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A B S T R A C T   

Afforestation combats desertification and improves the ecological environment but leads to huge consumption of 
water resources. Understanding how ecological restoration affects the regional water balance is important for 
scientific desertification management. Using remote sensing satellite images and meteorological data, we 
analyzed the impacts of ecological restoration on water resources in the Kubuqi Desert during 1986–2017. 
Human activities accounted for 60.14% of the desertification reversal: annual average NDVI increased by 94%, 
the severe desertification area decreased by 30%, and the non-desertification area increased threefold. Vegeta-
tion restoration accounted for 70.96% of the evapotranspiration increase of 5.17 mm⋅yr–1. However, precipi-
tation could not support the increased water demand, which relied on replenishment from groundwater and 
Yellow River diversion. Therefore, to ensure water security in the Kubuqi, species that use less water should be 
used in future ecological restoration, and decision-makers should carefully consider the huge water consumption 
cost of ecological restoration.   

1. Introduction 

In many regions, desertification is a critical factor leading to the 
degradation of ecosystems because it leads to erosion of land resources, 
damages to soil quality, and dust storms, and because it seriously re-
stricts local economic development and human livelihoods (Symeonakis 
et al., 2016; Guo et al., 2017). Currently, about one-quarter of the global 
land area, or more than 3.6 × 107 km2, is undergoing desertification. 
Desertification is therefore regarded as one of the most serious global 
eco-environmental and socioeconomic issues (Wang et al., 2012). 
Afforestation is an essential measure to protect soil resources, improve 
the regional environment, and combat desertification (Lamb et al., 
2005; Chazdon, 2008; Cao et al., 2020). To reverse land degradation, 
many ecological restoration projects have been launched around the 
world, such as the American Roosevelt Shelterbelt Project, the Green 
Dam Project of the Five Countries in Northern Africa, and the Great 
Stalin Plan for the Transformation of Nature. These projects have 
effectively improved regional ecological environments (Liu et al., 2020). 
However, such large-scale ecological projects inevitably affect the 
regional water balance, thereby potentially causing water demand 
conflicts between ecosystems and socioeconomic systems, which are 

more intense in water-limited areas (Feng et al., 2016; Zhao et al., 
2021). Because of water resources limitations, various ecological prob-
lems, including the creation of newly desertified areas, tree death, and 
reductions of water reserves have arisen in some areas (Bala et al., 2007; 
Cao, 2008; Wang and Cao, 2011; Xu, 2011). Therefore, the appropri-
ateness of large-scale ecological restoration in arid and semi-arid regions 
is still a controversial topic (Wang et al., 2010; Zhang et al., 2018; Zhou 
et al., 2021), and it is imperative to systematically evaluate the effects of 
ecological restoration, especially in such regions. 

Evapotranspiration (ET) is one of the most complex and critical parts 
of hydrological and energy cycles in terrestrial surface systems. On a 
global scale, more than 60% of precipitation over land returns to the 
atmosphere as ET (Jung et al., 2010), and in arid and semi-arid regions, 
where precipitation is the main source of moisture (Feng et al., 2016), 
ET can exceed 80% of precipitation (Liu and Yang, 2010). Thus, the 
dynamics of ET profoundly affects ecosystems and human well-being in 
arid and semi-arid regions (Zhang et al., 2015). Changes in climate and 
vegetation covers can alter the proportions of runoff and ET following 
precipitation, thus affecting the water balance in a region, and studies 
have confirmed that human activities (e.g., afforestation, deforestation) 
can greatly increase the uncertainty of water distribution processes. 
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Revegetation can increase surface ET, reduce runoff, and decrease soil 
moisture availability (Duan et al., 2016), thus exacerbating water 
scarcity in water-limited areas (Feng et al., 2016; Bai et al., 2020; 
Bentley and Coomes, 2020). Moreover, when precipitation cannot sup-
port the water demand by vegetation, excessive consumption of deep 
soil moisture by planted forests can lead to soil drying and ecological 
degradation (Cao et al., 2011). However, some studies have also pointed 
out that vegetation cover, by increasing precipitation, can help to 
maintain the stability of terrestrial water storage (Branch and Wulf-
meyer, 2019). Therefore, analyses of the spatial and temporal patterns of 
ET as influenced by climate and human activities are important for 
understanding and predicting the hydrological cycle in arid and semi- 
arid regions, as well as for exploring the complex interactive feedback 
mechanisms of climate-vegetation-hydrological processes. 

The Kubuqi Desert (hereafter, the Kubuqi) is one of the most suc-
cessful areas of ecological restoration and desertification reversal in 
China. At the Fifth Kubuqi International Desert Forum, the United Na-
tions Environment Programme (UNEP) and the United Nations 
Convention to Combat Desertification recommended the successful 
environmental management experience in the Kubuqi as a model for 
desertification control (Li, 2015; Wang et al., 2019). The Kubuqi is the 
seventh largest desert in China and the main source of sand and dust 
affecting air quality in Inner Mongolia, Beijing, and surrounding areas. 
Historically, climate change, combined with human activities such as 
over-cultivation and grazing, has driven the continued desertification in 
the Kubuqi and surrounding areas (Guo et al., 2017). To improve the 
ecological environment and reduce desertification, local governments 
and private companies have launched large-scale ecological restoration 
projects in the Kubuqi (Wang et al., 2019). For example, large numbers 
of fast-growing forests, including commercial forests, were planted in 
the Kubuqi starting in 1988 (Wang et al., 2018), and several ecological 
projects, such as the Three Norths Shelter Forest Program, the Beijing 
and Tianjin Sand Source Control Project, and the Grain for Green Proj-
ect, have been implemented there since 1999 (Feng et al., 2016; Wang 
et al., 2018; Zhao et al., 2021). All of these activities have contributed to 
the recovery of vegetation and the reversal of desertification in the re-
gion (Liu et al., 2020; Zhao et al., 2021). The total reforestation area had 
reached 1361 km2 by 2014 (Elion Resource Company of China, 2016; 
Wang et al., 2019), and the continued implementation of ecological 
restoration projects has effectively controlled desertification in the 
Kubuqi. However, although the ecological restoration of the Kubuqi is a 
world-renowned achievement, the dynamics of desertification and its 
quantitative relationships with different drivers (human activities, 
climate change, etc.) are still poorly understood, and little is known 
about the impact of large-scale afforestation activities on the water 
balance in this desert region (Guo et al., 2017). Moreover, whether the 
experience of ecological restoration in the Kubuqi means that similar 
projects are suitable for the control of desertification in other arid and 
semi-arid areas needs to be confirmed by more scientific studies. Given 
these considerations, a systematic assessment of the actual effects of 
ecological restoration in the Kubuqi is needed. 

Therefore, in this study, we analyzed the spatial and temporal dy-
namics of vegetation and eco-hydrological processes during the 
ecological restoration of the Kubuqi from 1986 to 2017, with the aim of 
addressing two scientific questions: (1) what were the spatial and tem-
poral dynamics of ecological restoration in the Kubuqi? and (2) what 
were the effects of ecological restoration measures on the regional water 
balance? 

2. Materials and methods 

2.1. Study area 

The Kubuqi Desert (39◦15′–40◦45′N and 107◦00′–111◦30′E), in the 
southern part of the Hetao Basin on the southern bank of the Yellow 
River, covers an area of about 1.8 × 104 km2 at elevations from 1200 to 

1400 m and is one of the large deserts near the Loess Plateau, China 
(Fig. 1). It has a temperate continental climate, during 1969–2018, the 
annual mean temperature in the region ranges from 5.75 ◦C to 8.85 ◦C, 
and rainfall in the region ranges from 119.6 to 403.2 mm following a 
west to east trend, with about 80% of the precipitation concentrated in 
summer (July to September). Soils in the area are mainly arenosol. The 
dominant plant species in areas of fixed and semi-fixed sand are Arte-
misia ordosica, Salix psammophila, and Caragana korshinskii. Along the 
north margin of the Kubuqi along the South bank of the Yellow River, 
shelter forests combinations such as Pinus sylvestris, Salix matsudana, 
Salix psammophila and Elaeagnus angustifolia L. are used to stabilize 
shifting sands. Also vegetation such as C. korshinskii, Salix psammophila 
and Glycyrrhiza uralensis are widely used in the ecological restoration of 
Kubuqi (UNEP, 2015), which effectively promotes the vegetation cover 
of Kubuqi. 

2.2. Data sources and preprocessing 

Landsat images (TM, ETM+, and OLI, 30-m spatial resolution) from 
1986 to 2017 (path/row: 127/32, 128/32, 129/32; http://landsat.usgs. 
gov) were used. Synthesized ET data (1000 - m spatial resolution, https 
://doi.org/10.7910/DVN/ZGOUED), PLM_V2 ET data (500 - m spatial 
resolution, https://doi.org/10.1016/j.rse.2018.12.031), MOD16A2 ET 
data (500 - m spatial resolution, https://doi.org/10.5067/MODIS/MO 
D16A2.006), SEBAL ET data (1000 - m spatial resolution, https://doi. 
org/10.5281/zenodo.4243988, https://doi.org/10.5281/zenodo. 
4896147) and soil moisture data from ERA5_LAND for soil depths of 
0–289 cm (0.1 degrees spatial resolution, https://cds.climate.coperni 
cus.eu/) were used. Previous studies have confirmed that the quality 
of these data are stable (Guo et al., 2017; Deng et al., 2020; Liu et al., 
2020; Yu et al., 2020). All of the above data can be downloaded free of 
charge from the GEE platform. 

Google Earth Engine (GEE) is a cloud-based integration platform that 
can process massive amounts of data online and improve data processing 
efficiency (Gorelick et al., 2017; Zhou et al., 2021). GEE has already 
been widely used in various research areas such as land-use change, 
global surface water change, and crop yield estimation (Hansen et al., 
2013; Lobell et al., 2015; Pekel et al., 2016). In this study, we used GEE 
to calculate the Normalized Difference Vegetation Index (NDVI) and the 
land surface albedo, after preprocessing (e.g., de-clouding of Landsat 
data). 

2.3. Data analysis 

2.3.1. Quantitative assessment of ecological restoration in the Kubuqi from 
1986 to 2017 

The Desertification Divided Index (DDI) is a multi-dimensional in-
dicator with obvious biophysical characteristics that reflects desertifi-
cation changes, water energy status, and vegetation cover. Smaller DDI 
values indicate a lower vegetation cover and higher albedo, which 
correspond to higher desertification levels. DDI was calculated as fol-
lows: 

DDI = k×NDVI-Albedo (1)  

where Albedo is the land surface albedo, and k is the inverse of the slope 
of a straight line fitted to the NDVI–Albedo relationship. Due to the in-
fluence of sensors and imaging time, the same degree of desertification 
has different DDI values in different periods. Previous studies indicated 
that DDI values of similar land types show greater similarity, and 
reclassification of DDI values (Re- DDI) using the natural breakpoint 
(Jenks) classification system is the most stable method to perform 
desertification time series analysis (Wei et al., 2018; Liu et al., 2020). 
Therefore, based on Re-DDI values, areas of the Kubuqi were classified 
into five categories: severe desertification, high desertification, moder-
ate desertification, slight desertification, and non-desertification (for 
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details, see Liu et al., 2020). 
NDVI was calculated as follows: 

NDVI = (NIR − RED)/(NIR + RED) (2)  

where NIR and RED are the near-infrared and red bands of the multi- 
spectral data, respectively. 

We calculated Albedo using the following empirical formulas 
developed for Landsat imagery (Liang, 2001): 

Albedo(TM/ETM+) = 0.356ρ1 + 0.130ρ3 + 0.373ρ4 + 0.085ρ5 + 0.072ρ7

− 0.0018
(3)  

Albedo(OLI) = 0.356ρ2 + 0.130ρ4 + 0.373ρ5 + 0.085ρ6 + 0.072ρ7 − 0.0018
(4)  

where ρ1, ρ2, ρ3, ρ4, ρ5, ρ6, and ρ7 are the spectral reflectances of the 
corresponding Landsat bands (TM, ETM+, and OLI). 

The Desertification Grade Index (DGI), which is also based on the 
natural breakpoint (Jenks) classification system, was then used to 
quantify the desertification trend within the whole Kubuqi: 

DGI = (Ssl + 2Sm + 3Sh + 4Sse)/Sa (5)  

where Ssl, Sm, Sh, and Sse are areas of slight, moderate, high, and severe 
desertification, respectively, within the Kubuqi, and Sa is the total area 
of the Kubuqi. Thus, the DGI value can range from 0 to 4, with higher 
values indicating more severe desertification. 

2.3.2. Analysis of the factors driving ecological restoration 
Climate change and human activities are important drivers that 

affect vegetation recovery. Growing season precipitation (GP, P < 0.1) 

and average spring temperature (ST, P < 0.01), which were significantly 
correlated with NDVI in the correlation analysis, were selected to 
represent climate change indicators. Then, partial differential equations 
were used to quantify the relative contribution of the drivers to 
ecological restoration. Initially, partial differential equations were 
initially used widely mainly in hydrological dynamics studies (Yang and 
Yang, 2012), but later studies suggested that the method also performed 
well for analysis of the factors driving vegetation restoration (Zhang 
et al., 2016a). The following partial differential equation was used: 

dNDVI
dt

= ε1 ×

(
dGP
dt

)

+ ε2 ×

(
dST
dt

)

+ UF

=

(
∂NDVI

∂GP

)

×

(
dGP
dt

)

+

(
∂NDVI

∂ST

)

×

(
dST
dt

)

+ UF
(6)  

where t is the total number of years; ε1 ×

(
dGP
dt

)

and ε2 ×

(
dST
dt

)

repre-

sent the relative contribution of growing season precipitation and spring 
temperature to NDVI, respectively; and UF represents the residual 
contribution, after the contribution of climate factors, to NDVI. Here, UF 
is used to represent the relative contribution of human activities. 

2.3.3. Analysis of the factors driving ET 
Owing to the small area of cultivated croplands in the area, the 

impact of irrigated croplands on ET can be neglected; therefore, we 
attributed the ET dynamics to tree planting and climate change. We used 
principal component analysis (PCA) and multiple regression analysis to 
quantify the relative contributions of the drivers of ET change at 
different grid scales. Because of the strong correlation among climate 
factors, we used PCA to obtain a comprehensive climate indicator (Bro 
and Smilde, 2014). The detailed process is as follows: First, correlation 
analysis was used to identify the climate factors with the highest 

Fig. 1. The geographic location of the study area.  
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correlation to ET; in this study, four climate factors were selected 
(average temperature, spring temperature, growing season precipita-
tion, and autumn precipitation). Second, PCA was used to calculate the 
composite climate indicators at grid scale. Finally, the composite climate 
indicator obtained from the PCA for each grid was used in the driving 
factor analysis to calculate the relative contribution of climate to ET in 
each grid. In order to extract the maximum important information from 
the climate factors, the cumulative variance contribution was set to 85% 
in this study. Generally, an extracted principal component is considered 
to well reflect the characteristics of all factors when its contribution to 
the variance is at least 70%; therefore, the composite climate index 
values obtained can be considered to reflect information on all climate 
factors. PCA was not required to obtain a composite indicator of human 
activities because only one indicator (NDVI) of vegetation restoration 
was used. Its relative contribution at grid scales was calculated as 
follows: 

Coni =
|SCVi|

∑i

1

⃒
⃒
⃒
⃒SCVi

⃒
⃒
⃒
⃒

× 100% (7)  

where variable i is NDVI or composite climate index values in our study, 
Coni is the contribution of variable i to ET (%), and |SCVi| is the absolute 
value of the standard regression coefficient of variable i. 

2.3.4. Analysis of the water balance in the Kubuqi from 1986 to 2017 
The area water dynamics was calculated as follows (Feng et al., 

2016): 

ΔW = PPT-ET − (Rout-Rin)-ΔSM-ΔRW (8)  

where PPT, Rout, Rin, ΔSM, and ΔRW are annual precipitation (mm), 
outflow, inflow, change in soil moisture, and change in river – reservoir 
water storage, respectively. ΔW > 0 means that the water supply is 
sufficient for ecological water consumption, whereas ΔW < 0 means 
there is a water deficit. Thus, if ΔW < 0, precipitation alone cannot 

support the ecological water demand and supplementation by ground-
water or water diversion is required. Because there are no large reser-
voirs in the area, ΔRW was set to zero in the calculation. Ten seasonal 
rivers (known as the “Ten Kongduis”) cross the Kubuqi, but their water 
dynamics have negligible impact on the water balance at whole-desert 
scale (Yao et al., 2018); therefore, (Rout – Rin) was also set to zero in 
the calculation. 

Matlab 2020 (https://www.mathworks.com) was used for statistical 
tests and calculations, and Arcgis 10.7 (http://www.esri.com/softwa 
re/arcgis) and python were used for figure drawing. 

3. Results 

3.1. The ecological restoration process in the Kubuqi from 1986 to 2017 

The examination of the trend and trend significance of the NDVI time 
series at grid scales across the whole desert from 1986 to 2017 (Fig. 2c, 
d) indicated that most of the Kubuqi (94.71%) experienced an obvious 
greening trend (i.e., an NDVI increase), and 76.83% of the greened area 
became significantly green. On whole-desert scale, the annual NDVI 
time series increased by 94% from 1986 to 2017 to 0.12, at a rate, ob-
tained by fitting a linear regression model to the time series, of 0.004 
yr− 1. The degree of greening was spatially heterogeneous; it tended to be 
high in the east and low in the northwest. We quantified the contribution 
of human activities and climate change to vegetation greening (NDVI 
increase) (see materials and methods), and the results indicate that 
human activities were the main driving factor for NDVI increase 
(60.14%). 

The DGI and classified DDI results indicated that desertification in 
the Kubuqi was gradually reversed from 1986 to 2017, and the DDI 
spatial pattern was generally consistent with the NDVI pattern (Figs. 2a, 
b, 3). Overall, the change in DGI showed a fluctuating downward trend 
at a rate of 0.0156 yr− 1, with a significant 30% decrease in the severe 
desertification area and a significant threefold increase in the non- 
desertified area. The relative areas of moderate and slight 

Fig. 2. The linear trend (a, c) and the significance test (b, d) for annual (1986–2017) Re-DDI and NDVI; the trend of mean annual Re-DDI and NDVI (a-1, c-1); the 
percentage of significance test (b-1, d-1). The Mann-Kendall test was used to test the significance of the trend at the 5% significance level (P < 0.05). 
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desertification increased, whereas the relative area of high desertifica-
tion fluctuated, but less than the severe desertification area. 

3.2. Ecological restoration impacts on the water balance in the Kubuqi 

In the Kubuqi, ecological restoration has driven a reversal of 
desertification but has also greatly increased the ecological water de-
mand: 95% of the total area of the desert showed a significant increase in 
ET. Overall, ET increased at a rate of 5.17 mm⋅yr− 1 from 1986 to 2017 
(Fig. 4a). However, it is worth noting that the change in ET over the 32 
years was not continuous. When the start of the ecological policy in 
1999, ET increased significantly and reached a first peak in 2003. During 
2000–2017, mean ET increased by 91.91 mm compared to the mean 
value during 1988–1999 (101.49 mm), and the spatial distribution of ET 
trends was similar to that of NDVI. 

In contrast to the obvious changes in ET, the overall changes in 
annual mean precipitation and soil moisture in the Kubuqi during 
1986–2017 were not significant (Fig. 4c–1, 4e–1). Precipitation showed 
a slight increasing linear trend of 0.80 mm/ yr, and soil moisture showed 
a slight decreasing linear trend of − 0.0187% yr− 1. These results imply 
that the significant increase in ET was at the cost of groundwater 
depletion. 

We quantified the relative contributions of NDVI and climate change 
to ET, and the results indicated that NDVI was the dominant driver of ET 
dynamics in the desert scale (contribution 70.96%) (Fig. 5). Further 
analysis revealed that in areas where NDVI showed no significant chang, 
the contribution of NDVI to ET was only 33.46%, while the contribution 
increased to 69.00% in vegetation restoration areas. 

To clarify the impact of the increase in ET on groundwater resources, 
we used the water balance eq. (8) to quantify the area water dynamics. 
The results indicated that, in general, ΔW showed a significant 
decreasing trend (− 8.8 × 107 m3 yr− 1), and water depletion was first 
observed in the area in 2005 and tended to gradually increase thereafter 
(Fig. 6). The annual water deficit was 9.2 × 108 m3, 4.1 × 106 m3, and 
3.6 × 108 m in 2005, 2011, and 2014, respectively. These results indi-
cate that precipitation alone was insufficient to satisfy the huge 
ecological water demand of the whole desert, and additional depletion 
of groundwater and ecological water diversion was required to maintain 

the ecological restoration achievements. 

4. Discussion 

4.1. Ecological restoration projects were the dominant factor in the 
ecological restoration of the Kubuqi 

Ecological restoration projects played an integral role in vegetation 
recovery and ecosystem restoration of the Kubuqi. Afforestation during 
1986–2017 significantly increased the greenness of the Kubuqi, a result 
consistent with the findings of Yu et al. (2020). Our quantification of the 
contributions of climate change and human activities to NDVI indicated 
that human activities accounted for 60.14% of the vegetation dynamics, 
making them the dominant factor in vegetation recovery in the Kubuqi. 
This result could be anticipated because previous studies have reported 
that human activities (especially ecological policies) play a non- 
negligible role in vegetation dynamics, particularly in China (Chen 
et al., 2019; Zhang et al., 2016b; Zhou et al., 2021). The Chinese gov-
ernment has made large financial investments in ecological restoration 
projects over the past 30 years (Guo et al., 2017), and billions of trees 
have been planted to drive the greening trend in China (Piao et al., 2015; 
Chen et al., 2019). The Kubuqi is a priority area for implementing 
ecological restoration projects, and a series of such projects were 
launched in succession: the Return of Cultivated Land to Forests Project 
in 1999, the Beijing and the Tianjin Sand Source Control Project in 2002, 
and the Grain for Green Project in 2003. Consistent with the results of 
our study, these ecological restoration project have profoundly affected 
vegetation restoration in the Kubuqi (Guo et al., 2017). In contrast, 
climate change has played a smaller role in vegetation restoration (Zhou 
et al., 2021), and the impacts of climate factors have strong spatial and 
temporal heterogeneity. In the Kubuqi, moreover, temperature and 
precipitation showed only small changes during 1986–2017. Therefore, 
the long-term trends of climate elements could not sufficiently explain 
the dynamic ecological restoration processes in the Kubuqi (Guo et al., 
2017). 

Fig. 3. The trend in desertification (a), the proportion of desertification area within each grade (b), and the transition of ecological restoration processes (c-1, 2, 3; 
according to (UNEP, 2015)):1988 (original state), 1990s (Ecological restoration by shelterbelt and chequerboard plantation), and 2012 (green stable state) in the 
Kubuqi desert. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4.2. Ecological restoration was the dominant factor in ET dynamics 

During 1986–1999, ET showed a relatively gentle trend in the 
Kubuqi, but after the implementation of the ecological restoration 

project, ET increased significantly and reached a first peak in 2003. This 
result is consistent with the ET dynamics in the Loess Plateau region 
reported by Jin et al. (2017) When we quantified the relative contri-
butions of vegetation and climate change to ET dynamics, we found that 
NDVI was the dominant factor driving ET dynamics (contribution 
70.96%). Further, in areas where NDVI showed no significant change, it 
accounted only for 33.43% of the ET change, whereas it accounted for as 

Fig. 4. The linear trend (a, c, e) and the significance test (b, d, f) for annual (1986–2017) ET, PPT, and SM; the trend of mean annual ET, PPT, and SM (a-1, c-1, e-1); 
the percentage of significance test (b-1, d-1, f-1). The Mann-Kendall test was used to test the significance of the trend at the 5% significance level (P < 0.05). 

Fig. 5. The relative roles of NDVI and climate on ET dynamics for 1986–2017; 
NS and S indicate no significant change and significant change in NDVI, 
respectively. 

Fig. 6. Water balance characteristics in Kubuqi desert (1986–2017).  
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much as 69.00% of the ET change in vegetation restoration areas 
(Fig. 5). This result indicates that vegetation restoration was the domi-
nant factor in the ET dynamics, and that huge water consumption during 
ecological restoration means that vegetation restoration probably ex-
acerbates water allocation conflicts in the Kubuqi. In past decades, 
people have feared that large-scale tree planting would lead to water 
shortages (Jin et al., 2017), and, unfortunately, negative effects (death 
or poor growth of trees) of afforestation have already been observed in 
some parts of northern China (Zhang et al., 2018; Cao et al., 2021). For 
example, afforestation in the Loess Plateau has increased soil desiccation 
(Chen et al., 2008; Wang et al., 2010) and has caused the flow of many 
rivers to decrease (Wang et al., 2016). Therefore, the water-carrying 
capacity of water-limited areas should be carefully considered in the 
planning and implementation of ecological restoration projects; for 
example, trees that require more water should be replaced as far as 
possible with native vegetation or shrubs that require less water (Feng 
et al., 2016; Jia et al., 2017). Admittedly, ET products based on different 
theories probably have some differences in the value and trend (Nagler 
et al., 2005; Anderson et al., 2007; Senay et al., 2013), which may have 
some influence on our results. Therefore, we compared four different ET 
datasets, and found that Synthesized dataset (used in this study) has the 
longest time series, which is beneficial for researching the dynamic 
characteristics of ET at long time scales. In addition, the ET of Synthe-
sized dataset is between PML_V2 and MOD16A2, which is closer to their 
means, and the ET of each dataset showed the same dynamic trend in the 
Kubuqi, which confirmed the reliability of our findings (Fig. S1). 

4.3. The limits of the Kubuqi ecological restoration model 

Currently, the role of vegetation in water conservation in dryland 
areas is controversial (Ma et al., 2013; Cao et al., 2020; Zhang and Wei, 
2021). Vegetation can increase surface roughness, improve soil porosity 
and hydraulic conductivity, and promote an increased soil water content 
(Ilstedt et al., 2007; Jia et al., 2017), but the fact that continuous 
greening is at the expense of water consumption cannot be ignored 
(Zhao et al., 2021). Water consumption by the fast-growing species 
commonly used for afforestation is often huge, and their roots often 
penetrate deeper than those of native vegetation. Thus, when water 
depletion is excessive, the groundwater table may fall to a depth not 
reached by the roots of native vegetation, thereby seriously reducing 
water security locally (Wang and Cao, 2011; Xu, 2011; Cao et al., 2020). 
In our results, soil moisture showed a decreasing trend in the Kubuqi 
during 1986–2017, and water deficits have occurred intermittently 
since 2005. Thus, increased infiltration of precipitation was offset by 
depletion of groundwater by vegetation (Bai et al., 2019), and this water 
depletion tended to increase gradually during 1986–2017. Therefore, 
precipitation alone cannot support the huge ecological water demand of 
the Kubuqi, and additional depletion of groundwater and water diver-
sion will be required to maintain the current ecological restoration 
achievements (Guo et al., 2017; Zhang et al., 2017). Although ground-
water storage in the Kubuqi is abundant, groundwater levels have in fact 
been declining in recent decades (Guo et al., 2017). Importantly, 
continuous replenishment from the Yellow River and abundant 
groundwater can explain the successful ecological restoration in the 
Kubuqi, compared with other drylands and desert areas where such 
superior water resources may not be available. Therefore, directly 
replicating the ecological restoration model of the Kubuqi in such areas 
may be too aggressive, and potentially have worrisome results. 

5. Conclusions 

We investigated ecological restoration and its effects on the regional 
water balance in the Kubuqi Desert during 1986–2017. The results 
showed that ~77% of the area of the Kubuqi Desert experienced sig-
nificant greening, and NDVI increased at a rate of 0.004 /yr. The main 
driving factor for the reversal of desertification was human activities 

(contribution 60.14%). With ecological restoration, the water demand 
of vegetation increased significantly, and ET increased at a rate of 5.17 
mm/yr; this increase in vegetation was the main contributor to the 
significant increase in interannual ET variations in the Kubuqi (70.96%). 
We discovered that precipitation cannot support the huge water con-
sumption demands of ecological restoration; therefore, maintenance of 
the ecological restoration results depends on additional replenishment 
from groundwater and the Yellow River. For this reason, it is important 
to closely monitor groundwater conditions and tree survival rates, and 
to plant trees that consume relatively little water. Further, planners and 
decision-makers, learning from the experience of ecological restoration 
in the Kubuqi, must carefully consider the high cost of huge water 
consumption to develop reasonable and sustainable ecological restora-
tion projects. 
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