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• Soil water variability was explored with a
large dataset under varying environment.

• Soil water varies horizontally and verti-
cally with changing environmental fac-
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pacts of deep-rooted plants.
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Identifying the variability and predominant factors affecting soil water (SW) is essential in regions with thick vadose
zones and deep-rooted plants. This information is needed to clarify the balance between water availability and plant
water demand. We collected 9263 soil samples from 128 profiles of 7–25 m deep soil under different climates (arid,
semiarid and subhumid), soil textures and plant types (shallow or deep roots) in China's Loess Plateau. The factors
dominating the horizontal and vertical variability of SW were identified using a multimodel inference approach and
stepwise regression analysis. Horizontally, the mean water content and storage increased while the water deficits de-
creased from the northwest to the southeast. Vertically, mean water content and storage are highest in the relatively
stable layer, followed by rapidly changing layers and active layers. Plant age and soil clay content dominate the hor-
izontally varied SW,while plant age and normalized difference vegetation index (NDVI) dominate the vertical variabil-
ity of SW. However, the dominant factors appeared to differ with climate and plant type. It was determined that for
climate, soil clay content and plant age in arid regions, precipitation and plant age in semiarid regions, NDVI and
plant age in subhumid regions were important factors. For plants, the dominant factors are NDVI and precipitation
under shallow-rooted plants; however, NDVI and plant age were dominant under deep-rooted plants. The dominance
of plant age highlighted the impact of vegetation patterns on SW, especially for deep-rooted plants, which should be
taken into account when managing water resources and ecosystem rehabilitation in degraded regions.
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1. Introduction

Soil water (SW) is a critical factor limiting the eco-environmental devel-
opment in arid agroforestry systems and it directly determines the
vegetation carrying capacity together with its reallocation patterns (Jian
et al., 2015; Rodriguez-Iturbe et al., 1999). Plants, in turn, transport SW
to the atmosphere via the root system (Zhang and Wei, 2021). These pro-
cesses exhibit complex horizontal and/or vertical variability which is
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affected by geographical features (Hu and Si, 2014), climate (Perry and
Niemann, 2007; Wilson et al., 2005), soil type (Namdar-Khojasteh et al.,
2012), vegetation (Bosch et al., 2006; Li and Huang, 2008) and their inter-
actions at different scales (Chen et al., 2008; da Silva et al., 2001; Dekker
et al., 2007; Hu and Si, 2013). As such, understanding the variability and
controlling factors affecting SW is important for the optimal management
and sustainability of ecosystems.

The variability in SW results in different interactions between soils, cli-
mate and plants, and can affect the patterns of vegetation succession and
terrestrial carbon uptake (Gao and Shao, 2012; Green et al., 2019; Guillod
et al., 2015; Western et al., 2004; Zhang et al., 2016). Previous studies
mainly discussed the horizontal variability of SW in surface layers from in
situ measurements, remote sensing or reanalysis data (Bosch et al., 2006;
Famiglietti et al., 1998; Feng et al., 2017; Gao et al., 2016; Melliger and
Niemann, 2010; Petropoulos et al., 2015). However, little is known about
how environmental factors influence SW stored in deep layers. In particu-
lar, the vertical variability of SW requires further investigation due to the
lack of climate and vegetation data. This is the case in regions with complex
vegetated structures and variable water storage in different layers, all of
these changes interact with the plant root systems and the impact of cli-
mate. Thus, a detailed investigation is needed to understand the require-
ments for water sustainability.

The variability and controlling factors of SW have been investigated
previously, but these studies provide conflicting conclusions. As an example
of this, global microwave satellite observations from 1998 to 2008 indi-
cated that the interaction of soil moisture and evapotranspiration largely re-
veal the mechanism of land-evapotranspiration decline at the global scale
(Jung et al., 2010). In contrast, total precipitation during the plant's grow-
ing season was found to be the most important factor controlling soil
water storage on the loess hillslopes (Mei et al., 2019). However, a meta-
analysis of 1262 SW data within 0–5 m in three ecological zones suggested
SW was controlled by temperature rather than precipitation on the Loess
Plateau (Su and Shangguan, 2019). There may be several explanations for
the differing results. First, the factors controlling SW are variable including
climate such as rainfall or evapotranspiration (Cleverly et al., 2016), ter-
rains such as gully or hillslope (Famiglietti et al., 1998; Gao et al., 2016),
soils (Hendrickx et al., 1990; Qu et al., 2015) and land use patterns
(Stonestrom et al., 2009; Ziadat and Taimeh, 2013). Second, data size influ-
ences the reliability of the results. Third, the methods used for factor iden-
tification may produce diversified results (da Silva et al., 2001; Qiao et al.,
2018; Sándor et al., 2021). As such, large datasets and appropriate methods
are very important to identify the dominant factors to fully understand the
variability of SW.

To identify the factors controlling SW, several multivariate analysis
techniques have been employed, e.g., principal component analysis and ca-
nonical correlation analysis (Shao et al., 2009; ter Braak and Verdonschot,
1995). Further, to eliminate the multicollinearity of the selected factors, a
stepwisemultiple linear regression has been used to explain the relative im-
portance of the variables (Maddock, 1976; Sun et al., 1998). However, if
only one combination of factors is identified, itmay fail to take into account
other combinations with good predictive performance. As an alternative,
the multimodel inference approach compares many models by conducting
an exhaustive search (Duan et al., 2007; Mohan et al., 2018; Poeter and
Anderson, 2005). As such, combining different methods offers a good per-
spective on identifying the dominant factors of SW variability.

The loess deposits in the Loess Plateau have stored information about
past climate and soil formation, whichmay complicate the vertical variabil-
ity of soil characteristics (Tite and Linington, 1975; Vidic et al., 2004). It has
arid, semiarid and subhumid climates changing successively from north-
west to southeast; the soil is also diverse (Gong and Zhang, 2007; Zhu
et al., 1983). In addition, since 1999, the vegetation restoration related pro-
jects have returned many steep cultivated farmlands to forests and grass-
lands (An et al., 2017; Yao et al., 2016). This change has greatly
influenced the SW reservoirs (Feng et al., 2016; Jiao et al., 2016). The
Loess Plateau has become an important site for ecohydrology. Considering
the complicated natural variability and anthropogenic impacts, exploring
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the variability and dominant factors of SW increases the predictability of
deep SW and provides better information for understanding regional SW
patterns and managing water resources.

In this study, we analyze unusually-deep SW contents datasets from
9263 soil samples at multiple locations including different climates, soils
and vegetations in the Loess Plateau to explore the SW variability. We
also relate vertical SWat different depthswith historical precipitation to en-
large the datasets. With them, we address the following questions: (1)What
is the horizontal and vertical variability of SW? (2) How do the environ-
mental factors affect SW variability? (3) Why the SW variability is different
under shallow- and deep-rooted plants? Furthermore, we develop the pre-
dicted models of SW based on the dominant factors. The results can be
used to understand soil hydrology and manage SW resources in deep va-
dose zones.

2. Materials and methods

2.1. Study area

The Loess Plateau, located in the middle reach of the Yellow River
Basin, has an area of 6.2 × 105 km2 (Fig. 1a). The precipitation ranges
from 140 to 680 mm along the northwest-southeast direction, 55–78% of
which is concentrated from June to September as heavy rainfall. The evap-
oration and temperature range 1400–2000 mm and 3.6–14.3 °C from the
northwest to the southeast, respectively (Shi and Shao, 2000). The soil is
characterized by a strong zonal distribution with coarse sandy soil in the
northwest and finer clayey soil in the southeast (Gong and Zhang, 2007;
Zhu et al., 1983). The loess deposits, vertically, have stratification and dif-
ferentiation. With low vegetation cover, steep slopes, intensive rainfall and
erodible loess, the Loess Plateau has suffered severe soil erosion in the past
several decades (Biggelaar et al., 2003; Lal, 2001). Since the 1950s, several
afforestation plans have been implemented to control soil loss (Jing et al.,
2013). The artificial woodlands include apple (Malus pumila Mill.), poplar
(Populus L.), jujube (Ziziphus jujuba Mill.), Chinese pine (Pinus tabuliformis
Carr.), apricot (Armeniaca sibirica L.), while the shrublands include sea
buckthorn (Hippophae rhamnoides L.), caragana microphylla (Caragana
korshinskii Kom.) and salix mongolica (Salix cheilophila). The land use
types in this study mainly cover artificial woodland, shrubland and
farmland.

2.2. Data description

2.2.1. Soil water
SW profiles were collected at different locations taking into consider-

ation variable climates, soils and vegetation. Overall, 128 soil profiles
were sampled between April 2001 and September 2018 (Fig. 1); these
were either sampled for this study (39 profiles) or collected from the liter-
ature (89 profiles). With depths of 7–25 m, 9263 soil samples were col-
lected to determine water content. The gravimetric water content was
determined by the oven drying method at an interval of 20 cm. To consider
the impact of plants, at each location, we collected soil samples to the same
maximum depth for shallow- and deep-rooted plants. Specifically, shallow-
rooted plants (root length < 2 m) include farmlands with wheat, maize or
grasslands, while deep-rooted plants (root length > 2 m), with various
growing ages ranging from 3 to 70 years old, include trees (e.g., apple,
apricot, peach, poplar, Juglans regia, quercus wutaishanica, Platycladus
orientalis, Pinus tabuliformis, salix mongolica, jujube), shrubs (e.g., Sophora
davidii, locust forest, sea buckthorn, caragana), deep-rooted herbage (i.e. al-
falfa) and some intercropping lands of them. At the same location, the dis-
tance between sites with different plants is <100 m to ensure similar soil
and climate characteristics.

The sampling sites have mean annual precipitation of 185 to 622 mm
(Table S1). Among them, 6, 16 and 106 profiles were collected in regions
with mean annual precipitation 0–200 mm (P1, arid climate),
200–400 mm (P2, semiarid climate) and 400–800 mm (P3, subhumid cli-
mate), respectively. The profiles are located in regions with different soil



Fig. 1. Sampling sites and environmental conditions of the Loess Plateau. (a) Digital Elevation Model (DEM). (b) Averaged soil clay content in 0–30 cm. (c) Normalized
Difference Vegetation Index (NDVI) in 2015. (d) Mean annual precipitation during 1956–2017.
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conditions with mean soil clay content ranging from 10.2% to 27.7%. For
vegetation, 47 and 81 profiles were collected under shallow- and deep-
rooted plants, respectively. The diverse climates, soils and vegetation pro-
vide a large dataset to analyze the controlling factors of SW variability.

Besides the measured soil water content, two indicators will be used,
i.e., soil water storage (SWS) and soil water deficit (WD). SWS reveals the
actual amount of water stored in the profile, which may reflect the com-
bined effects of climate, soil and root systems; WD indicates how much
water has been consumed by plants or moved away by other processes
(Grassini et al., 2010; Wang et al., 2015).

SWS ¼ SW � SBD� h� UFC=ρ (1)

WD ¼ WHC − SWS (2)

where SW is soil water content (%); SBD is soil bulk density (g cm−3); ρ
is density of SW (g cm−3);WHC is water holding capacity (−0.03 MPa)
(%); UFC is a unit conversion factor (10 mm cm−1); h is soil thickness
(mm). The above indicators were estimated for each layer or the
whole profile.

2.2.2. Environmental factors
To analyze the controlling factors of SW variability, we determined or

collected data related to climate (precipitation P, and potential evapotrans-
piration ETp), soil texture (Clay, Silt, and Sand), vegetation (Normalized
Difference Vegetation Index NDVI, and plant age Age) and geography (lat-
itude Lat, and longitude Long). Time series of climate data were collected
from a 1-km monthly precipitation and temperature dataset for the period
1901–2017 (Peng et al., 2019). ETp was estimated by the Hargreaves
3

formula with temperature data (Hargreaves, 1994; Jensen et al., 1997).
For soil, profiles of soil texture and water tritium content were either ob-
tained by this study or collected from the literature. Soil textures weremea-
sured by the international pipette method (Piper, 1966), while the tritium
content, extracted from fresh soil using a vacuum condensation extraction
system, was determined by a Low-background Liquid Scintillation Counter
(Quantulus 1220, PerkinElmer, Singapore). For vegetation, the ages of
shallow-rooted plants were set as one year old, while the various ages of
deep-rooted plants can be used to show indirectly the impact of root systems
since plant ages are positively correlatedwith root density (Li et al., 2018; Li
et al., 2019a). Additionally, we extracted NDVI for each sampling site from
the aqua MODIS vegetation indices (MYD13Q1) version 6 of 250-m resolu-
tion to reflect the vegetation conditions (https://lpdaac.usgs.gov/). For geo-
graphical factors, longitude and latitude were used to explore the potential
impact of water and energy, respectively. The slope was not considered as a
geographical factor because most sampling sites had flat surfaces except for
three sites (QJ, WQ and SD).

2.3. Analyzing soil water variability

The horizontal variability of SW was analyzed by showing the spatial
pattern of water content averaged across each soil profile, which can be
used to link SW content to climate, soil, vegetation and other factors at
large scale. In particular, we compared the SW under shallow- and deep-
rooted plants to show the effects of vegetation, and compared the SW in dif-
ferent climatic regions to explore the control of climate on horizontal vari-
ability.

For the vertical variability of SW, the whole soil profile will be grouped
into three soil layers: rapidly changing layer (frequent conversion between

https://lpdaac.usgs.gov/


Y. Huang et al. Science of the Total Environment 811 (2022) 152172
wet and dry, greatly affected by rainfall and evaporation), active layer
(water consumption layer, mainly affected by microclimate and root sys-
tem) and relatively stable layer (minor change, affected little by external
conditions) (Li et al., 2020). The three layerswere partitionedwith the stan-
dard deviation and variation coefficient of SW changes. Similarly, the anal-
ysis of vertical variability was conducted for all sites, sites with shallow- or
deep-rooted plants, sites with different climates to explore the effects of
vegetation or climate.

To quantify the variability, the coefficient of variation (CV) was em-
ployed. In general, CV of 0–0.1, 0.1–1, and >1 suggest low, moderate and
high variations, respectively (Glüer et al., 1995; Nielsen et al., 1973;
Sandrin et al., 2003). Further, the significance of the difference in SW con-
tent was evaluated by analysis of variance (ANOVA, p = 0.05).

2.4. Identifying controlling factors

The controlling factors were explored by linking SW indicators with
climate, soil texture, vegetation and geography in the horizontal or
vertical direction. In the horizontal direction, the SW indicators
averaged for the whole profile can be directly correlated with the
above mentioned environmental factors. In the vertical direction, the
profiles were divided into two groups, i.e., shallow-rooted plants and
deep-rooted plants.

Under shallow-rooted plants, the SW profiles are influenced less by the
root system, but are more easily affected by soil and climate. The soil tex-
ture can be directly determined at each depth, but the climate-soil relation-
ship in the vertical direction should be established. If SWmoves downward
in the form of piston flow, the SW at different depths may be the result of
Fig. 2. Conceptual model for water movement of piston flow revealed by tritium (blue
infiltration later, and groundwater affecting layer. The ‘bomb peak’ clearly records the
line). SW contents above and below the peak depth mainly refer to the ‘modern water’
the different soil layers were also defined by the tritium peak method, which is consi
dotted line). (For interpretation of the references to colour in this figure legend, the rea
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precipitation in different years. With SW tritium profiles, the ages of SW
at different depths can be approximated by the tritium peak method
(Fig. 2). Specifically, the infiltration rate of SW is estimated first as the
tritium peak depth divided by the years from 1963 to sampling year.
Then, SW age in each layer can be inversely estimated according to
the depth and infiltration rate. This method is feasible in the study
area since the water moves in the form of piston flow revealed by tritium
and other tracer profiles (Allison and Hughes, 1978; Li et al., 2019b). As
such, the relationship between SW and soil texture/historical precipita-
tion can be explored at different depths. This procedure actually extends
the SW data in the vertical direction to a long-term dynamic monitoring
dataset, which provides more data for analysis of rainfall infiltration
conditions.

Under deep-rooted plants, the vertical variability of SW is small because
of excessive root water uptake (Beyer et al., 2018; Bleby et al., 2010; Cui
et al., 2019; Markewitz et al., 2010), which can be seen from later data. Ex-
cept for the factors considered for shallow-rooted plants, we also explored
the effects of plant age.

For both the horizontal and vertical directions, three steps were
conducted to identify the factors dominating SW variability. First,
the Pearson correlation coefficient was used to determine the prelim-
inary importance of each factor. Simultaneously, each factor was
solely regressed against the compiled SW, and the factors were se-
lected based on the coefficient of determination (R2), root-mean-
square error (RMSE) or significance (p = 0.05). This step eliminated
the least influential factors for subsequent analysis. Second, the least
square stepwise regression was conducted for the identified factors
to present a series of regression models. Based on an exhaustive
quadrate) in the unsaturated zone, including reviewing and mixing layer, steady
maximum tritium concentrations associated with precipitation ~1963 (blue dotted
(after 1963) and ‘old water’ (before 1963), respectively. Further, the ages of SW in
stent one-to-one match with precipitation (blue pillar) and soil clay content (red
der is referred to the web version of this article.)
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search, all candidate models were fitted and inter-compared (Fenicia
et al., 2008; Mohan et al., 2018). The performance evaluation criteria
R2 was used to ascertain the optimal model; the reasonableness of this
model was evaluated by residual analysis. To exclude the potential
multicollinearity between two or more factors, we used the variance
inflation factor (VIF) and tolerance (1-Ri

2) to conjointly verify multi-
collinearity. A VIF smaller than 10 or a tolerance greater than 0.2 sug-
gests negligible multicollinearity among the influencing factors.
Third, the proportion of evidence (PoE, 0–1), i.e., the weighted sum
of all the models containing a certain factor, was employed to select
the most important factors. A PoE closer to 1 suggests a greater im-
pact. To clarify the effect of environmental factors on SW, we focused
on the top two identified dominant factors.
Fig. 3. Spatial patterns in soil water indicators. (a–b)Mean soil water content of each site
in permeter. Thewhite, blue and red circles with different sizes refer to the value of soilw
averaged soil water, storage and deficit in permeter corresponding to related bubble sizes
reader is referred to the web version of this article.)
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2.5. Predicting SW models

With the identified factors and regressed equations, is it possible to pre-
dict SW without direct measurement? We randomly split the dataset into
two groups, i.e., 80% of the data for model development and 20% of the
data for model validation. The evaluation of the models was improved by
splitting the datasets 1000 times to decrease the uncertainties and improve
the accuracy of predicted models. Multimodel inference analysis improves
model performance by introducing one variable at a time, and then, the
model with satisfactory performance (R2 and RMSE) can be chosen
(Mohan et al., 2018).

All statistical analyses were performed with Microsoft Excel 2019,
SPSS 22.0, and MATLAB R2017b. All graphs were generated with GIS
. (c–d) Soil water storage of each site in permeter. (e–f) Soil water deficit of each site
ater content, storage and deficit, respectively. 10, 200 and 100 represent the value of
, respectively. (For interpretation of the references to colour in thisfigure legend, the
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software (ESRI® ArcMap™ 10.5), OriginPro 2016 and Microsoft
PowerPoint 2016.

3. Results

3.1. Horizontal variability of SW

To investigate the horizontal variability of SW, we presented the spatial
patterns of the mean SW content as well as the storage and deficit in each
soil profile (Fig. 3). The SW indices have large horizontal variability since
the mean SW content, storage and deficit range from 5.0–21.1 g 100 g−1,
63–308 mm m−1, and − 32–195 mm m−1, respectively (Table 1). But
most SW indices spatially vary with gradients along the northwest-
southeast direction. Regardless of plant type, SW content and storage in-
crease from the northwest to the southeast. However, water deficit has spa-
tial patterns varying with plant type, and it decreases with shallow-rooted
plants with little difference with deep-rooted plants along the northwest-
southeast direction.

The overall spatial patterns of SW indices appear consistent with that of
precipitation, which may reflect the impact of climate. For example, the
mean SW content is at its highest in the subhumid climate (13.0 ±
4.4 g 100 g−1), intermediate for the semiarid climate (9.3 ±
4.1 g 100 g−1), and the lowest for arid climate (8.6 ± 1.8 g 100 g−1)
(Table 1). With different plants, SW content and storage under shallow-
rooted plants are greater than those under deep-rooted plants (14.2 ±
3.8 vs 11.1 ± 2.8 g 100 g−1, and 190 ± 45 vs 149 ± 57 mm m−1)
(p < 0.01), while the water deficit under shallow-rooted plants is smaller
than those under deep-rooted plants (73 ± 45 vs 114 ± 41 mm m−1).
This provides a good indication of the impact of vegetation.

3.2. Vertical variability of soil water

SW content varies with depth (Fig. 4). According to the vertical distribu-
tions of SW and CV, we defined the rapidly changing layer, active layer and
relatively stable layer as depth profiles of 0–2m, 2–5m and below 5mwith
shallow-rooted plants, but 0–2 m, 2–10 m and below 10 m with deep-
Table 1
Statistics of mean soil water content, storage and deficit in different regions and soil lay

Regions Layers SW, g 100 g−1

Min Max Aver SDs CVs

All profiles
(N = 9289)

All profiles 5.0 21.1 12.3 4.4 0.36
Rapidly changing layer 1.5 24.8 11.8b 4.5 0.38
Active layer 2.0 27.1 11.9b 5.1 0.43
Relatively stable layer 2.3 29.4 14.5a 5.1 0.35

Shallow root
(N = 3601)

All profiles 7.5 21.1 14.2A 3.8 0.27
Rapidly changing layer 1.5 23.3 12.7Ab 4.4 0.20
Active layer 3.5 23.9 12.7Ab 4.5 0.35
Relatively stable layer 3.8 29.4 15.3Aa 4.8 0.32

Deep root
(N = 5688)

All profiles 5.0 19.5 11.1B 2.8 0.25
Rapidly changing layer 2.9 24.8 11.3Bb 4.5 0.39
Active layer 2.0 26.3 10.3Bb 4.6 0.45
Relatively stable layer 2.3 26.8 13.7Ba 5.3 0.39

Arid region
(P1 < 200)
(N = 350)

All profiles 5.4 10.3 8.6B 1.8 0.21
Rapidly changing layer 4.2 17.4 8.9Bb 2.7 0.30
Active layer 3.9 14.7 7.9Bb 2.4 0.30
Relatively stable layer 9.5 16.6 12.5Ba 1.6 0.13

Semiarid region
(200 < P2 < 400)
(N = 1262)

All profiles 5.7 14.6 9.3B 4.1 0.29
Rapidly changing layer 1.5 19.1 7.4Cb 3.1 0.42
Active layer 2.0 20.3 8.5Bb 3.7 0.44
Relatively stable layer 2.3 25.4 11.2Ba 4.3 0.38

Subhumid region
(P3 > 400)
(N = 7677)

All profiles 5.0 21.1 13.0A 4.4 0.33
Rapidly changing layer 1.5 24.8 12.7Ab 4.3 0.34
Active layer 2.4 27.1 12.6Ab 5.1 0.40
Relatively stable layer 3.7 29.4 15.2Aa 5.1 0.33

Note: N is the number of soil samples. P is precipitation, mm. Min, Max and Aver repre
standard deviation and coefficient of variation, respectively. SW, SWS and WD refer to
refer to precipitation in arid, semiarid and subhumid regions, respectively. Different uppe
ercases represent significant differences among the three soil layers in different cases.
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rooted plants, respectively. SW content overall increases first and then de-
creases with depth. The mean SW content and storage in the relatively sta-
ble layer (14.5 ± 5.1 g 100 g−1, and 192± 65 mmm−1) are greater than
those in the rapidly changing layer (11.8 ± 4.5 g 100 g−1, and 158 ±
57 mm m−1) and active layer (11.9 ± 5.1 g 100 g−1, 158 ±
68 mm m−1) (p < 0.01, Table 1). However, the water deficit in the rela-
tively stable layer is smaller than the other two layers (72 ± 61 vs
105 ± 52 and 104 ± 57 mmm−1).

The SW indices under shallow-rooted plants have similar vertical vari-
ability as all datasets. However, under deep-rooted plants, the mean SW
content and storage are the highest at the relatively stable layer (13.7 ±
5.3 g 100 g−1, and 182± 65mmm−1), intermediate in the rapidly chang-
ing layer (11.3±4.5 g 100 g−1, and 151±56mmm−1), and the lowest in
the active layer (10.3± 4.6 g 100 g−1, and 139± 62mmm−1) (p < 0.01,
Table 1). Furthermore, SW deficits under deep-rooted plants are larger than
those under shallow-rooted plants in the three layers (80±57 to 125±45
vs 59± 59 to 93± 56mmm−1) (p < 0.01). With the plant age increasing,
soil water reduction was getting severe in different soil layers, particularly
in the active layer (Fig. S1), implying the differences in plant water con-
sumption.

Vertical distributions of SW vary with climate. The SW curves gradually
move to the right side approaching wetter conditions from arid to subhu-
mid regions (Fig. 4). SW content and storage in the three soil layers in the
subhumid climate are higher than those for the other two types of climate
(p< 0.01). For different soil layers, SW content and storage in the relatively
stable layer are larger than those in the rapidly changing layer and active
layer under three types of climate (11.2 ± 4.3 to 15.2 ± 5.1 vs 7.4 ±
3.1 to 12.7 ± 4.3 g 100 g−1, and 151 ± 45 to 200 ± 66 vs 99 ± 29 to
169 ± 53 mmm−1) (p < 0.01).

3.3. Dominance of environmental factors

The correlation analysis provided little useful information since SW is
significantly related to most environmental factors, which may be attrib-
uted to multicollinearity (Table S2). Consequently, we eliminated the mul-
ticollinearity to identify the factors dominating SW in the horizontal
ers across the Loess Plateau for 128 profiles.

SWS, mm m−1 WD, mm m−1

Min Max Aver SDs CVs Min Max Aver SDs CVs

63 308 164 59 0.36 −32 195 99 47 0.48
48 302 158 57 0.36 −42 226 105 52 0.50
35 363 158 68 0.43 −61 256 104 57 0.54
55 342 192 65 0.34 −74 216 72 61 0.84

110 308 190 54 0.29 −32 169 73 45 0.62
48 302 169 55 0.33 −42 226 93 54 0.58
53 324 170 61 0.36 −40 227 93 56 0.60
81 363 204 65 0.32 −74 211 59 59 0.99
63 253 149 57 0.38 22 195 114 41 0.36
48 277 151 56 0.37 7 223 112 50 0.45
35 313 139 62 0.45 −14 256 125 45 0.36
55 326 182 65 0.36 −38 216 80 57 0.71
68 129 107 23 0.21 133 195 155 23 0.15
62 173 111 30 0.27 89 200 151 30 0.20
52 156 99 29 0.30 106 211 164 29 0.18

135 174 156 14 0.09 89 128 106 14 0.14
66 169 120 36 0.30 61 192 122 39 0.32
48 236 100 40 0.40 2 226 142 50 0.35
35 296 116 52 0.45 −4 256 126 52 0.41
75 263 151 45 0.30 −34 216 109 61 0.56
63 308 174 59 0.34 −32 185 92 46 0.51
52 302 169 53 0.31 −42 217 97 50 0.51
42 363 168 68 0.40 −61 230 97 56 0.57
55 342 200 66 0.33 −74 208 65 59 0.91

sent minimum, maximum and average values, respectively. SDs and CVs represent
soil water content, soil water storage and water deficit, respectively. P1, P2 and P3
rcases refer to significant differences under various plants or climates. Different low-



Fig. 4. Vertical distributions of soil water content. (a) Averaged over all sites. (b) Averaged over sites with shallow-rooted plants. (c) Averaged over sites with deep-rooted
plants. (d) Averaged over sites in arid region (P1< 200mm), (e) Soil water profiles at sites in semiarid region (200< P2< 400mm), (f) Soil water profiles at sites in subhumid
region (P3 > 400 mm). Hollow gray circles refer to SW content of different soil profiles at all locations. Blue circles and shallow cyan filler represent the average soil water
content and its standard deviation for all profiles. The green circles represent the coefficient of variation (CV). (a)–(f) share the same legend in (d). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Proportion of evidence (PoE) for each factor in the whole profiles, different
rooted plants, and different climatic regions in the horizontal direction. P1, P2 and
P3 represent the climate in arid (P1< 200mm), semiarid (200< P2< 400mm) and
subhuimid (P3 > 400 mm) region, respectively. Bubbles with different sizes
represent the PoE value. Lat, Long, ETp, P, NDVI and Age represent latitude,
longitude, potential evapotranspiration, precipitation, normalized difference
vegetation index and plant age, respectively.
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direction using multi-model analysis (Fig. 5& Table S3). Plant age and soil
clay content overall control SW with PoEs of 1.00 and 0.90, indicating the
strong effects on SW. However, the influences of each factor vary with cli-
mate. Specifically, SW is dominated by soil clay content and plant age in
arid regions (PoE ranged 0.61–0.79), precipitation and plant age in semi-
arid regions (0.76–1.00), but NDVI and plant age in subhumid regions
(1.00), respectively. For plants with different root systems, SW under
shallow-rooted plants is mostly controlled by precipitation, clay and NDVI
(0.61–0.65); the corresponding variables with deep-rooted plants are
plant age and potential evapotranspiration with PoE of 0.81 and 0.57.

Vertically, the PoEs of vegetation factors (0.88–1.00) are higher than
those of soil properties (0.57–0.66) and climate factors (0.49–0.58)
(Fig. 6& Table S3). Specifically, plant age is the dominant driver for all pro-
files with the greatest explanatory power (1.00), followed by NDVI (0.88).
The above two factors (i.e., plant age and NDVI) also dominate the active
layers and relatively stable layers (1.00 and 0.88, and 1.00 and 0.78); how-
ever, plant age and soil sand content have the highest PoE in the rapidly
changing layers (0.54 and 0.43). Under different plants, NDVI, precipita-
tion and soil clay content (0.71–0.82) are the factors offering the best expla-
nation for vertical variability of SW under shallow-rooted plants, while the
corresponding variables are NDVI and plant age (1.00 and 0.82) under
deep-rooted plants, respectively. In addition, different factors were further
identified for different layers in the two root systems, i.e., precipitation and
NDVI for rapidly changing layers, plant age andNDVI for the other layers in



Fig. 6. Proportion of evidence (PoE) for each factor in the whole profiles and
different rooted plants in the rapidly changing layer (L1), active layer (L2) and
relatively stable layer (L3) in the vertical direction. Bubbles with different sizes
represent the PoE value. P, NDVI and Age represent precipitation, normalized
difference vegetation index and plant age, respectively.
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the deep-rooted plants; while NDVI is themost important factor influencing
SW of the three layers with high PoE (0.59–1.00) in the shallow-rooted
plants.

3.4. Predicted models of SW

In this study, R2
adj values remained almost constant once three or four

factors were used for the model development (Fig. S2), indicating the ap-
propriate number of predictors. With the number of predictors determined,
the SW models were regressed (Table S4) and validated for different soil
layers and vegetation systems (Fig. 7). Overall, the predicted and observed
SW values were distributed along the 1:1 line, and the RMSE ranged
2.11–2.91 g 100 g−1 for horizontally averaged SW under different plant
types, and 3.70–4.10 g 100 g−1 for vertical SW in different soil layers
and/or different plants, respectively (Fig. 7). It indicated that the developed
models are reliable in predicting SW for different soil layers and plants.

4. Discussion

4.1. How do environmental factors affect soil water variability?

SW varied horizontally with a downward gradient from the southeast to
northwest in the Loess Plateau (Fig. 3). Although the horizontal variability
of SW coincides with that of precipitation, the factors dominating SWwere
identified as plant age and soil clay content. This contradiction may be the
result of the interactions of preferential factors in the agroforestry system
(Liang et al., 2018; Wattenbach et al., 2007). The largely increased deep-
rooted plants can deplete soil water because the root systems are being de-
veloped gradually as the stand ages (Bleby et al., 2010; Cui et al., 2019;
Markewitz et al., 2010). The soil clay content determines the SW retention
capacity (Markewitz et al., 2010; Qiao et al., 2018). As such, plant age and
soil clay content combine to determine the water content in soils, suggest-
ing that conserving SW is more important than increasing water inputs
for SW management in the Loess Plateau.
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Further, the driving factors for horizontally varied SW differ with cli-
mate. The factors dominating SW are soil clay content and plant age in
arid regions, precipitation and plant age in semiarid regions, NDVI and
plant age in subhumid regions, respectively (Fig. 5 & Table S3). Plant
age, identified for each kind of climate, highlights the strong effects of
rootwater uptake on SW (Beyer et al., 2018). The arid region has the largest
evaporation but least precipitation with SW dominated by the ability of soil
to conserve water (Gupta and Larson, 1979; Ravina andMagier, 1984). The
semiarid region is sensitive to both the inputs and outputs of SW, which
highlights the effects of precipitation (Seonghun et al., 2019; Welty and
Zeng, 2018). With greater precipitation and better vegetation in subhumid
regions, the stress from vegetation on SW is enhanced because of less bio-
chemical limitation and photosynthetic advantage (Pace et al., 2021). The
slight differences between the identified factors suggest the importance in
the need for discriminating SW management for different climates (Gu
et al., 2021).

Vertical distribution of SW is mainly influenced by the infiltration and
redistribution of precipitation (Scott and Richard, 2015; Williams and
Allman, 1969; Zhang et al., 1990). However, in this study, the vertical var-
iability of SW is dominated by plant age and NDVI (Fig. 6 & Table S3),
followed by such factors as soil type and climate. In the soil-plant-
atmosphere system, plant growth is a primary mechanism of SW loss by
transferring water to the atmosphere (Chang et al., 2020; Wang et al.,
2013). The dominant effects of vegetation on vertical variability of SW sug-
gest that root water uptake may overuse stored water but slow downwater
infiltration (Huang et al., 2018). For example, SW content is higher in the
relatively stable layers than that in the rapidly changing layers and active
layers (Table 1), which suggests depth influences root water consumption
(Markewitz et al., 2010; Wang et al., 2013).

4.2. Why the SW variability is different under shallow- and deep-rooted plants?

The factors controlling SW variability differ with plant type because of
their unique characteristics related to hydrology (Bouaziz et al., 2020;
Dekker et al., 2007). Shallow-rooted plants can retain more water in soils
because of small roots, weak water uptake capacity, high percolation and
low evapotranspiration (Markewitz et al., 2010; Wang et al., 2012; Ye
et al., 2019), and this can lead to spatially varied SWunder different rainfall
patterns (Sheil et al., 2019; Zhang et al., 2020b). In contrast, deep-rooted
plants decrease SW by intense leaf interception and evaporation above
the surface and strong root water uptake below the surface (Markewitz
et al., 2010; Wang et al., 2012). In the Loess Plateau, with arid to subhumid
climates, water inputs for SWare limited, but thewater loss is large because
of dry air and root water uptake (i.e., evapotranspiration). In particular,
vegetation has a great influence on evapotranspiration, but the effects
vary with plant type (Gu et al., 2021).

In this study, for both the horizontal and vertical direction of SW vari-
ability, precipitation, clay content and NDVI are the most important vari-
ables under shallow-rooted plants, while the corresponding variables
under deep-rooted plants include plant age, NDVI and potential evapotrans-
piration (Figs. 5 & 6, Table S3). Under shallow-rooted plants, water inputs
from precipitation, water conservation from clay content, and water loss
from vegetation combine to control SW; however, under deep-rooted
plants, the factors related to vegetation have overwhelming importance
over other factors since plant age and NDVI are related directly to vegeta-
tion while evapotranspiration is related indirectly to vegetation (Asokan
et al., 2010; Gu et al., 2021; Zhou et al., 2015). Consequently, deep-
rooted plants alter SW cycling more than under shallow-rooted plants,
highlighting the vegetation effects on SW in the Loess Plateau.

Water deficits were detected in the arid and semiarid regions under
shallow-rooted plants, while these deficits exist across the entire study
area for the deep-rooted plants (Fig. 3& Table 1), implying the balance be-
tween plant water requirements and water availability varies with climate
and plant type. Particularly, compared with shallow-rooted plants, trees
with developed root systems in the Loess Plateau, were found to reduce
SW by 11%, 17.3% and 4% in the rapidly changing layers, active layers



Fig. 7. Scatter plots of predicted horizontal SW content in all profiles and different rooted plants (a), predicted vertical SW content in all profiles (b), different rooted plants
(c) and different soil layers (d). The model performances for predicting SW content are also showed in Table S3.

Fig. 8. Fitted relationships between SW and apple tree age. Red circles are averaged
SW contents of each profile, the light gray lines represent the error bars. The black
line is the fitting line between SW contents and apple tree ages. (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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and stable layers, respectively (Table 1), implying the importance of tree
impacts on soil ecosystem services. Alternatively, from the perspective of
sustainability of water resources, deep-rooted plants can be used for reveg-
etation if they can be managed according to their stand ages. Specifically,
soil water depletion mainly occurs in the active layers for plants with
stand ages <20 years while it can be detected in the relatively stable layers
for plants with stand ages >30 years (Fig. S1).

According to previous studies, plant age is positively related to root
length density and maximum root depth (Li et al., 2019a; Zhang et al.,
2021), while our previous studies demonstrated that older plants lead to
larger water deficits by absorbing old bound water which stored in soil
with strong water-water binding and weak movement (Li et al., 2018;
Zhang et al., 2017). SW content is negatively correlated with plant age
(Fig. 8, p < 0.01), which further confirms the chronic depletion of SW
because of gradually developing root systems with increasing age (Chen
et al., 2008). These conclusions provide a reasonable explanation of the
mechanism of the role of plants and related factors which influence SW
for deep-rooted plants. The resultant water deficit, in turn, affects the
balance of the agroforestry system, such as vegetation degradation; many
small old trees exist in the Loess Plateau since limited available water
in soil cannot meet the large water requirements of plants (Liu et al.,
2018).

4.3. Uncertainties and implications

This study identified the dominant factors of SW in horizontal and ver-
tical directions by combining the multimodel inference approach and
9

stepwise regression analysis; however, the potential application of estab-
lished models should consider data availability. First, this study employed
the tritium peak method for SW aging at different depths, and then
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incorporated the corresponding historical climate information for SW pre-
diction model development. Although it is not possible for each site to
use the tritium profile for SW dating, other alternative methods can be
used for this purpose, such as chloride mass balance (Phillips et al.,
1988). All the regressed equations include precipitation, indicating
the overwhelming importance of precipitation in predicting SW
(Dekker et al., 2007; Lazo et al., 2019; Wang et al., 2020; Yuan et al.,
2021; Zhang et al., 2020a). This implies that it may be more accurate
to develop models for each climate type. This will require future inves-
tigation once enough SW data is available for different climates. This
study used NDVI data with a 250-m resolution for each sampling site,
which may make it difficult to distinguish the NDVI values of different
sites at the same location. However, it is still representative when ana-
lyzing SW variability for the large horizontal domain. Finally, to reveal
the effects of vegetation on SW, the parameterization of vegetation
should be conducted for large-scale SW prediction. For example, the
plant parameters related to stand age or root density should be
interpreted at fine spatial resolution.

The main variations in SW after tree planting in the Loess Plateau are
the significant reduction in SW storage, which could cause degradation
for the restored ecosystem (Zhang et al., 2018). The effects of vegetation
change on SW provide insights for vegetation adjustments to avoid the de-
pletion of water resources (Feng et al., 2016; Kumar et al., 2020). Specifi-
cally, selecting appropriate tree species should be taken into account.
Then, studying the effects of vegetation density and integrated cultivation
(mixed vegetation) on soil hydrological processes can guide the conserva-
tion of soil moisture in an agroforestry system. Further, model simulations
and empirical tests should be conducted to find a vegetation pattern that
maintains a balance between limited water resources and plant water de-
mand for a revegetation project.

5. Conclusions

Understanding the mechanisms behind spatially and temporally varied
SW is important to balance hydrological and ecological systems. This study
explored this issue by relating different environmental factors to SW to de-
termine their dominance in the Loess Plateau. SW content and storage in-
creased along the northwest-southeast direction, while SW deficits
decreased under shallow-rooted systems but there was little difference
with deep-rooted plants. SW content and storage in the deep layers are
greater than those in shallow layers. The most influential factors are plant
age and soil clay content in the horizontal direction, while plant age and
NDVI are important in the vertical direction. However, SW in different cli-
matic regions and/or plants is dominated by a variety of environmental fac-
tors. This study highlights the importance of understanding the effect of
vegetation change on the mechanisms of SW variability in an agroforestry
ecosystem.
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