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Abstract The Heihe River is the second longest inland river in China, which is one of the most 

important inland river basins in the northwest area. The effect of drought on ecological environment 

can be exacerbated by climate change. Eco-water diversion project was implemented since 2000 to 

solve the increasingly serious problem of ecological environment deterioration in the lower reaches 

of Heihe River Basin. In order to reveal whether the eco-water diversion project solve the ecological 

environment deterioration thoroughly, the change of hydrology and vegetation were investigated 

and compared by using the remote sensing data, field surveys, monitoring and statistics data. Our 

results showed that the soil water content, groundwater level and vegetation coverage increased 

after eco-water diversion, especially in 0-20cm, the value increased 30.05%, which results 

vegetation restoration in some area. However, the seasonal distribution of eco-water diversion is 
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extremely uneven, 70% of the runoff is mainly concentrated in January to March, and September to 

October. Water was seriously insufficient in the critical water demand period of plants such as 

germination and fruit period due to river cutout. Moreover, some areas were degraded due to 

salinization. In addition, the extreme change of soil water is not conducive to plant growth, but will 

increase the waste of water resources due to the increasing of ineffective surface evaporation. It is 

difficult to improve the quantity of discharged water in the upper reaches of Heihe River, so the 

distribution time and mode is very important for stable and healthy development of vegetation in 

the downstream. Therefore, eco-water diversion project is not a simply measure to improve the 

ecological environment. We suggested that hydrological processes should be consistent with 

ecological processes in the lower reaches of Heihe River, otherwise, the most important significance 

of eco-water diversion project will be lost. Exploring this will be helpful in formulate scientific and 

reasonable water dispatching scheme, achieve water resources allocation and water demand 

matching, improve ecological benefits.  
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Introduction  

The Heihe River is the second longest inland river in China, which is one of the most 

important inland river in arid area of Northwest (Feng et al.,2008). Drought is a very devastating 

and costly disaster in the Heihe River, especially in the lower reaches of Heihe River. Future the 

effect of drought on ecological environment can be exacerbated by climate change (Lu et al., 2020). 

Ejina oasis is located in the lower reaches of Heihe River, which is a typical water resource shortage 

area. It is an important barrier to maintain the ecological security of Alxa and Hexi Corridor, as well 

as the whole Northern China and eastern Asia (Yan et al., 2018). Water condition controls the 

composition and structure of oasis vegetations. However, the discharge of water has decreased 

significantly since the 1960s in the area due to the large-scale development of oases in upper and 

middle reaches of Heihe River (Guo et al., 2009). The rivers in the region of Ejin Oasis are seriously 

cut off, which results a series of ecological environment problems, such as the terminal lakes dried 

out, groundwater level drop and vegetation degradation (Cheng et al., 2014).  

In order to solve the increasingly serious problem of ecological environment deterioration in 

the lower reaches of Heihe River Basin, eco-water diversion policy was made in 2000(Lu et al., 

2015). The intensity of wind erosion and frequency of sandstorm was significantly reduced after 

eco-water diversion. Several significant and practical benefits related to this artificial water delivery 

project also have been substantiated, e.g. the rise of groundwater levels, the restoration of vegetation, 

and the increase of oasis area (Liu et al., 2008; Tian et al., 2015; Ding et al., 2017;).  

However, the effects of eco-water diversion project on the water and salt in this area, 

especially the long-term growth status of vegetation under the change of water and salt is still unclear. 

Moreover, plant physiological activity is not the most active under the sufficient water condition, 

but under the appropriate water range (Mielke et al.,2000). Waterlogging during dormancy will 

affect negatively shoot and root phenology and growth during the following growing season (Roitto 

et al. 2019). The duration and timing of waterlogging during the annual cycle of plants are decisive 

for the impacts in shoots and roots (Domisch et al., 2021). Repo et al. 2016 also found that 

waterlogging lasting longer than three weeks during the growing season had adverse effects on plant, 

and was lethal if lasting longer than five weeks. We do not know whether the ecological restoration 

after water transfer can achieve the expected effect in the extremely arid areas if ecological water 
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regulation only emphasizes the total amount of water discharged. Moreover, most of studies did not 

consider the complex relationship of ecological and hydrological processes. Exploring this will be 

helpful in formulate scientific and reasonable water dispatching scheme, achieve water resources 

allocation and water demand matching, improve ecological benefits. 

Therefore, the objectives of this study were (1) to clarify the variation of runoff in lower 

reaches of Heihe River Basin after eco-water diversion; (2) to explore the effect of eco-water 

diversion project on water and salt; (3) to identify the effect of eco-water diversion project on plants; 

and (4) to determine the relationship between ecological and hydrological processes. Our findings 

can provide an important guidance for policy makers to schedule which months are the best timing 

to eco-water diversion, especially for the dry areas with limited access to water.  

Dates and methods 

Study area 

The study area is located in the lower reaches of Heihe River basin which is a typical inland 

river basin in northwestern China (Fig. 1). The area is controlled by a typical continental arid climate 

that is severely cold in winter and extremely hot in summer. The mean annual precipitation is only 

38 mm, for which 75% of rainfall occurs between June and August. The potential evapotranspiration 

is more than 3500 mm, which is greater than precipitation by a factor of 90 (Zhao et al., 2017). The 

dominant vegetation types are composed of desert plants, including P. Euphratica, Tamatix 

ramosissima, Achnatherum splendens, Sophora alopecuroides, and Karelinia caspica (Yu et al., 

2013). The main type of soils is grey brown desert soil. 

 

Fig.1 The study area 

Soil water and salinity measurement 

Due to the implementation of the eco-water diversion project in 2000, the study period was 

divided into two stages: the first stage was before the eco-water diversion project (1998), and the 

second stage was the eco-water diversion project had been implemented 20 years (2018). A total of 

107 soil sampling were collectd along the lower reaches of Heihe River basin (Fig.1). Measurement 

of soil water content by drying method. Soil samples from the 0-20, 20-40, 40-60, 60-80, 80-100 

and 100-120 cm were collected in triplicate,respectively. Soil samples were used for the preparation 

of the 1:5 soil-water suspensions to detect the content of HCO3
–, Cl–,SO42–, Ca2+, Mg2+, K+ and Na+ . 
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The change of vegetations 

    The land cover data was selected to evaluate the change of vegetations in the lower reaches of 

Heihe River basin. The two period land cover data in 1998 and 2018 were obtained by remote 

sensing, including satellite TM and ETM+ data. The data were converted with ARC/INFO and 

EARDS IMAGE software to images based on 1:100,000 topographic maps. Land cover data 

included six categories: shrub, grassland, forest, water, desert and residential area (Feng et al., 2011).  

Results  

The variation of runoff in the Heihe River after eco-water diversion project  

The Yingluoxia Hydrological Station and Zhengyixia Hydrological Station divide the Heihe 

River into upstream, midstream, and downstream respectively.Water discharged from Zhengyixia 

Hydrological Station is the most important water resource in the lower reaches of Heihe River basin. 

Our result showed that the annual discharge of Zhengyixia Hydrological Station increased 

significantly after the implementation of eco-water diversion project. That directly led to the annual 

runoff in the lower reaches of Heihe River increased significantly since 2000 (Fig. 2). However, the 

seasonal distribution of runoff is extremely uneven, 70% of the runoff in the lower reaches of Heihe 

River is mainly concentrated in Spring and Autumn, which results water seriously insufficient in 

key water requirement period of plants (Fig.3).    

 

Fig. 2 The annual variation of runoff after eco-water diversion project in study area 

 

Fig. 3 The monthly variation of runoff after eco-water diversion project in study area  

The effect of eco-water diversion on soil water and groundwater  

The soil water content increased significantly after eco-water diversion compare with before, 

especially in the middle and lower reaches of the East River (Fig. 4). Moreover, surface soil water 

content increased most obviously, the value increased 2.5 times in 0-20cm compare with that before 
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eco-water diversion (table 1). The groundwater level in the study area also rise after eco-water 

diversion, and the groundwater level near the East and West rivers is shallower than that far away 

from the river channels (Fig. 5). However, the groundwater level in August and September reached 

the lowest level, which seriously threatens vegetations growth. Thus, large amount of water is 

needed to restore the groundwater level in this period. (Fig. 6).   

 

Fig. 4 The spatial change of soil water content in study area (a-before eco-water diversion project; 

b- after eco-water diversion project) 

Table1 The vertical variation of soil water content after eco-water diversion project 

Year 0-20cm 20-40cm 40-60cm 60-80cm 80-100cm 100-120cm 

1998 1.34 2.12 4.25 4.37 6.15 7.29 

2018 4.69 5.04 6.19 7.21 8.33 9.27 

 

Fig. 5 The spatial change of groundwater level in study area (a- before eco-water diversion 

project; b- after eco-water diversion project)  
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Fig. 6 The monthly variation of groundwater level in study area(before- before eco-water 

diversion project; after- after eco-water diversion project)  

The effect of eco-water diversion project on soil salinity 

The soil salt content increased significantly after eco-water diversion compare with before, 

especially in the lower reaches of the West and East River (Fig. 7). Moreover, Cl– and Na2+ increased 

most obviously compared with that before the eco-water diversion, it increased by 18.63% and 

27.77%, respectively (table2). The surface soil salt content increased significantly, especially in 0-

20cm, the value increased 30.05% compare with that before eco-water diversion, the soil salinity 

showed obvious surface accumulation characteristics (table 3). The relationship between soil salt 

content and groundwater level in different soil layers was analyzed. The result shown that siol salt 

content decreases with the increase of groundwater level, and the fitting curves of soil salt content 

and groundwater level of each soil layer reached significant level (Fig. 8). This indicated that the 

increase of soil salinity is mainly caused by the rise of groundwater level after eco-water diversion. 

 

 

Fig. 7 The spatial change of soil salt content after eco-water diversion project in study area(a- 

before eco-water diversion project; b- after eco-water diversion project)  

Table 2 The change of ion content after eco-water diversion project  

Year HCO3
– Cl– SO4

2– Ca2+ Mg2+ K+ Na+ 

1998(g·kg-1） 0.18 3.97 5.36 0.72 0.76 0.23 3.10 

2018(g·kg-1) 0.24 4.71 5.40 0.92 0.85 0.27 4.57 
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Table 3 The vertical variation of soil salt content after eco-water diversion project 

Year 0-20cm 20-40 cm 40-60 cm 60-80 cm 80-100 cm 100-120 cm 

1998(g·kg-1) 15.54 14.39 10.57 8.51 8.40 5.54 

2018(g·kg-1) 20.21 16.33 13.25 10.21 8.93 6.27 

 

 

Fig. 8 The relationship between soil salt content and groundwater level 

The effect of eco-water diversion project on plants 

The vegetation coverage in the study area increased significantly after eco-water diversion, 

especially in the lower reaches of East river (Fig. 9). The shrub, grassland and tree were increased 

12.84%,14.33% and 8.12%, respectively (Fig.9). However, the increase of vegetation in West River 

was not obvious, and some areas were degraded due to salinization (Fig. 10).  
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Fig. 9 The spatial change of vegetation in study area(a- before eco-water diversion project; b- after 

eco-water diversion project)  

 

Fig. 10 The degradation area of different vegetations in study area 

The relationship between ecological and hydrological processes 

     The germination of main plant species in the lower reaches of Heihe River mainly occurred 

in April (Fig. 11). It is crucial to meet the water demand during this period due to germination is the 

most important stage for the life of vegetation. However, the ecological water supply in April was 

obviously insufficient, which seriously affected the germination. Moreover, August is the fruit 

ripening period of the main plant species in the lower reaches of Heihe River (Fig.11), the seeds 

lose the chance of germination under water shortage condition, which inevitably leads to the failure 

of sexual reproduction in the seed stage. Therefore, hydrological processes should be consistent 

with ecological processes in the lower reaches of Heihe River.  
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Fig. 11 The phenophase and key water demand stage of plant in the lower reaches of Heihe River 

(Ⅰ- germination stage, Ⅱ - leaf spreading stage, Ⅲ - flowering stage, Ⅳ - young fruit stage, Ⅴ - 

fruit ripening stage, Ⅵ - leaf stage, Ⅶ - leaf yellow stage, - Ⅷ - defoliation stage and IX - 

dormancy stage) 

Discussion 

Water is the most important factor to maintain the ecological process of oasis in inland river 

basin, and it is necessary to allocate the limited water reasonably to make the oasis healthy and 

sustainable development. The eco-water diversion project of Heihe River has played an important 

role in the ecological restoration. Our results showed that the annual runoff of the lower reaches of 

Heihe River has increased significantly since the implementation of the eco-water diversion project 

in 2000, which resulting the soil water content and groundwater level increased obviously. However, 

the seasonal distribution of runoff is extremely uneven, which results water seriously insufficient in 

key water requirement period of plants. Germination and fruiting period are the most important 

reproductive phenological periods of plant, and the seeds will lose the chance of germination if 

water deficit, thus resulting in the failure of sexual reproduction(Zhang et al., 2005). So eco-water 

diversion project must ensure sufficient water supply in this period.  

The eco-water diversion project of Heihe River adopts the principle of centralized discharge. 

The physiological process of plant will be disturbed when the soil moisture exceeds the upper limit 

of plant water threshold due to the oxygen supply of root system is blocked. An immediate effect of 

waterlogging is the decrease in soil oxygen concentration due to filling of soil pores with water 

(Greenway et al. 2006; Kozlowski et al., 2007). The timing and duration of waterlogging are 

decisive for the impacts in roots and shoots(Wang et al., 2013). Domisch et al.(2021) found that 

waterlogging decreased fine root survival probability, and soil CO2 and CH4 concentrations 

increased immediately after waterlogging. Morever, the extreme change of soil water content during 

the eco-water diversion period is not conducive to the growth of plant, but will increase the waste 

rate of water resources due to the ineffective surface evaporation. Such as wind drift and evaporation 
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losses, and these losses can range from 0% to 50%( Faci et al., 2001; Rajan et al., 2015; 

Sheikhesmaeili et al., 2016). Ma et al.(2017) found that although eco-water diversion project 

increased the groundwater level in the lower reaches of Heihe River, the utilization rate of water 

resources in plant did not improve, and the net ecosystem productivity was even reduced. An 

important reason was that the energy yield from carbohydrates is much lower under hypoxic or 

anoxic conditions as compared to aerobic conditions (Pucciariello et al., 2012). 

Moreover, the eco-water diversion aggravated salinization due to the rise of groundwater level, 

which resulting the subsoil salt moving upward and accumulating in the topsoil as a function of 

strong evaporation (Yu et al. 2013). The study between salt accumulation rate and groundwater level 

also shown that the soil salt accumulation had a positive exponential relation with groundwater level. 

As a result of eco-water diversion, salinization has inevitably damaged vegetation health. Our result 

showed that some vegations in the lower reaches of Heihe River has degraded due to salinization. 

In all, eco-water diversion project played an important role in protection and regeneration of 

vegetation. However, it only curbs the rate of deterioration, and does not fundamentally solve the 

ecology environment problems in the lower reaches of Heihe River. So the distribution mode and 

time of eco-water diversion project is very important for the long-term stable and healthy 

development of plant. Moreover, as water availability pose serious constraints to irrigation (Elliott 

et al.,2014; Blanc et al., 2017), key water demand stage of vegetation is a concern when distributing 

the time of eco-water diversion. Thus, it is necessary to follow the ecological characteristics and 

water demand process of vegetation, and making the hydrological processes consistent with 

ecological processes. Otherwise, the most important significance of water diversion will be lost.   
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