; b the changes of 
groundwater)

Fig. 5   The ESVs estimated 
using the modified value per 
unit area method (a) and the 
value equivalent factor per unit 
area method (b)
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in the period of 1990–2000 and then decreased continu-
ally to 19.0% in 2015. It should be noted that the ESVs of 
unused land calculated by this method ranged from 815.4 
to 824.3 million ¥, and its proportion was between 11.4% 
and 14.0%.

Water productivities of ecosystems

The water productivities were obviously different due to 
the different methods of calculating the ESVs (Table 4). 
The water productivities of each ecosystem based on the 
value equivalent factor per unit area method (3.0–14.0 ¥/
m3) were generally greater than the value calculated by the 
modified value per unit area method (0.1–6.1 ¥/m3), and 
the difference between the water productivities of each 
ecosystem was small in the former. Among them, the water 
productivities of the cultivated land were 3.0 and 0.1 ¥/
m3, respectively.

Ecological effect and tourism development

The annual precipitation showed drastic changes in the 
period of 1990–2015, and the mean annual precipitation 
showed a decreasing trend on the whole, while the annual 
temperature was in an obvious increasing trend (Fig. 6a). 
The climate in Ejina Oases exhibited a tendency of warming 
and drying. The average annual relative humidity and wind 
speed were in decreasing trend, in which the wind speed 
decreased significantly (Fig. 6b).

Meanwhile, the events of sandstorm, blow sand and dust 
changed obviously and their numbers were 5.4, 29.4 and 
2.7 per year before EWDP, while they changed into 3.5, 
26.2 and 1.2 after EWDP, respectively (Fig. 6c). With the 
improvement of the environment, the tertiary industry had a 
spectacular development and increased from 12.0 to 1462.0 
million ¥ in Ejina Banner from 2000 to 2015, and the tourist 
population had exploded and increased from 0.03 million in 
2000 to 1.1 million in 2015 (Fig. 6d).

Discussion

The differences of ESVs in drylands estimated using 
two methods

We assessed the ESVs in Ejina Oases using value per unit 
area method and the value equivalent factor per unit area 
method considering the cost of water consumption, and 
there were great differences between the ESVs results. The 
ESVs in Ejina Oases were in the range of 787.3–1500.6 

Table 4   The water productivities of ecosystems (¥/m3)

Ecosystems Basic equivalent of the 
value method

Value per unit 
area method

Water or wetland 14.05 6.06
Forest 12.01 0.72
Grassland 9.61 1.01
Cultivated land 2.95 0.12
Total 10.83 2.06

Fig. 6   The climatic and ecologi-
cal changes and tourism devel-
opment (a the precipitation and 
temperature; b wind speed and 
relative humidity; c blows sand, 
sandstorm and dust; d tourism 
development)
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million ¥ using the modified Costanza’s (1997) evaluation 
method (Lu et al. 2015; Su et al. 2006), while it changed 
into 5892.0–7139.9 million ¥ using the value equivalent 
factor per unit area method, including 815.4–824.3 mil-
lion ¥ of the unused land, which was ignored in the former 
method (Costanza et al. 1997). Similarly, the ESVs for each 
ecosystem vary greatly in these two methods. As given in 
Xie et al (2003), there were still some problems in the Cos-
tanza’s (1997) evaluation method, such as the low estima-
tion of cultivated land and high estimation of wetlands (Xie 
et al. 2003). For the value equivalent factor per unit area 
method, Xie et al. (2008) based on Costanza’s (1997) evalu-
ation method and improved it by conducting a professional 
questionnaire survey of 700 ecologists and other relevant 
scholars in China that evaluated the status of China’s eco-
system and socio-economic development, and it was closer 
to the regional reality. Take the value of aesthetic landscape 
for example, the tertiary industry had a spectacular develop-
ment (12.0 to 1462.0 million ¥) in Ejina Banner in the period 
of 2000–2015, which was related to the Populus euphratia 
forest and its yellow leaf period was the local tourist peak 
season. Of course, the spectacular tertiary development 
was related to the background of the rapid development of 
national society and economy. As given in the ESVs of Pop-
ulus euphratia forest estimated using the value equivalent 
factor per unit area method, its value of aesthetic landscape 
in the cultural service was 21.83–22.27 million ¥, which 
was comparable to tourism revenues at the beginning of this 
century and far less than recent tourism revenues in Ejin 
Banner. This also meant that the ESVs should be a dynamic 
quantity (Costanza et al. 2014).

Moreover, compared the huge differences in unit price 
between water or wetland and other land types (such as for-
est and grassland) in the modified Costanza’s (1997) evalua-
tion method, the differences were much smaller among eco-
systems in the value equivalent factor per unit area method. 
In addition, we considered the cost of water consumption 
in ESVs assessment using the value equivalent factor per 
unit area method in this region, including the riparian forest 
depending on groundwater and the cultivated land needing 
irrigation. This meant that some ecological functions of such 
ecosystems were at the cost of water consumption, which 
provided references for the trade-off between the value of 
arid ecosystems and the cost of maintaining them (Wei et al. 
2021). In addition, the value of bare land and desert in the 
water supply was also taken account of in this study, even it 
was very small (Li et al. 2018), and with the rise of ecotour-
ism and desert tourism, the cultural value of drylands will 
become more and more important. The above two aspects 
are the difference between estimation of ecosystem service 
value in drylands and previous studies (Xie et al. 2003, 
2015a, 2015b). Of course, the public’s willingness to pay 
for ecosystem services was not matched with the value of 

ESs in many regions (Wei et al. 2021; Wu et al. 2021), which 
was also the challenge of ESVs research.

Water productivities of ecosystems and its water 
management implications

In general, we can calculate the value of cultivated land 
based on the grain yields and its prices, and thus estimate the 
water productivity. However, it was hard to get convincing 
results on the productivity of the ecosystem. In this study, 
we calculated water productivity of various ecosystems by 
calculating their water consumption and ESVs. Because of 
the different methods of calculating the ESVs, the water 
productivities were also different. Among them, the water 
productivities of the cultivated land were 3.0 and 0.1 ¥/m3, 
respectively, and the former was more reasonable compared 
with the actual situation.

Although these results had great differences and uncer-
tainties, they provided an attempt for quantitative evaluation 
of water productivities of various ecosystems in drylands. 
Meanwhile, they can help to answer the question about how 
to allocate water resources rationally to balance human well-
being with nature. In dry years with less streamflow from 
the upstream, for example, shrinking arable land was a prior-
ity because the water benefits were relatively low, and then 
limiting water or wetland’s area because of its high water 
consumption. In addition, it also provided a reference for 
the ecological compensation or water rights trade within or 
between regions. For instance, Ejin Banner can purchase/sell 
certain water resources from/to the middle reaches accord-
ing to its own needs and benefits, and vice versa, so as to 
promote the water resources benefits of the whole basin, 
promote the cooperation and coordination among regions 
in the basin, and thus move towards basin sustainable 
development.

The mechanism of EWDP affects land use and then 
influences ecosystem service value

The EWDP, the most important water management policy 
in the HRB in the past decades, ensures the available water 
in the downstream (Fig. 4a), elevates the groundwater level 
(Fig.  4b), and promotes the restoration of riparian for-
est ecosystem, especially the Populus euphratica forests. 
Meanwhile, the EWDP provides the ecological water in the 
terminal lake and maintains a stable water area through spe-
cial water transmission channels (Lu et al. 2021; Xie et al. 
2021). Thus, the EWDP determines the land use pattern and 
its changes in Ejina Oases. Of course, with social develop-
ment, regional build-up land continues to expand. Accord-
ingly, the value of regional ecosystem services also changes, 
especially the Water or wetland’s ESVs changes obviously.
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Conclusions

This study successfully discovered the land use and land 
cover changes with the implementation of EWDP, and esti-
mated the water balance in the Ejina Oases and the water 
consumption of each ecosystem in the period of 1990–2015. 
The water or wetland dominated the changes in the down-
stream ecological environment, as well as the change and 
allocation of water consumption and ESVs. The EWDP 
caused the reallocation of water resources in the region and 
among ecosystems, as well as the transfer of ESVs between 
ecosystems, which had obvious performance in ecological 
environment and social economy. The ESVs in this area 
were estimated and compared using two methods, including 
the modified value per unit area method and the value equiv-
alent factor per unit area method, and there were significant 
differences in the total ESVs and each ecosystem’s. Thus, 
there were also significant differences in the total water pro-
ductivities and each ecosystem’s, and both of them were less 
than the actual revenue from the ecosystems. However, it 
quantitatively evaluated the water productivities of various 
ecosystems in the drylands at the first time, and provided a 
reference for the ecological compensation and water trading 
between regions in the river basin.
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