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• Integrated analysis of the effects of
water diversion project is necessary.

• Quantitative analysis was used to assess
the chain effects of water diversion.

• The deteriorated downstream environ-
ment has been improved preliminarily.

• Ecological risks still existed due to the
simple administrative measure.

• Inability of the project to achieve sus-
tainable development was highlighted.
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To curb the severe ecological deterioration in the lower Heihe River Basin (HRB) in northwest China, a water
diversion project was initiated in 2000. A comprehensive analysis of the ecological effects and potential risks as-
sociatedwith the project is needed.We assessed the hydrological and ecological achievements, and also analyzed
the potential problems after the project was completed. We found that since the project began the hydrological
regime has changed, with more than 57.82% of the upstream water being discharged to the lower reaches on
average. As a result, the groundwater level in the lower reaches has risen; the terminal lake has gradually
expanded to a maximum area in excess of 50 km2 since 2010, and there has been a significant recovery of
vegetation in the riparian zone and the Ejin core oases, which represents the initial rehabilitation of the degraded
downstreamenvironment. Additionally, the economyof Ejin has developed spectacularly, with an annual growth
rate of 28.06%. However, in the middle reaches, the average groundwater level has continuously declined by a
total of 5.8 m and significant degradation of the vegetation has occurred along the river course. The discrepancy
in the water allocation between the middle and lower reaches has intensified. This highlights the inability of the
current water diversion scheme to realize further ecological restoration and achieve sustainable development
throughout the whole basin. In future water management programs, we recommend that water allocation is
coordinated by considering the basin as an integrated entity and to scientifically determine the size of the
midstream farmland and downstream oasis; restrict non-ecological water use in the lower reaches, and jointly
dispatch the surface water and groundwater.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
As the most important ecological and environmental resource,
water is crucial for the development of oases (Chen et al., 2003). In
the lower reaches of inland river basins, where precipitation is scarce,
the upstream discharge is the main water resource available to oases
ecosystems and for economic development. Themajority of the world's
river basins are dominated by human activity (Meybeck, 2003;
Vorosmarty et al., 2010). This is particularly true for China (Zhai and
Tao, 2017). River regulation by artificial water diversion enables the
reallocation of water for ecological, societal, and economic uses, with
such schemes intended to improve water use efficiency and achieve
sustainable development (Everard et al., 2018). However, they also
exert a profound impact on the hydrological regime, local ecosystems,
and socioeconomic structures, and can lead to a chain effect among
these systems, especially in water-deficient regions (Everard et al.,
2018; Micklin, 1988). Hence, the accurate and timely evaluation of the
positive achievements and potential negative influences of water diver-
sion projects is a requirement for effectivewater management in inland
river basins.

Recently, much attention has been given to the ecological response
following water diversion projects. Experiments in the Murray Darling
Basin, Australia, showed that large-scale flow diversion has stimulated
greening of the riparian river red gum at Yanga National Park, and
trees receiving supplementary flows were generally more vigorous
(Nagler et al., 2016). Studies of environmental flows in the Colorado
River, USA, have demonstrated that relatively low-magnitude flow de-
liveries had a limited effectiveness on the replenishment of groundwa-
ter and the ecological restoration of cottonwood and willow (Kendy et
al., 2017; Shafroth et al., 2017). Water diversion projects in the lower
reaches of the Tarim River, China, have resulted in significant achieve-
ments in forest recovery near the riverbed (Aishan et al., 2014), but
there have been few positive effects on more distant sites due to the
irregular and insufficient upstream water supply (Bao et al., 2017; Zhu
et al., 2016). The lack of long-term monitoring and effective evaluation
as well as the limited fundamental understanding of flow-ecology, are
the main limitations impeding the ecological effectiveness of existing
water diversion projects (Davies et al., 2014).

The Heihe River Basin (HRB) is the second largest inland river basin
in the arid zone of northwestern China. Aswith the TarimRiver (Chen et
al., 2011), the HRB experienced severe water shortages and environ-
mental deterioration in the 1980s (Xiao and Xiao, 2004). To restore
the ecosystem in the downstream basin, the Chinese Government
initiated the Ecological Water Diversion Project (EWDP) from 2000
onwards to ensure the delivery of minimum amounts of water to the
lower reaches of the basin. As the EWDP proceeded, responses on the
riparian vegetation, land use, and groundwater have been reported
(Ao et al., 2012; Fu et al., 2014; Luo et al., 2016; Mi et al., 2016; Nian
et al., 2014; Wang P. et al., 2014; Wang Y. et al., 2014; Zhang et al.,
2017; Zhao et al., 2016). Recently, Xiao et al. (2017) evaluated the
ecological effects of the National Integrated Management Project in
HRB. Cheng et al. (2014) comprehensively reviewed published studies
of the ecologic-hydrologic-economic system in the HRB and made
practical recommendations for the comprehensive management of
the river basin to ensure its sustainable development. However, rather
than providing a complete assessment, these studies focused primarily
on the positive effects of water diversion projects and did not consider
potential negative effects.

In this study, we aimed to: (1) examine the hydrological, ecological,
and socio-economic effects of EWDP in themiddle and lower reaches of
the Heihe River; (2) address current positive achievements associated
with water diversion, and (3) evaluate the potential risks and problems
of the current diversion schemes. The results provide a reference for ef-
fective water resource planning and management, and can be used to
maintain the stability of the oasis ecosystem and the effective function-
ing of the river, as well as promoting future regional development.
2. Materials and methods

2.1. Study area

The Heihe River Basin (HRB) is the second largest inland river basin
in the arid zone of northwestern China. Geographically, there are three
major geomorphological units in the region. From south to north, they
are the southern Qilian Mountains in the upstream region, the middle
Hexi Corridor, and the northern Alxa High-plain in the lower reaches.

The study area was located in the middle and lower reaches of the
HRB (Fig. 1), which is controlled by a continental climate that is ex-
tremely hot in the summer and severely cold in the winter (Xi et al.,
2007). Annual precipitation ranges from 69 to 216 mm in the middle
reaches, while in the lower reaches it averages only 35mm, and annual
potential evaporation reaches 2300mm.With a centuries-old history of
agriculture, the middle reaches consume large amounts of water via a
relatively complete irrigation agricultural system consisting of more
than 893main canals and branch canals. The EjinOasis (Fig. 1c) is located
in the lower reaches of the HRB, and it is generally considered to be the
main eco-barrier in northern China (Li et al., 2001).

The water in the Heihe River originates from rainfall and snowmelt
in the Qilian Mountains (Fig. 1b). It passes the Yingluoxia (Ylx) and
Zhengyixia (Zyx) hydrological stations, then enters the lower reaches
where it branches into two broad rivers at Langxinshan (Lxs) hydrolog-
ical station. These are the East River and theWest River, which ultimate-
ly flow into the East Juyan Lake and the West Juyan Lake, respectively
(Qi and Luo, 2005). Given the low rainfall and dry climate in the study
area, water from the Heihe River is the main water resource for driving
economic development and maintaining the environmental balance in
the region (Feng et al., 2001).

The EWDP in the HRB was launched by the Chinese Government in
2000. According to the project plan, six main canals for water convey-
ance, hundreds of lateral canals extending from the main canals for
irrigation, and several diversion projects (e.g., Lxs Diversion Project
and Angcihe Diversion Structure) have been built in the Ejin Basin
(Fig. 1c). Most of the main canals were built on natural river channels,
while a fewwere independent of natural rivers, such as the Dongganqu
Canal. Additionally, a series of countermeasures, such as grazing restric-
tions, rotational grazing, and the conversion of existing grazing land and
farmland into woodland or grassland have also been implemented in
the downstream reaches.

Additionally, a water diversion curve based on linear interpolation
was constructed to allocate water between the middle and lower
reaches according to the EWDP. On the basis of the water diversion
curve relationship, when the multiyear average water volume of
the Ylx station reaches 15.8 × 108 m3, the Zyx station discharges
9.5 × 108 m3 to the lower reaches, to ensure that the ecological water
supply of the whole basin reaches 7.3 × 108 m3. The water discharge
stage consists of a general period and a critical period. During the general
period, streamflow added frommelting ice in spring that enters the Ejin
Basin is first diverted into theWest River, the Dongganqu Canal, and the
East River through the Lxs Diversion Structure. It then runs through inte-
grated natural–artificial water channels in the Ejin Basin (Fig. 1c), to re-
plenish the groundwater along the watercourse and meet the demands
of downstream vegetation in the growing season. During the critical
period, the priority is to convey water to the terminal East Juyan Lake.

2.2. Data sources

Data used in this study included hydrological observations; a land use
and normalized difference vegetation index (NDVI) dataset; and socio-
economic statistics. Hydrological data consisted of annual runoff observa-
tions (1945–2014) at the twohydrological stations on themain canal sys-
tem (i.e., Ylx and Zyx), the discharge records at Lxs station from 1990 to
2014, and groundwater data. Runoff observations and discharge records
were obtained from the Bureau of Heihe River Water Resources Bulletin.



Fig. 1. The location of the study area. Fig. 1c is modified from Zhang et al. (2011).

796 M. Zhang et al. / Science of the Total Environment 619–620 (2018) 794–803
Groundwater data were collected at long term groundwater monitoring
wells in the study area. To ensure the quality and representativeness of
the data, 10 wells in the middle reaches (Fig. 1b) and 13 wells in the
lower reaches (Fig. 1c), with complete continuous records from 1990 to
2010 (expect for N51), were selected.

A land use dataset (1990, 2000, and 2010) was derived from remote
sensing images, with an average classification accuracy of more than
80%. (http://www.dsac.cn/DataProduct/Detail/200804). The land use
types in the classification system included forests, grassland, wetland,
farmland, built-up land, and other unused land. Data for the East Juyan
Lake area was collected from published papers (Ao et al., 2012). NDVI
data, determinedby theModerate Resolution Imaging Spectroradiometer
(MODIS), with 250 m spatial resolution over 16-day intervals, was used
to investigate the trends in vegetation change from 2000 to 2010.

Irrigation data for the middle reaches was collected from annual
water resource management reports (1990–2010) published by the
ZhangYe Municipal Bureau of Water Conservancy. Socio-economic data
was obtained from the regional statistical yearbook and annual reports.

2.3. Methods

In this study, indicators of runoff, groundwater depth, land use,
vegetation cover, and industrial value-added were used to evaluate
the hydrological, ecological, and socio-economic effects of the EWDP
on the midstream and downstream regions.
Variations of surface runoff and groundwater depth were used to
represent the impacts of the EWDP on the hydrology in the study
area. The annual and intra-annual streamflow variations at the main
hydrological stationswere analyzed usingOrigin 8.5. In addition, the an-
nualmeangroundwater level, whichwas calculatedwithArcGIS 10.0 by
regional spatial interpolation, were used to describe the impacts of
EWDP on groundwater in the middle and lower reaches. The ground-
water depth (the distance between the surface and groundwater
level) at different locations in the lower reaches was calculated as the
average of the observed data at the wells located in the corresponding
regions.

Land use and vegetation change were selected as ecological
parameters to demonstrate the ecological effects of the EWDP. The
area of different land use types in 1990, 2000, and 2010 was calculated
in ArcGIS 10.0. Themean growing season NDVI (MGSNDVI)was used as
an indicator of vegetation cover (MGSNDVI N0.1) in the study area.
The MGSNDVI is defined as the mean NDVI in the seven-month
growing season (April–October) for each pixel. The least-squares
regression approach (Chen et al., 2014; Lu et al., 2015) was used to
quantify the multi-annual MGSNDVI trends over the 2000–2010 pe-
riod for each pixel. The slope of the trend indicated the magnitude of
the change, with positive and negative values of the slope denoting
an increasing or decreasing trend, respectively. In this study, an
increasing trend was considered to represent vegetation recovery,
whereas vegetation degradation was indicated by a decreasing

http://www.dsac.cn/DataProduct/Detail/200804
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trend. The larger the absolute value of the slope, the more rapid the
vegetation change. The trend was considered to be statistically
significant at the p b 0.05 level.

Some indicators, such as industrial value-added and the sown area of
the main crops, were used to assess the historic development of the
economy in the Ejin Basin. The socio-economic data was also analyzed
using Origin 8.5.

We further quantitatively analyzed the relationships between the
ecological, socio-economic, and hydrological effects by examining how
the ecological indicators (Juyan Lake area) and socio-economic indica-
tors (tertiary industry and sown area) changed with the independent
variables (cumulative water discharge) through linear regressions. The
SPSS Statistics 20 for Windows software was used to examine these
correlations.

3. Results

3.1. Hydrological regime shift

The streamflow at Ylx and Zyx has had a regular synchronous
increasing or decreasing trend for most of the past 70 years, but
has been interrupted since 1980 (as shown in Fig. 2a). After 1980,
the annual streamflow at Ylx exhibited an increasing trend, which
has been particularly pronounced since 2000. Average annual
streamflow at Ylx has increased by 13% from about 15.74 × 108 m3

(during 1990–2000) to 17.79 × 108 m3 (during 2000–2010). Unlike
Ylx, Zyx experienced a gradual decline in annual streamflow after
1980, until the EWDP began to take effect in 2000. After the EWDP
began, annual streamflow at Zyx increased dramatically, with a 34%
Fig. 2. Temporal variations of annual streamflow at Ylx (Qylx), Zyx (Qzyx), and Lxs (Qlxs) hydr
respectively. Green line indicates the average streamflom at Lxs.
augmentation in average annual streamflow from 7.63 × 108 m3

(1990–2000) to 10.23 × 108 m3 (2000−2010). After 2000, more
than 57.82% of the runoff in Ylx has been discharged to the lower
reaches on average. The Lxs section also experienced an obvious de-
cline in streamflow before the EWDP and a conspicuous increase in
flow after the EWDP began (Fig. 2b). The average runoff passing
the Lxs section increased to 5.29 × 108 m3 during 2000–2010, with
an increase of 1.52 × 108 m3 compared to the level in the period
1990 to 2000. With the implementation of the EWDP, the runoff en-
tering the West River and East River displayed an increasing trend
during 2000–2014, and flows in East River were larger than those
in West River, especially after 2008.

In addition, the monthly streamflow of the Heihe River was impact-
ed by the water diversion. From Fig. 3a, the intra-annual variability of
the streamflow at Ylx station was similar before and after the EWDP,
with the only exception being the highest flow appearing in August
after the EWDP, which was a month later than in the period before
the EWDP. Nevertheless, themonthly streamflow at Zyx station has un-
dergone an obvious change since the implementation of the EWDP. As
shown in Fig. 3b, before the EWDP, there was a cut-off of water flow
to the downstream oasis from May to June. The peak flow appeared in
July or August (streamflow in July and August was almost equal) and
another low flow period occurred in November. After the EWDP, there
was an increase in streamflow during April to June, which indicated a
decrease in the number of days that the river channel dried up. The
lowest flow occurred in November and was lower than that recorded
before the EWDP. The peak streamflow occurred in September and
was much higher than that recorded before the EWDP, and it occurred
more than one month later.
ological stations. Black and red solid lines indicate the average streamflow at Ylx and Zyx,



Fig. 3. Intra-annual distribution of monthly streamflow in the (a) Ylx and (b) Zyx hydrological stations. Before and after the EWDP refers to the periods of 1990–1999 and 2000–2009,
respectively.
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3.2. Land use and vegetation changes

Table 1 shows the land use changes that have occurred in themiddle
and lower reaches of the HRB during the periods of 1990–2000 and
2001–2010. It was found that the area of farmland and built-up land in-
creased continuously from 1990 to 2010 in the middle and lower
reaches. The area of farmland increased from 1.76 to 6.99 km2 in the
lower reaches from 1990–2000 to 2001–2010. During 1990–2000, the
area of wetland in the study area decreased by 87.48 km2, whereas it
increased by 173.04 km2 during 2001–2010; hence, the total area of
wetland in 2010 is greater than in 1990, especially in the lower reaches.
The area of grassland in the lower reaches decreased continually during
1990–2010. Although the grassland area in the middle reaches
increased by 79.73 km2 during 2001–2010, it did not recover to the
1990 level. Forest land underwent a general increase in the middle
and lower reaches during the study period and, as a result, the area of
forest land in 2010 exceeded the 1990 level.

Fig. 4a shows the spatial distribution of the MGSNDVI for the period
2000–2010. The figure shows that the vegetated areawas locatedmain-
ly in the middle reaches and only in certain localized areas, i.e., the key
oases and areas alongside the water course in the lower reaches. Vege-
tation cover around theWest River coursewas greater than that around
the East River course. Fig. 4b also shows that for 79.76% of the study area
there was no significant spatiotemporal change in the MGSNDVI.
However, 19.54 and 0.7% of the study area exhibited statistically
significant (p b 0.5) upward and downward trends, with maximum
magnitudes of 69.3 × 10−3 and 37.1 × 10−3, respectively. Therefore,
most of the study area had a stable vegetation cover status, with the
coexistence of significant recovery and deterioration of vegetation.

In the lower reaches, 11.83 and 0.79% of the area displayed signifi-
cant increasing and decreasing trends in the MGSNDVI, respectively.
The increasing trend mainly occurred in the Ejin Oases and the area
near the main course of the East and West River (Fig. 4b). Compared
to the East River Basin, the MGSNDVI in theWest River Basin displayed
a more obvious increasing trend, which indicated that vegetation
recovery in this basin was more effective. In addition, an increasing
and decreasing trend of MGSNDVI was observed in the core oases of
Table 1
Changes in the area of the primary types of land use in the middle and lower reaches (km2).

Period Zone Forest land Grassland

1990–2000 Middle reaches 13.79 −128.84
Lower reaches −1.18 −0.16

2000–2010 Middle reaches 13.20 79.73
Lower reaches 4.62 −3.95
Ejin, which indicated that vegetation recovery and deterioration oc-
curred simultaneously in these regions. In the middle reaches, 31.82%
of the change in vegetation was due to recovery. A significant decreas-
ing trend in the MGSNDVI was apparent along the river course and
areas of vegetation degradation were scattered throughout this region
(Fig. 4b).

After being dry for about 10 years, East Juyan Lake was recharged
with water from the Heihe River in 2002 following the commencement
of the EWDP, and it has continuously received fresh water for approxi-
mately 15 years. Details of the variation in the area of East Juyan Lake
are provided in Fig. 5, which shows that the lake area has increased log-
arithmically with time. The maximum surface area has expanded from
27.89 km2 in 2002 to 61.13 km2 in 2009, and has subsequently tended
to be stable. The area of East Juyan Lake also varies substantially
throughout the year, with the minimum area occurring in June to Au-
gust, and themaximum area occurring in October to December. Almost
no water has reached the lower reaches of West River in the past
12 years, except for 2003 and 2008 when a limited volume of water
flowed into West Juyan Lake. Therefore, West Juyan Lake has remained
dry.

3.3. Groundwater variation

The middle and lower reaches of the HRB experienced different
variations in groundwater levels during the period of 1990–2010, with
a contrasting trend occurring after the EWDP. As Fig. 6a shows, ground-
water levels in the middle reaches showed a regional continuous de-
cline during 1990–2010. The maximum cumulative groundwater level
dropped 5.8 m, and the maximum annual average rate of decline
reached 0.87 m/a. The groundwater level in the downstream region
has declined since the early 1990s. It fell to its lowest level in 2002,
then rose to its peak level in 2009. The maximum lifting value reached
0.66 m from 2002 to 2009.

It is apparent that mean groundwater level in the lower reaches has
been progressively elevated, but the temporal and spatial distribution of
groundwater underwent an obvious change in the downstream
reaches. From Fig. 6b, it can be seen that during 1995–2010, the
Wetland Farmland Built-up land Other land

−42.26 686.14 96.32 −630.10
−45.22 1.76 37.02 7.37
71.33 200.40 116.15 −475.89
101.71 6.99 62.54 −171.49



Fig. 4. (a) The spatial pattern of the MGSNDVI in study area; (b) the spatiotemporal changes of the MGSNDVI in the period of 2000–2010.
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groundwater depth at Lxs displayed a decreasing trend, while the
groundwater depth upstream of the East River generally displayed an
increasing trend. This demonstrated that the groundwater level in the
area around Lxs was elevated after the EWDP, but the area upstream
of the East River experienced a groundwater decline between 1995
and 2010. As Fig. 6c shows, groundwater depths in the midstream of
the East and West River displayed an increasing trend before 2002
and a decreasing trend after 2002, which resulted in a groundwater el-
evation in these regions after the EWDP. Fig. 6d shows the groundwater
depth in the downstream of the East and West rivers increased after
2000 and has remained relatively stable since 2004, which indicates a
decline in the groundwater level in the lower reaches of the East and
West rivers after the EWDP.

3.4. Socio-economic development

Ejin has undergone spectacular economic development after 2000,
with an annual growth rate of 28.06% (Fig. 7). The secondary and tertia-
ry industry value-added increased from 1.02 × 108 to 39.40 × 108 yuan
between 2000 and 2015. Alongwith the economic prosperity, the sown
area in Ejin Basin increased sharply from 1.09 × 103 to 4.45 × 103 ha
Fig. 5. Temporal variations of the area of East Juyan Lake from 2002 to 2012. The trend line
was fitted according to a logarithmic function.
between 2000 and 2007. The cotton and melon area contributed nearly
92% of this increase. The crop structure also shifted during 1995 to 2015,
with an increase in the proportion of the overall area planted with
melons after 2000.

3.5. Interactions between ecological, socio-economic, and hydrological
effects

The statistical interactions between ecological and socio-economic
effects, and water discharge are shown in Fig. 8. In terms of ecological
effects, Juyan Lake area was positively and strongly correlated with
the cumulative water discharge (R2= 0.81). For socio-economic effects
(Fig. 8b), there was an obvious positive linear relation between the ter-
tiary industry value-added and cumulativewater discharge (R2=0.97),
with a similar relationship for the total sown area in Ejin (R2= 0.86). In
addition, water discharge exerted an important influence on the irriga-
tion water in the middle reaches. Fig. 8c shows that groundwater ab-
straction was positively and linearly related with the cumulative
water discharge (R2 = 0.90). Surface water abstraction in the middle
reaches was negatively correlatedwith the cumulative water discharge.

4. Discussion

4.1. Positive achievements

The implementation of the water diversion project since 2000 has
had several positive outcomes in the middle and lower reaches of the
HRB. One benefit of the project was the recovery of the terminal lake.
By 2010, the area of East Juyan Lake was larger than in 1958. The com-
position of the fish flora in the lake was richer than that before the
drought in 1992 (Miu et al., 2013). Field investigations have also con-
firmed an increase in native vegetation growth and species diversity
around East Juyan Lake (Liu and Zhao, 2013), which has been attributed
to the increased groundwater recharge and soil moisture content
caused by the increased water volume in East Juyan Lake (Qiao et al.,
2007). Swan Lake (a residual lake of the former Juyan Lake) has also
been replenished gradually after 2000.

Furthermore, thewater diversion has promoted the recovery of veg-
etation and the expansion of oases in the downstream region. It was
found that for 11.83% of the lower reaches there was an upward trend
in the MGSNDVI. A significant (p b 0.5) greening trend was observed



Fig. 6. (a) Annual mean groundwater levels in the midstream and downstream of the Heihe River Basin (HRB) from 1990 to 2009. Temporal variations of groundwater depth at (b) Lxs
station and upstream of the East River; the (c) middle; and (d) lower reaches of the East and West rivers.
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in the downstream near-river region. Field surveys (Shen et al., 2015;
Xiao et al., 2013) also found that trees in the degenerated riparian for-
ests in the near-river region have reproduced and forests have resumed
development, while the species diversity of plants has increased. This
was attributed to the increased groundwater level and soil moisture
caused by inundation due to the EWDP (Jin et al., 2010). The general
rise in the groundwater level in the lower reaches is shown in Fig. 6a.
In addition, there has been an expansion of downstream oases. As
Table 1 shows, the size of the downstream oases (the area without de-
sert) has increased to 704.95 km2 in 2010 from 533.04 km2 in 2000,
andwasmuch larger than the area in 1990. The positive relationship be-
tween sown area and cumulative water discharge is shown in Fig. 8b.

Additionally, the EWDP has accelerated economic development in
the downstream region. The increase in the area of East Juyan Lake
and the recovery of the riparian vegetation has promoted the develop-
ment of a tourist industry based on the desert lake and a Populus
euphratica forest. The extra surface water resource has also stimulated
agricultural development in the downstream region and a remarkable
increase in the crop sown area has occurred. The details are shown in
Figs. 7 and 8b. Similarly, themiddle reaches have experienced thedevel-
opment of artificial oases after thewater diversion project, even though
the EWDP has resulted in a relative shortage of available surface water.
The total area of oases increased by 6.26% during the period of 2000 to
2010, of which farmland was the largest contributor. The increase in
the area of farmlandwasprimarily due to a decrease in desert and grass-
land areas.

4.2. Potential problems

Although several positive outcomes have been achieved by the cur-
rent water diversion project, some potential problems have also arisen.
One of the most striking problems is the decline of the groundwater
level in themiddle reaches of theHRB. Our results showed that themid-
dle reaches have experienced a continuous expansion of cultivated land,
of which the total irrigation volume in the area had increased by 0.57
× 108 m3/a, from 18.71 × 108 m3/a in 1990–1999 to 19.28 × 108 m3/a
in 2000–2010 (Table 2), with significant differences among the irriga-
tion districts (Shi and Wang, 2011). The field survey showed that
most of the newly reclaimed farmland in the middle reaches after
2000 was solely dependent on groundwater irrigation (Hu et al.,
2015). To maintain the substantially increased water demand from
the newly cultivated land, and supplement the relative scarcity of sur-
face-water resources, groundwater abstraction in the middle reaches,
which was already extensive in the 1980s (Wang et al., 2008), has
been intensified further. As Table 2 shows, alongwith the rapid increase
in the number of pumping wells, groundwater irrigation has increased
from 4.04 × 108 to 6.15 × 108 m3/a, whereas canal irrigation has de-
creased from 14.67 × 108 to 13.13 × 108 m3/a. Therefore, the combina-
tion of the expansion of cultivated land in the middle reaches and the
EWDP was the main reason for the continuous decrease in the ground-
water level in the middle reaches.

Another serious problem is the local degradation of oases. From
Fig. 4, it can be seen that theMGSNDVI has shown a concurrent increas-
ing and decreasing trend, which resulted in the simultaneous recovery
and degradation of vegetation in particular areas. The area of vegetation
degradation in themiddle reaches was mainly located in the key irriga-
tion district near the river. The newly reclaimed farmland, which has a
high NDVI made a significant contribution to the large increase in the
MGSNDVI in the middle reaches, whereas the decline of groundwater
caused by irrigation inevitably led to the deterioration of native grass-
land, which accounted for the decreasing trend in the MGSNDVI.

A recession of oases has also occurred in the downstream region,
although recovery was the dominant process. During 2000–2010, the
total sown area in the Ejin Basin increased by 2.94 × 103 ha (Fig. 7).



Fig. 7. Trends of industrial value-added and sown area in the Ejin Basin from 1995 to 2015.
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The expansion in the area being irrigated was the main contribution to
the increase in the NDVI in the near-river region (Zhang et al., 2011). As
a result of the development of water-effective and interest-driven
agriculture, the ratio of the sown area between cotton and melon was
reduced from 4.14 to 0.02 during 2000–2015. Because melons have
the highest net benefit to farmers and consume less water per unit
area compared to the other main crops (Zhou and Yang, 2005), the cur-
rent crop pattern in the lower reacheswas relatively rational. The devel-
opment of crop farming has resulted in water competition between
ecosystems and irrigation in the lower reaches. Before the EWDP, the
Fig. 8. Relationships between the cumulative water discharge and the indicators (the area o
groundwater and surface water abstraction for irrigation (c)).
volume of agricultural irrigation water used was 14.97 × 108 m3, ac-
counting for 39.69% of the available water in the lower reaches, while
during 2000–2010, it was 28.10 × 108 m3, accounting for a larger
proportion of the availablewater (49.20%). It is obvious that agricultural
development has obstructed the future recovery of native vegetation
and ecosystems, because large amounts of water have been consumed
by the agricultural sector. The artificial canals with a higher flow veloc-
ity, which reduced infiltration and evaporation losses, have resulted in
an insufficient groundwater recharge and ultimately restricted vegeta-
tion recovery. The degradation of vegetation occurring in the areas
with integrated natural–artificial water channels in the Ejin Oasis
provided further evidence of this. The obvious vegetation degradation
occurring in the lower West River region was the result of the inade-
quate volume of water released to the West River.

4.3. Policy implications

Because the Heihe River is the main water resource for the middle
and lower reaches of the HRB, the EWDP is a strategy intended to
achieve the sustainable development of the basin. Based on the discus-
sion above, the current water diversion project was successfully imple-
mented and alleviated the severe ecosystem deterioration in the
downstream areas. However, the problems described above have still
occurred and have even worsened.

Before the EWDP, water was preferentially allocated in the HRB to
meet the agricultural water demand in the middle reaches. After the
EWDP was initiated, a certain amount of water was discharged to the
lower reaches (Fig. 9). In terms of the HRB's water situation, there is a
fundamental paradox in that ‘enough water will never be enough’.
This means efforts to increase the supply of water will lead to a further
expansion in farmland and more water being available for socio-
economic development. Without an impeccable water policy, a new di-
lemma will arise and water supplies will again be inadequate to meet
the higher levels of demand. This can be explained by the associated
feedback loops between hydrological, ecological, and socio-economic
systems (van Emmerik et al., 2014). In the feedback loops, the increased
water discharge increases the available water in the downstream re-
gion. The increased availability of water results in an expansion of farm-
land and development of the tourist industry, which produces wealth
and attracts people, and this leads to a demand for water. The cycle con-
tinues in this way. Currently, administrative measures have guaranteed
efficient water diversion, but have not altered the behavior of stake-
holders and their resulting non-ecological water use in downstream
regions, which may aggravate social conflicts between the middle and
lower reaches and negate sustainable development in the HRB.
f Juyan Lake (a), the tertiary industry value-added and total sown area in Ejin (b), and



Table 2
The amount of irrigation and number of wells in the middle reaches of the Heihe River Basin (HRB).

Period Irrigation unit in the middle reaches Western main canal Eastern main canal Heihe River Liyuan River The total

1990–1999 Canal irrigation (108 m3/a) 4.11 2.94 6.13 1.49 14.67
Groundwater irrigation (108 m3/a) 1.70 1.605 0.671 0.064 4.04
Well numbers 1187 862 1422 77 3548

2000–2010 Canal irrigation (108 m3/a) 3.96 2.95 5.00 1.22 13.13
Groundwater irrigation (108 m3/a) 2.643 2.347 0.998 0.164 6.152
Well numbers 1889 1287 2126 194 5496

Fig. 9. Comparison of the annually discharged water volume (Zyx hydrological station), downstream water deficiency (theoretical discharge-actual discharge), and water consumption
(Ylx-Zyx stations) in the middle reaches of the Heihe River Basin (HRB). The theoretical discharge was calculated by a linear regression method.
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Hence, in future water management programs, water allocation
should be determined based on the ecological water requirement in
the lower reaches,which needs to be evaluated by seriously considering
the suitable area of the terminal lake and natural oasis. Groundwater
and surface water should be dispatched jointly. Non-ecological water
use in the lower reaches should be restricted by controlling the area of
crop land. Additionally, administrative measures, market incentives,
and public participation should all be incorporated into an effective
water resource strategy.

5. Conclusions

The results of the study indicate that the current water diversion
project in the HRB has reallocated the surface water resources effective-
ly, replenished groundwater in the lower reaches, and facilitated the re-
covery of oases and economic development in the downstream region.
East Juyan Lake has gradually expanded and the maximum area has
been N50 km2 since 2010. The degraded ecosystems in the downstream
region have begun to recover. However, the project has indirectly led to
an imbalance in the groundwater resource between themidstream and
downstream reaches, with resulting local vegetation degradation in the
middle reaches, and there has been an expansion of crop land in the
downstream oasis. The Heihe River is a typical public water resource,
whosemanagement is a complex interaction of nature, economy, society
and other factors. Although administrative measures have ensured the
efficient implementation of the EWDP, it has generated a decline in
groundwater levels and a resulting local ecological deterioration in the
midstream area, with partial vegetation degradation in the downstream
region caused by the expansion of crop land and artificial canals. Hence,
we suggest that water management strategies should be improved by
integrating administrative measures, market incentives, and public
participation, andwater allocation should be coordinated by considering
the basin as an integrated entity.
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