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Abstract
The establishment of artificial sand-binding vegetation is one of the main means for restoring damaged ecosystems that are
impacted by global change. This study was conducted to evaluate the influence of environmental factors on ecosystem function
(net ecosystem exchange (NEE), evapotranspiration (ET), and water use efficiency (WUE)) in an artificial sand-binding vege-
tation desert (with dominant shrubs, such as Artemisia ordosica and Caragana korshinskii, and herbaceous plants) in northwest-
ern China. NEE, ET, and meteorological data were observed with the eddy covariance (EC) technique. The random forest (RF)
method was used to identify major environmental factors that affected NEE, ET, and WUE. Our results showed that the mean
annual NEE, ET, and WUE values were − 112.4 g C m−2, 232.1 mm, and 0.49 g C kg−1 H2O, respectively, during the 2015 to
2018 growing seasons. At the weekly scale, the most important drivers of NEE were the normalized difference vegetation index
(NDVI) and soil water content (SWC). Rainfall, SWC, and NDVI were important drivers of ET. WUE was mainly controlled by
rainfall and SWC. Linear regression showed that NEE had significant negative relationships with the NDVI and SWC. ET had
positive relationships with rainfall, SWC, and the NDVI. WUE had significant negative relationships with SWC and rainfall.
These findings indicate that drought inhibited ET more than carbon absorption, thus promoting the WUE of the ecosystem to
some extent. The close relation of the ecosystem function to SWC implies that this ecosystem may be critically regulated by
future climate change (specifically, changes in rainfall patterns).
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Introduction

The area affected by windblown sand hazards in northern
China covers approximately 3.2 × 105 km2 (Li et al. 2014).
Reconstructing and restoring vegetation are important and ef-
fective ways to mitigate sandstorm hazards and control desert-
ification (Le Houérou 2000). Artificial sand-binding vegeta-
tion has been established over 6 × 106 ha of windblown sand
hazard areas in northern China (Wang et al. 2007; Cao et al.
2011). Large-scale plantations have significantly increased lo-
cal carbon stock storage and reduced the concentration of
carbon dioxide in local areas (Liang et al. 2006; Gao et al.
2012; Yang et al. 2014). However, carbon sequestration by
plantations in the region often requires large amounts of water,
posing potential risks to the health of local ecosystems (Farley
et al. 2005). Water stress has become the main influencing
factor affecting the stability of artificial vegetation. The con-
trast between carbon sequestration by plantations and the scar-
city of water resources has become increasingly prominent (Li
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et al. 2013). Currently, it is of great significance to explore the
processes and mechanisms of water and carbon exchange in
artificially vegetated lands to comprehensively assess the eco-
logical and environmental benefits of sand control and scien-
tifically guide afforestation and desert ecosystemmanagement
activities (Li et al. 2014; Zhang and Jin 2016).

Net ecosystem exchange (NEE), evapotranspiration (ET),
and water use efficiency (WUE) are the three key parameters
that reflect the functioning of ecosystems. NEE refers to the
absorbance of CO2 by plants to balance plant and soil respi-
ration. Net ecosystem productivity (NEP = –NEE) reflects the
production capacity of an ecosystem and is highly sensitive to
climate change and human activities (Han et al. 2013). ET is
the sum of water that is lost to the atmosphere from the soil
surface through evaporation and from plant tissues via tran-
spiration, and ET is also a vital component of the water cycle
(Mu et al. 2007). ET is the main form of water loss in arid
lands, and the balance between precipitation and ET is crucial
for determining ecosystem structure, function, and productiv-
ity (Eldridge et al. 2016; Liu et al. 2016). WUE, the ratio of
NEP to ET, reflects how efficiently plants use water to pro-
duce biomass and is used as an indicator of the suitability of an
environment for plant growth (Hamerlynck et al. 2014).
Analysing the variability in WUE can improve our under-
standing of the interaction between carbon and water cycles
at a large scale and provide a basis for improving regional
carbon sequestration and water use budget assessments (Zhu
et al. 2015; Khalifa et al. 2017). Therefore, studies on NEE,
ET, and WUE are particularly important in dry areas (Huang
and Luo 2017).

The eddy correlation (EC) method can be used to deter-
mine CO2 and H2O exchange in an ecosystem at a high

temporal resolution and continuously monitor WUE. This
method provides an effective means for studying the temporal
dynamics of NEE, ET, and WUE and their responses to envi-
ronmental change at different time scales (Law et al. 2002).
Studies have found that many environmental factors (includ-
ing biological and abiotic factors) affect carbon and hydrolog-
ical cycle processes. In general, the environmental factors that
affect NEE include solar radiation, temperature, precipitation,
soil moisture, vapour pressure deficit (VPD), soil nutrients,
and ground cover characteristics (Zhao and Running 2010;
Li et al. 2016a). The environmental factors involved in ET
are precipitation, wind velocity, solar radiation, humidity, air
temperature, etc. (Liu and Feng 2012). While other studies
found that the responses of both ET and NEE to environmen-
tal factors at a monthly scale were consistent, the responses
were controlled by biological factors via changes in surface
conductance (Steduto et al. 2007; Zhao et al. 2007; Tong et al.
2014). The environmental variables impacting ecosystem
WUE include photosynthetically active radiation (PAR), net
radiation (Rn), VPD, air temperature, precipitation, soil water
content (SWC), leaf area index (LAI), and normalized differ-
ence vegetation index (NDVI), whichwere found to bemostly
intercorrelated (Tong et al. 2014; Xie et al. 2016; Lin et al.
2018). In addition, ecosystems differ in their responses to
climate variability (Knapp and Smith 2001; Khalifa et al.
2017), and the same site responds differently to environmental
factors at different time scales (Law et al. 2002). However,
studies on the responses of NEE, ET, and WUE to environ-
mental factors in arid regions are rare.

The protected area in the Shapotou section of the Baotou-
Lanzhou railway is a typical representative of artificial vege-
tation construction in a Chinese desert (Fig. 1). This area is

Fig. 1 The artificial sand-binding vegetation area of the Tengger Desert, China
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located at a great distance inland, with sparse vegetation, high
temperatures, strong radiation, and rare annual precipitation
with large fluctuations. Precipitation in this area is the only
source of ecosystem moisture because the groundwater level
in this area is too low (approximately − 60 m) for the plants to
use (Li et al. 2007b). This ecosystem protects the area against
wind and sand and serves as a typical study area for
ecological-hydrological function research in arid regions.
However, at present, research on NEE, ET, and WUE in the
region has mostly involved single parameters and has been
conducted at the leaf level or plant level for major species
(Wang et al. 2010; Gao et al. 2012; Bao et al. 2015; Chen
et al. 2015; Gao et al. 2015), and comprehensive research on
the ecological-hydrological function response to the environ-
ment has not yet been conducted. For this reason, the relation-
ships of NEE, ET, and WUE in the artificial sand-binding
vegetation area with environmental variables are unclear.
Hence, how do NEE, ET, and WUE dynamics change with
changes in environmental factors, and which factors are the
most important? How do these factors affect these dynamics?
Therefore, the study of how environmental factors affect NEE,
ET, andWUE is critical to the sustainable development of this
ecosystem.

Scholars have used correlation analysis (Kutzbach et al.
2015); partial correlation analysis (Fu et al. 2009); one-
factor linear regression (Li et al. 2016b); multiple stepwise
regression (Wohlfahrt et al. 2008); structural equation model-
ling (Quan et al. 2018; Zhang et al. 2018); redundancy anal-
ysis (Fei et al. 2018); principal component analysis (Swann
and Fung 1998), wavelet transform, wavelet coherence, and
partial wavelet coherence analysis (Jia et al. 2018); and ran-
dom forest (RF) analysis to analyse the relationships between
carbon or water fluxes and environmental variables. The RF
algorithm is a popular machine learning algorithm and is sim-
ilar to multiple linear regression but often outperforms multi-
ple regression models and can predict data that include multi-
ple high-order interaction terms (Mutanga et al. 2012; Liu
et al. 2018). The RF algorithm has the characteristics of strong
noise immunity and strong resistance to overfitting and
underfitting. RFs are also simple to train, can handle a large
amount of mixed-type data and provide ways to evaluate var-
iable importance scores (Pham and Brabyn 2017; Torres-
García and Domenech 2017; Wei et al. 2017). However, RF
algorithms have not been used to analyse carbon-hydrological
interactions in desert environments. In this paper, based on EC
observations, the carbon flux, ET, and meteorological factors
were continuously measured in an artificial sand-binding veg-
etation area in the southeastern Tengger Desert for four and a
half growing seasons. We used the RF method and linear
regression to investigate the environmental factors driving
NEE, ET, and WUE. The objectives of this study were to (i)
examine the magnitudes of the carbon flux, ET, and WUE
during the growing season and (ii) identify the environmental

variables controlling the NEE, ET, and WUE at weekly scales
during the growing season. Quantitative evaluations of NEE,
ET, and WUE and the underlying environmental controls are
also crucial for predicting future climate change impacts on
ecosystem carbon-water interactions.

Materials and methods

Site description

The observations were conducted during the 2014–2018
growing seasons throughout the northern region of the artifi-
cial vegetation area (planted in 1956) around the Shapotou
Experimental Station (37° 28′E, 105° 0′N, 1320 m above sea
level), which belongs to the Chinese Academy of Sciences in
the Ningxia Hui Autonomous Region and is located at the
southeastern margin of the Tengger Desert (Fig. 1). The site
is typical of an ecotone between a desertified steppe and sandy
desert, and this area is also a transitional zone between sandy
and revegetated deserts. The annual mean temperature is
9.6 °C. The mean, maximum, and minimum annual precipi-
tation are approximately 186, 304, and 88 mm, respectively,
80% of which falls between May and September (1956 to
2003). The potential evaporation is 3000 mm, and the mean
relative humidity is 40%. The average wind speed is 2.8 m s−1.
The soil surface is loose and comprises poorly aggregated
mobile sand with a moisture content of 2 to 3% (Huang
et al. 2014). The mean volumetric SWC in the 0–300 cm deep
layers of the revegetated sites ranges from approximately 0.8
to 3.3% (Li et al. 2014). The vegetation is dominated by
shrubs, such as Artemisia ordosica and Caragana korshinskii,
and herbaceous plants, such as Echinops gmelinii, Cornulaca
alaschanica, Bassia dasyphylla, Setaria viridis, Eragrostis
minor, and Corispermum hyssopifolium (Li et al. 2014). The
shrub and herb coverages are 8–10% and 30–45%, respective-
ly (Li et al. 2014).

Experimental observation system

EC measurements began at the site in July 2014. The system
consisted of an open path infrared gas analyser (Li-7500A, Li-
Cor, Lincoln, NE, USA) and a three-dimensional sonic ane-
mometer (CST3, Campbell Scientific, Logan, UT, USA)
mounted at a height of 2 m. The former measured the molar
densities of CO2 and water vapour, whereas the latter mea-
sured instantaneous fluctuations in the three-dimensional (ver-
tical, streamwise, and lateral) wind speed and virtual temper-
ature. The data were measured at 10 Hz. The installation setup
of additional meteorological instruments is shown in Table 1.
All flux data and meteorological factors were recorded with a
data logger (9210, Sutron, USA).
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Data processing and WUE calculation

The raw greenhouse gas (GHG) data were processed with
EddyPro 6.0 (Li-cor) software. The carbon and water vapour
fluxes were obtained 30 min after tilt correction (secondary co-
ordinate rotation); sonic virtual temperature correction; Webb,
Pearman and Leuning (WPL) correction; turbulent fluctuation
blocking; time lag compensation; spike detection and removal;
and other statistical tests and spectral corrections. Then, values
that were unstable due to rainfall, snow, fog, sensor malfunction,
and maintenance, human-induced effects, and insufficient turbu-
lence (at night) were eliminated. We filtered the original night-
time dataset when u* < 0.2 m s−1. The u* threshold was estimat-
ed following the ChinaFLUX standard method (Zhu et al. 2006).
The total NEE andET values in the study periodwere filtered out
at approximately 19.48% and 9.74%, respectively.
Consequently, 10.7% and 5.4% of the total daytime NEE and
ET needed to be gap-filled compared to proportions of 30.8%
and 15.3% at night-time, respectively. To fill these gaps, we
applied the mean diurnal variation (MDV) (Falge et al. 2001)
and interpolation (Baldocchi 2003; Austin et al. 2004; Xu and
Baldocchi 2004) methods. WUE is an important indicator of the
characteristics of the water–carbon coupling process. In this pa-
per, we used conventional methods to calculate ecosystemWUE
(Law et al. 2002; Emmerich 2007).

WUE ¼ NEP=ET ¼ −NEE=ET ð1Þ

Obtaining NDVI data

The NDVI is an alternative measurement of vegetation cano-
py that is associatedwith the LAI and percentage of vegetation
cover (Nagler et al. 2005). The MODIS daily 250 m NDVI
was calculated with the Google Earth engine (https://
earthengine.google.com/) with an online subset output of a
250 × 250 m pixel subset that was centred on the flux site.
The growth state of the vegetation is difficult to determine
based on the NDVI because vegetation is sparse in deserts;
therefore, NDVI values less than 0.1 were not included in the
statistical analysis (Song et al. 2010).

Random forest analysis

We conducted a RF analysis (Breiman 2001) to screen and de-
termine the major drivers of carbon fluxes among environmental
variables (i.e. PPFD, Ta, Ts, VPD, rainfall, average SWC, and
NDVI). Because the coarse roots of Artemisia ordosica and
Caragana korshinskii were concentrated in the upper 0.6 m of
the soil (Zhang et al. 2008, 2009), we calculated the average
SWC at depths of 5, 10, 20, 40, and 60 cm. RF extends standard
classification and regression treemethods by creating a collection
of classification trees by binary divisions (Delgado-Baquerizo
et al. 2016; Pham and Brabyn 2017). The fit of each tree is
evaluated by using randomly selected points that cover 1/3 of
the data, and the remaining 2/3 of the data are included in a
bootstrap sample (Pham and Brabyn 2017). The importance of
each factor is determined by assessing the increase in the mean
square error between observations and predictions; the data for
modelling are randomly permuted (Delgado-Baquerizo et al.
2016). Among the different iterations, the order of importance
of the important variables remains stable, but the order of the less
important variables is not. The stability and generalization of the
model and the cross-validated R2 and root mean square error
(RMSE) were also assessed. The RF analysis parameters were
set to 1000 decision trees (ntree), 5 random subsets of the pre-
dictors (mtry), and a node size of 5.

Statistical analysis

We used MATLAB to eliminate and interpolate the flux data
and meteorological data. The RF method (R language 3.4.4)
was used to determine the most important environmental fac-
tors affecting NEE, ET, and WUE. Linear regression (SPSS
Inc., Chicago, IL, USA) was used to determine the relation-
ships among NEE, ETandWUE and the responses of ecosys-
tem functional factors to the main environmental factors. All
figures were drawn with Origin 8.5 (OriginLab, USA).

Energy balance closure

The energy non-closure phenomenon is prevalent at EC
observation sites, and the energy closure range is

Table 1 Installation setup of
additional meteorological
instruments

Measuring element Instrument model Installation location (cm)

Net radiation (Rn) K&Z, CNR4, Delft, Netherlands 150

Photosynthetic photon flux
density (PPFD)

LI-109, Li-Cor, USA 150

Air temperature and air humidity
(Ta and RH)

HMP155, Vaisala, Finland 150

Soil temperature and soil water
content (Ts and SWC)

70030, Stevens, USA − 5, − 10, − 20, − 40, − 60

Soil heat flux HFP01SC-10, Hukseflux, USA − 5
Precipitation TR-525 MM, TE, USA 50
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generally 55–90% (Wilson et al. 2002). In this study, the
degree of energy closure (sensible heat (H) + latent heat
(LE) versus net radiation (Rn) − soil heat flux (G)) was
0.68 throughout the study period, indicating that the ob-
served data quality met the observation requirements.

Results

Seasonal variations in the abiotic and biotic
environmental variables

Figure 2 and Table 2 display the weekly mean values or
the accumulation of biotic and abiotic variables during the
growing season. The average weekly PPFD, VPD, Ta, and
Ts values exhibited approximate unimodal trends and
peaked in June or July. Significant seasonal dynamics
were found, varying from 719.37 μmol m−2 s−1 in
June 2015 to 39.47 μmol m−2 s−1 in October 2017,
4.31 kPa in July 2017 to 0.0007 kPa in April 2016,
34.15 °C in July 2017 to 1.3 °C in October 2017, and
40.54 °C in July 2015 to 4.35 °C in October 2016 (Fig.
2). During the 2015 to 2018 growing seasons, the average
PPFD, VPD, Ta, and Ts were 427.8 μmol m−2 s−1,
1.08 kPa, 20.1 °C, and 24.6 °C, respectively (Table 2).
There were large differences in the amount and distribu-
tion of single growing season rainfall and interannual
rainfall (Fig. 2 and Table 2). The variation in SWC was
closely related to rainfall patterns, and the average SWC
was 3.04% (Table 2). The NDVI was significantly lower
in 2015 than in other years. The average weekly NDVI
was 0.21 and peaked at 0.39 in September (Fig. 2 and
Table 2).

Dynamics of NEE, ET, and WUE and the relationships
among them

The weekly NEE, ET, and WUE variations at seasonal and
interannual timescales were remarkable, with maximum
values of −16.69 g C m−2 wk−1, 23.77 mm wk−1, and 2.3 g
C kg−1 H2O, respectively (Fig. 3). During the growing season,
both NEE and ET reached a maximum in the wet season in
2018, and WUE reached its maximum during a drought in
2015 (Table 2). From 2015 to 2018, the cumulative annual
growing season average NEE, ET, and WUE values were −
112.4 g C m−2, 232.1 mm, and 0.49 g C kg−1 H2O, respec-
tively (Table 2). There was a good relationship between NEE
and ET, and NEE decreased as ET increased (Fig. 4).

The effect of environmental variables on NEE, ET,
and WUE

The variable importance (defined as the interpretation of the
contributions to NEE, ET, and WUE) rankings from the RF
analysis are shown in Figs. 5 and 6 show the goodness of fit
measure of the RF analysis. The results indicated that for NEE
during the growing season, the NDVI was the most important
variable, with an average increase in the mean square error
(MSE) of 3.97%, followed by SWC; these variables were
significant at the 0.01 and 0.05 levels, respectively (Fig. 5a).
Rainfall, SWC and the NDVI were significant at the 0.01 level
and 0.05 level for predicting ET (Fig. 5a). For WUE, the most
important variables were rainfall and SWC (Fig. 5b).

Regression analysis (Fig. 7) provided further insight into
the direction of the relationships between the major environ-
mental variables and NEE, ET, and WUE. The NDVI was
used as a proxy for canopy development in this study. Both

Fig. 2 Average weekly variations
in the a photosynthetic photon
flux density (PPFD) and vapour
pressure deficit (VPD); b air
temperature (Ta) and soil
temperature at 5 cm (Ts); c soil
water content (SWC, depths of 5,
10, 20, 40, and 60 cm), and
weekly total rainfall; and d NDVI
during the 2014 to 2018 growing
seasons (from April to October).
For the x-axis, the data refer to the
week of the year (WOY, seven-
day periods) and range from 1 to
138
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NEE and ET had significant linear relationships with the
NDVI, and the NDVI explained 26% and 21% of the variation
in NEE and ET throughout the study period, respectively (Fig.
7a and e). Strong negative and positive linear correlations of
SWC and NEE with ET in the growing season were observed
in this area, respectively (Fig. 7b and d). ET increased linearly
with increasing rainfall, and rainfall explained 41% of the
seasonal variation in ET (Fig. 7c). Unexpectedly, the increases
in rainfall and SWC were inconsistent with the seasonal var-
iation in WUE during the study period (Fig. 7f and g).

Discussion

Magnitudes of NEE, ET, and WUE during the growing
season

The annual net C sinks ranged from − 96.7 to − 136.3 g Cm−2,
with a mean annual NEE of − 112.35 ± 9.25 (mean ± SE) g C
m−2 during the 2015–2018 growing seasons (Table 2). This
findingmeans that the artificial sand-binding vegetation desert
ecosystem acted as a carbon sink during the growing season.
The cumulative annual growing season average ETwas 232.1
± 14.48 mm and increased as the annual rainfall amount in-
creased (Table 2). Gao et al. (2012, 2015) reported that the
NEE and ET of a 20-year-old revegetated area near our study
site were − 18.6 g C m−2 y−1 and 166.9 mm y−1, respectively.
The weekly NEE exhibited a negative relationship with week-
ly ET (Fig. 4), indicating that relatively high net carbon uptake
corresponded to high ET. The strong correlation between NEE
and ET demonstrated that the carbon and water cycles were
tightly coupled due to stomatal control for both carbon and
water exchange between ecosystems and the atmosphere
through photosynthesis and transpiration (Niu et al. 2008;
Chapin et al. 2011). In general, high stomatal conductance
leads to high transpiration and high photosynthesis (Mu
et al. 2007).

The coupling of carbon and water cycles resulted in sea-
sonal variations in WUE. A high WUE indicates that more
photosynthetic products can be obtained with limited water
resources (Beer et al. 2009; Yang et al. 2010).WUE fluctuated
interannually in the artificial sand-binding vegetation desert
(Table 2). The study area is typical of an ecotone between a
desertified steppe and sandy desert; therefore, this area has the
characteristics of both grassland and desert. The annual grow-
ing season average WUE from 2015 to 2018 was 0.49 ±
0.04 g C kg−1 H2O, which was lower than the values reported
by Huang and Luo (2017) for grasslands in northern China
(0.56 g C kg−1 H2O). The value was also lower than the values
reported in other studies on grasslands (e.g. Han et al. 2013).
However, our results were higher than the values obtained at
the DangXiong (0.36 g C kg−1 H2O) and Xilinhot (0.45 g C
kg−1 H2O) sites (Wang et al. 2008; Zhu et al. 2015). PreviousTa
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studies reported that WUE estimates from grassland sites gen-
erally ranged from 0.47 to 2.76 g C kg−1 H2O (Zhu et al.
2015), and our results fell within this range. Our results were
higher than the values reported by Liu et al. (2012), who
obtained desert halophyte community ecosystemWUE values
of 0.03 and 0.15 g C kg−1 H2O in dry and wet years, respec-
tively. Essentially, WUE varies with the type of terrestrial
ecosystem and differs greatly depending on location, climatic
factors, vegetation characteristics and disturbance regime
(Ponton et al. 2006; Hu et al. 2008). However, the WUE
values of the dominant plants, Artemisia ordosica and
Caragana korshinskii, were 1.2~3.4 and 0.6~3.0 g C kg−1

H2O, respectively (Bao et al. 2015; Fu et al. 2015), which
were larger than the ecosystem WUE values. This result was
due to the large amount of open space in the study area, and
the evaporation of soil accounted for a large proportion.

Effects of environmental variables on NEE, ET,
and WUE

NEE, ET, andWUE are controlled by canopy architecture and
development, soil characteristics, and a variety of in situ en-
vironmental variables (Kelliher et al. 1995; Wilson et al.
2002). Here, we used RFs to explain the factors with the most
important influence. RFs are able to not only perform regres-
sions but also make predictions. In our RF models, the param-
eters made the errors of the models converge to a minimum
and reach stability, which may be an indication that the gen-
eralization requirements of RF models were met (Liu et al.
2018, Fig. 6). Thus, the RF models provided good estimates
of NEE, ET, and WUE and were able to explain most of the
variations in NEE, ET, and WUE during the study period. RF
analysis showed that the most important factors affecting NEE
were the NDVI and SWC (Fig. 5a). Rainfall, SWC, and the
NDVI played vital roles in predicting ET (Fig. 5a). Rainfall

Fig. 3 Dynamics of weekly a
NEE (negative values indicate
CO2 assimilation by the
ecosystem and, vice versa) and
ET and b WUE

Fig. 4 The relationships between weekly ET and NEE
Fig. 5 Important values (score). ** and * represent significance levels of
0.01 and 0.05, respectively
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and SWC also regulated WUE significantly (Fig. 5b). These
results were all at the weekly scale.

NEE and ET were controlled by the NDVI. NEE and ET
had negative and positive linear relationships with the NDVI,
respectively (Fig. 7a and e). The NDVI is a metric of green-
ness that is indicative of the number of green leaves and is
quantified by the LAI (Liu et al. 2019). Thus, we concluded
that variations in NEE and ET were probably due to plant
controls on canopy conductance and the NDVI (LAI).

Therefore, canopy architecture and the development and soil
moisture conditions acted as major constraints on the NEE
and ET. Moreover, variation in the NDVI was associated with
differences in soil water availability for plants (Fig. 8). This
finding indicates that the most influential factor for both var-
iables was soil moisture.

In arid and semiarid regions, soil moisture acts as a mutual
transmission link connecting precipitation, surface water, and
groundwater, affecting water, energy, and earth biochemical

Fig. 7 The relationships between the major weekly environmental variables and a and b NEE, c, d, and e ET, and f and gWUE during the 2014–2018
growing seasons

Fig. 6 Scatterplots of weekly a NEE, b ET, and cWUE between observations and predictions during the 2014 and 2018 growing seasons. The dashed
black lines and red lines represent the 1:1 line and linear fit, respectively
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cycles by restricting ET and photosynthesis (Oki and Kanae
2006). In this study, the CO2 flux was negatively related to the
volumetric SWC during the growing season (Fig. 7b). This
result suggests that NEE decreases with soil moisture and that
a high soil water content can promote the absorption of carbon
in this ecosystem. This phenomenon is more common in arid
and semiarid regions (e.g., Itoh et al. 2012). Our results
showed that ET was strongly, positively, linearly correlated
with rainfall and SWC (Fig. 7c and d). This finding indicates
that high amounts of rainfall and SWC can promote
vegetation transpiration or soil evaporation. The close
relationships of ET with rainfall and SWC were consistent
with the results reported by Li et al. (2007a) on a Mongolian
steppe, Sala et al. (1992) on a shortgrass steppe and Noy-Meir
(1973) in desert ecosystems. WUE is the link between NEE
and ET, and factors affecting both will inevitably affect WUE.
Various studies have shown that WUE often increases as wa-
ter availability decreases in dryland ecosystems (Ehleringer
and Cooper 1988; Toft et al. 1989; Sheng et al. 2011). Our
results were consistent with this phenomenon (Fig. 7f and g).
The reason that WUE decreased with SWC and rainfall may
be because SWC and rainfall had a greater effect on ET than
NEE because ET increased more rapidly than NEP (-NEE) as
the SWC increased (Fig. 7b–d). Increases in WUE during
droughts mainly result from internal mechanisms of stomata
that work to reduce water losses for adapting to water stress
(Reichstein et al. 2002). However, Liu et al. (2012) found that
WUE in a wet year was greater than that in a dry year in a
desert halophyte community in western China, which
contrasted with our findings. This difference was because
the groundwater level where the aforementioned study was
conducted was shallow, the main shrubs were less dependent
on rainfall, and there were more annual or ephemeral plants;
this scenario resulted because the community structure adjust-
ed and used the extra precipitation water input in the wet year,

and consequently, the community productivity increased. That
is, as water becomes increasingly scarce, ecosystems increas-
ingly devote more resources to maximizing the efficient use of
water (Huxman et al. 2004; Bai et al. 2008; Troch et al. 2009).
Global climate models predict that future precipitation pat-
terns at mid-latitudes may be strengthened further, as evi-
denced by increases in total precipitation, increases in drought
durations, and increases in the frequency of extreme precipi-
tation events (Huntington 2006; IPCC 2007). These condi-
tions will have profound impacts on the functions of artificial
sand-binding vegetation ecosystems.

Although the RF algorithm provided good estimates of
NEE, ET, and WUE (Fig. 6), the accuracy of the RF model
was influenced by the quality of the input flux data because
the method used to fill the gaps in flux data increased the error
of the model to some extent. Therefore, it took a long time to
observe the accuracy of the results.

Conclusions

Observations of CO2 and H2O fluxes using the EC technique
accurately quantified the carbon uptake and water consump-
tion capacity of the Shapotou artificial revegetation area. The
figures show the ecosystem performance in the growing sea-
son in our study period and the absorption of CO2. NEE was
mainly driven by the NDVI and SWC during the study period.
The NDVI was also significant for predicting ET. Changes in
SWC and rainfall were the most important environmental fac-
tors controlling the dynamics of ET and WUE. NEE and ET
had significant negative and positive linear relationships with
the NDVI and SWC, respectively. ET also had positive linear
relationships with the rainfall amount. WUE had negative lin-
ear relationships with rainfall and SWC. These findings indi-
cated that a high SWC facilitated the ecosystem uptake of CO2

and ET ability. Meanwhile, the high SWC would decrease the
WUE ability because it had a greater effect on ET than NEE in
this ecosystem. The close relation of SWC with ecosystem
function implies that this ecosystem may be critically regulat-
ed by future climate change (specifically, changes in rainfall
patterns).
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