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ARTICLE INFO ABSTRACT

Keywords: The continuous afforestation has led to significant changes in soil moisture (SM) dynamics on the Loess Plateau,
Afforestation China (LPC). However, evaluating the spatio-temporal distributions and driving factors of the SM changes fol-
Evapotranspiration lowing afforestation is challenging because of the difficulty of accessing areas and the lack of long-term series
Eli\c/ilpitation records. Here, we evaluated the accuracy of Global Land Evaporation Amsterdam Model (GLEAM) SM product

by comparing with in-situ SM data in LPC, and quantified the spatio-temporal variations of SM in different
periods from 1982 to 2015 under the ‘Grain for Green’ program (GGP). The results showed that the Normalized
Difference Vegetation Index (NDVI) was well matched with the SM variations in more than 46% area of LPC
from 1982 to 2015, which mainly located at the vegetated areas. The variations of SM responding to re-
vegetation displayed obvious southeast-negative and northwest-positive patterns, which was the wet region
(annual precipitation > 450 mm) to be dry and dry region (annual precipitation <450 mm) to be wet. Path
coefficient value revealed that the positive effect of vegetation activity for grassland on SM was ascribed to its
promotion on the occurrence of rainfall (mean path coefficient = 0.278). Precipitation played vital impact on
the SM in bareland and sparsely vegetated area, and evapotranspiration played a dominant role in the SM
dynamic of the forestland, especially at the early stage of GGP (From 2000 to 2010), while precipitation and
NDVI had stronger effects than evapotranspiration on the SM dynamics of grassland. Our study suggests that in
arid and semi-arid areas, vegetation achieves the optimal water retention capacity when the vegetation fractions
are 1.4%-3.7% and 3.8%-7.2%, respectively. Hence, vegetation should not be further expanded in semi-humid
areas, but should be further restored in arid and semi-arid areas with sparse or excessively sparse vegetation
cover (especially in desert).

Loess Plateau
Soil moisture

1. Introduction

Arid and semi-arid ecosystems (called hereafter “drylands”) occupy
41% of global land surface and support over 38% of the world’s po-
pulation (Reynolds et al., 2007). Revegetation programs in drylands
such as ‘Grain for Green’ Program (GGP) have been implemented ex-
tensively (Deng et al., 2016, 2017). They provide opportunities for
promoting the ecosystem services, such as climate change regulation,
carbon sequestration improvement, and soil water retention, etc (Piao
et al., 2006; Yuan et al., 2016). Meanwhile, revegetation programs
could have significantly impact on soil moisture (SM) changes, espe-
cially in the arid and semi-arid areas (Deng et al., 2016).

SM plays a vital role in hydrologic cycle and are greatly influenced
by climatic factors (precipitation, temperature and evapotranspiration)
(Lawrence and Vandecar, 2014), vegetation characteristics (plant spe-
cies, age and density) (Deng et al., 2016; Manoli et al., 2016), soil
properties with soil texture, soil porosity and soil organic matter, etc
(Schlaepfer et al., 2017), topographic attributes, and land-use/land-
cover patterns (Van Loon et al., 2016). Soil water mainly comes from
the infiltration from precipitation or irrigation and the recharge from
groundwater, and its reduction mainly by evaporation, root uptake,
surface runoff, and infiltration to deeper soil layers. SM dynamic con-
tributes to a variable but continuous spatial redistribution of soil water
(Schlaepfer et al., 2017). SM is the most primary limiting factor for
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Fig. 1. Study area. Spatial distributions of land cover types over the Loess Plateau based on GLC2000 (the Global Land Cover 2000 Project) data: (a) Year 2000, (b)
Year 2010; (c) The fraction of land use types in different years; (d) The distributions of revegetation area and rainfall zones.

drylands vegetation, and greatly impacts on the spatio-temporal dis-
tribution of vegetation (Feng et al., 2016), on the contrary, vegetation
activity also plays a vital role in regulating SM dynamics, especially
after extensive afforestation (Deng et al., 2016).

Vegetation cover affects SM by precipitation partitioning, such as
canopy interception, throughfall and stemflow (McColl et al., 2017).
The precipitation intercepted by plant canopies has no direct con-
tributions to SM (Llorens and Domingo, 2007), while throughfall and
stemflow have direct effects on the spatio-temporal variation of SM
(Durocher, 1990). The satellite-derived vegetation indices such as
Normalized Difference Vegetation Index (NDVI), which is widely used
at local to global scale, was used to represent the vegetation activity
(Jasechko et al.,, 2013; Ortiz et al., 2008; Peng et al., 2017). Re-
vegetation dramatically decreases the SM by increasing evaporation,
retaining precipitation on the leaves, and root water uptake (Li and
Shao, 2006). A significant decline of SM has been reported in both deep
and surface soil layers after planting of trees (Chen et al., 2008; Deng
et al., 2016). However, SM is increased by the lower land surface
temperature and soil evaporation under plant canopy shadows as well
as by the higher rainfall infiltration into soil, canopy storage and col-
lection in tree trunk (Jiao et al., 2016). Revegetation influences the
exchange of energy and water between land surface and atmosphere,
which affects precipitation occurrence (Piao et al., 2008). In general,
the balance between soil water input and output is vital for under-
standing the water cycle in the terrestrial ecosystem, especially in arid
and semi-arid ecosystems (Wang et al., 2008). Therefore, it is important
to explore the response of SM dynamics to revegetation on drylands.

The Loess Plateau, China (LPC) is one of the most representative
drylands ecosystems and eroded landscape in the world (Fu, 1989).
Intensive agricultural practices had caused extremely severe soil ero-
sion in the LPC. Thus, several practical measurements on soil and water
loss control have been implemented since the 1980s to give information
on optimizing the land use pattern and configuration, including the
building of terraces and sediment-trapping dams, banning grazing and
afforestation in bareland. But soil erosion was still severe in cultivated
slope cropland. Then, GGP, one of the most well-known revegetation
programs (Deng et al., 2012, 2017), has been implemented in the LPC
to restore the fragile ecosystems by converting slope cropland (> 25°)

and bareland into grassland, shrubland and woodland since 1999 and
expanded to the whole plateau in 2000 (Feng et al., 2016). The vege-
tation cover of the LPC has been almost doubled from 1999 to 2010
after the implementation of GGP (Chen et al., 2015b). The significant
achievements of GGP in controlling soil erosion have been widely ac-
knowledged (Deng et al., 2012), but there is a new confusion about
whether revegetation positively or negatively affects SM dynamics.

Currently, the understanding of SM dynamics in drylands seems to
be fragmented, since previous researches have been mainly focused on
the impacts of vegetation activity, precipitation and evapotranspiration
on SM at a short period of time (Yang et al., 2014; Zhang et al., 2009).
At a transect scale, Yang et al. (2017) have proposed that SM dynamics
are highly variable under different land use types. Although there have
been some recent reports about the variations of SM under different
land use types and in different rainfall zones in the LPC (Deng et al.,
2016; Feng et al., 2016), very limited literatures focus on the impact of
vegetation perturbation (such as returning farmland to forestland or
grassland) on the spatio-temporal patterns of SM dynamics. In addition,
the individual contribution of vegetation activity, evapotranspiration
and precipitation to SM still remains poorly understood.

Over the past three decades, many efforts have been made to de-
velop satellite SM products (Miralles et al., 2011; Park et al., 2017;
Wang, 1985). Global Land Evaporation Amsterdam Model (GLEAM) SM
product, which spans the period 1980-2016 with spatial resolution of
0.25° X 0.25°, assimilates microwave observations of SM from the
European Space Agency's Climate Change Initiative (CCI-SM). It shows
a general good agreement with in situ SM (Martens et al., 2016).
GLEAM SM product provides opportunities to explore spatio-temporal
dynamics of SM back to 1982, and thus to analyze its drives by re-
vegetation. However, these opportunities have not been fully utilized,
especially in drylands. Therefore, the specific objectives of this study
are to: (1) evaluate the performance of GLEAM SM product in capturing
the spatio-temporal dynamics of SM on the LPC; (2) obtain the spatio-
temporal distributions of SM change trend across the LPC from 1982 to
2015; (3) determine whether and how vegetation cover, evapo-
transpiration and precipitation directly/indirectly affect SM dynamics,
and (4) preliminarily assess the effects of GGP on SM.
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2. Materials and methods
2.1. Study area

The LPC is located within 33.72°-41.27 °N, 100.90°-114.55 °E, and
200-3000 m altitude, with an area of approximately 6.4 x 10°km?
(Fig. 1). The region is in an arid and semi-arid continental monsoon
climate zone. The mean annual precipitation (MAP) is 420 mm and
ranges from 150 mm in the northwest to 800 mm in the southeast,
about 55%-78% of which concentrates in the wet season (Xin et al.,
2011; Zhao et al., 2017). The period from July to September is defined
as wet season and other months are regarded as dry season (Wang et al.,
2017b). It is considered as one of the most seriously eroded landscapes
in the world. As one of the most well-known revegetation program, GGP
was started in 1999 and expanded in 2000s to the whole plateau (Zhou
et al., 2012), with the greatest intensity in the first ten years. In addi-
tion, the impact of vegetation on SM tended to be more stable after
8-10 years of tree planting compared with in the early stage (Wang
etal., 2011). According to the GlobeLand30 (http://www.globeLand30.
org) (Chen et al., 2015a), which developed by National Geomatics
Center of China (NGCC), the vegetations in LPC are classified into 4
types: Cropland (C), Forestland (F), Shrubland (S), and Grassland (G)
(Fig. 1a, b).

2.2. Datasets

The data of root-zone (10-250 cm) and surface (0-10 cm) SM were
retrieved from the Global Land Evaporation Amsterdam Model
(GLEAM) Version 3.0a with a spatial resolution of 0.25° global grid.
GLEAM aims at deriving the physical process of evapotranspiration by
combining different satellite images. The land-cover type of each grid
cell was classified as tall vegetation such as forestland (soil depth: 0-10,
10-100 and 100-250 cm), low vegetation such as grassland (soil depth:
0-10 and 10-100cm) and bare soil (soil depth: 0-10 cm) (Martens
et al., 2017). A detailed algorithm has been described by Miralles et al.
(2011). According to the method of a previous study (Feng et al., 2017),
the availability of GLEAM SM was validated by in-situ SM in the LPC,
which the information in details was showed in Supporting Information
(SI) (Fig. S1). And we assumed that there was a constant error and
reliability for root-zone and surface data. GLEAM also provides the
evapotranspiration data in 1982-2015. Given that the groundwater
depth exceeds 250 cm, the supply of water by rainfall to groundwater
was not taken into account (Li and Huang, 2008).

NDVI equals to the ratio of the difference to the sum in the re-
flectance of near-infrared band and red band. The NDVI data were
obtained from Advanced Very High Resolution Radiometer (AVHRR)
developed by the Global Inventory Modeling and Mapping Studies
(GIMMS) group. The GIMMS NDVI dataset in 1982-2015 was derived
at a spatial resolution of 1/12° and a temporal resolution of 15 days
(https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/). The datasets
for monthly precipitation (1982-2015) were collected from Chinese
Meteorological Data Network (http://data.cma.cn/). All data are re-
sampled to 0.25° X 0.25°. Figs. S2-S4 display the spatial patterns of
NDVI, evapotranspiration and precipitation. The meteorological station
data were used to validate the rationality of resampled data (Fig. S5).
Fig. S6 shows the changes of annual SM, NDVI, evapotranspiration and
precipitation during the period of 1982-2015.

2.3. Statistical analyses

Based on each pixel point, the unary linear regression was used to
determine the variation trends of SM in both root-zone and surface soil,
NDVI, evapotranspiration, and precipitation. The formula is as follows
(Mao et al., 2012):
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where, b is the slope of the change trend, n is the number of observed
years, X; is the year serial number, y; is the mean value of SM, NDVI,
evapotranspiration, or precipitation in observed years. Positive and ne-
gative values of b indicate an increase and decrease of y, respectively.

The factors that affect SM are interrelated with each other in the
geosystem. Hence, when studying the correlation of two factors in a
multi-factor system, other factors should be excluded in a partial cor-
relation analysis. To understand the impacts of NDVI, evapotranspira-
tion and precipitation on SM dynamics, the partial correlation analysis
between SM and one factor (e.g. NDVI) was performed after statistically
controlling other factors (e.g. evapotranspiration and precipitation),
using the formula as follows (Velicer, 1976):

®
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where ry, = 23009

where 1, ; is the partial correlation coefficient between variable x
and y, with controlling the effect of variable z, r,, ry, and r,, are cor-
relation coefficients between variable x and variable y, variable x and
variable 2, and variable y and variable z, respectively.

F test and t-test were used to determine the significance of the
change trend and partial correlation coefficient, respectively. Their
equations were shown in SI text. The spatial distributions of NDVI,
evapotranspiration and precipitation trends in the LPC and their sig-
nificance levels are displayed in Figs. S7-S9 and S10, respectively.
Lindeman-Merenda-Gold (LMG) method was used to further quantify
the relative importance of NDVI, evapotranspiration and precipitation
in determining the SM. It was performed in R software (version 3.4.3)
with the package “relaimpo” (Gromping, 2006).

In order to analyze the effects of NDVI, evapotranspiration and
precipitation on SM dynamics more clearly, the LPC was divided into
three rainfall zones based on the standard classification criteria for arid
and semi-arid areas: Rainfall zone I (< 250 mm, arid area), Rainfall
zone II (250-500 mm, semi-arid area) and Rainfall zone III (> 500 mm,
semi-humid area) (Huang et al., 2016). Based on the implementation
intensity of GGP and the impact of vegetation on SM, four separate
periods, including 1982-2015 (P0), 1982-1999 (P1, before GGP),
2000-2010 (P2, early stage of GGP), and 2011-2015 (P3, later stage of
GGP), were selected to examine the spatio-temporal patterns of the
chosen eco-environmental factors.

2.4. Path analysis

Before path analysis, the revegetation area was converted to 209
points to extract the data of SM in root-zone and surface soil, NDVI,
evapotranspiration and precipitation from 1982 to 2015 (Fig. 1d).
Based on land use types, these 209 points were divided into grassland
and woodland (including forestland and shrubland). Then, partial cor-
relation analysis was performed based on the extracted data. The dy-
namic changes of partial correlation coefficients of SM with NDVI,
evapotranspiration and precipitation divided the period of 1982-2015
into four stages: 1982-1998 (before GGP), 1999 (beginning of GGP),
2000-2007 (early stage of GGP), and 2008-2015 (later stage of GGP)
(Fig. S11). Path analysis presents the direct and indirect relationships
between variables in a multivariate statistical analysis (Wang et al.,
2017a). It partitions the correlation coefficients into components and
shows as path coefficients. Here, we used path analysis to separate the
direct and indirect effects of NDVI, evapotranspiration and precipita-
tion on SM dynamics in grassland or woodland during different stages.


http://www.globeLand30.org
http://www.globeLand30.org
https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/
http://data.cma.cn/

L. Ye et al.

1982-2015

1982-1999

2000-2010

350Q70!VN

2011-2015

40°0'0""N

105°0°0"N 110°0'0”N

Agriculture, Ecosystems and Environment 269 (2019) 204-214

105°0°0"N 110°0'0"N 3

40°0'0”’N

350Q70HN

0 125 250 500
km

40°0'0”"N

35°0'0"N

m’ m
0.42

0.37

0 125 250 500
—— km

105°0°0”'N 110°0'0”N

105°0'0"N 110°0'0”"N

40°0'0”"N

350010 "N

0 125 250 500
L S

40°0'0"N

35°0'0"N

0.32

—0.27

0 125 250 500
e km

105°0'0"N 110°0'0”"N

105°0'0""N 110°0'0"”"N

0 125 250 500
s km

40°0'0"”"N

35°Q’0"N

—0.22

0 125250 500
km —0.17

105°0'0""N 110°0'0"N

105°0'0"N 110°0'0"”"N

40°0'0"”N

35°Q'0"N

0 125 250 500
——  km

40°0'0"”"N

350QIOHN

0.12

0 125 250 500
— km

SMroot (m* m™)

SMsurf (m* m™) 0.07

Fig. 2. Spatial distributions of annual mean soil moisture (SM) over the Loess Plateau during the four periods: 1982-2015 (first row), 1982-1999 (second row),
2000-2010 (third row) and 2011-2015 (fourth row). The SM distributions are estimated in root-zone (al, bl ¢l and d1) and surface soil (a2, b2, ¢2 and d2),
respectively. SMroot and SMsurf represent the soil moisture in root-zone and surface soil, respectively.

3. Results

3.1. Spatio-temporal pattern of soil moisture dynamic

There had an obvious gradient in annual SM climatology in both
root-zone and surface soil from northwestern to southeastern LPC and
Mu Us desert was the most arid area in the LPC (Fig. 2). SM was higher

in surface soil compared with in root-zone soil. The validation of Global
Land Evaporation Amsterdam Model (GLEAM) SM availability showed
that the data range was 0.16 + 0.06 m®m~3 for in-situ SM,
0.07 * 0.02 m®*m ™3 for the Japanese Aerospace Exploration Agency
(JAXA) SM, and 0.31 + 0.03 m®*m~> for GLEAM SM. However, the
relationships between GLEAM SM and MODIS leaf area index (LAI)/
land surface temperature (LST) were consistent with those between in
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situ SM and MODIS LAI/LST (Fig. S1). These results suggested that
GLEAM SM data had a same applicability for evaluating the spatio-
temporal variations of SM in the LPC just as JAXA SM.

There had fluctuating trends for SM in both root-zone and surface
soil in the LPC during 1982-2015 (Fig. S6). On the spatial scale, there
was a widespread drying trend from 1982 to 2015 in Rainfall zone III,
with an average rate of -1.06 + 0.42 X 10">m®*m ™2 yr™! in root-
zone soil and -1.42 + 0.75 x 10 *m®m 3 yr ! in surface soil, and
99% (29%, P < 0.05) and 98% (62%, P < 0.05) of the entire area
show negative trends (Fig. S10 al-a4 and bl-b4, Tables S1-S2), re-
spectively. This drying trend during the period of P3 (2011-2015) was
faster than that during the periods of P1 (1982-1999) and P2
(2000-2010). But for the arid area, there was a wetting trend during the
four periods. In Rainfall zone II, the wetting trend spatially expands to
the southeast side of the LPC from P1 to P2 and P3 (Fig. 3). In summary,
the change trends of SM in different rainfall zones showed that the
wetter area (MAP > 450 mm) tends to get drier while the drier area
tends to get wetter from 1982 to 2015 throughout the LPC (Fig. 3, Fig.

209

S6, and Tables S1-S2). SM in surface soil decreased more quickly than
that in root-zone soil after the implementation of GGP.

3.2. Spatio-temporal patterns of NDVI, evapotranspiration and precipitation
dynamics

The results showed green area in the LPC increased gradually from
the arid area to the semi-humid area, which was in accordance with the
spatial distribution of the implementation of GGP and the hydrothermal
gradient in the LPC (Figs. 1d and S2, S4). There was an obvious in-
creasing trend for the annual-mean GIMMS NDVI during 1982-2015,
especially in the last decade. The spatial distributions of annual-mean
evapotranspiration (Fig. S3) and precipitation (Fig. S4) also exhibited
same regional characteristics. Compared with NDVI, evapotranspiration
and precipitation had more fluctuant inter-annual variations
throughout the LPC from 1982 to 2015 (Fig. S6).

The change trends of NDVI, evapotranspiration and precipitation
were subsequently examined (Figs. S7-S9). Similar greening trends
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were found in dry, wet season and at an annual time scale for all periods
(Fig. S7 and Tables S1-S2). As for the distribution of NDVI trend,
greening trend changed significantly from arid area to semi-humid area.
The greening was rapid during the last decade with average rates of
0.83 + 4.04 x 10 3yr 'inP2and 5.33 * 10.49 x 10 3yr~'in P3.
The regions with significantly increased NDVI accounted for 35% of the
total area (P < 0.05), and aggregate in the revegetation area (Figs. 1d
and. S10). Evapotranspiration showed a decreasing trend throughout
the LPC and in Rainfall zone I and II during 1982-2015, while displayed
an increasing and fluctuating trend in Rainfall zone III (Fig. S8, Tables
S1-S2). For precipitation, it decreased in the LPC and semi-humid area,
but increased in arid and semi-arid area (Fig. S9, Tables S1-S2). The
increasing trend of rainfall in the revegetated area was significantly
much higher than that in the surrounding area (P < 0.05, Fig. S9). And
the change trends of evapotranspiration and precipitation had no sig-
nificance (P > 0.05, Fig. S10).

3.3. Relationship between NDVI, evapotranspiration and precipitation and
SM at spatio-temporal scale

Given that the partial correlation of SM with NDVI was significantly
higher than that with evapotranspiration and precipitation, NDVI was
considered as the most important factor in SM dynamics from 1982 to
2015. Less than 92% (30%, P < 0.05) of 1029 pixels showed a positive
correlation and 78% (27%, P < 0.05) of pixels show a negative cor-
relation between NDVI with SM (Table S3). For evapotranspiration, less
than 8% of the pixels exhibited significantly positive correlation and
7% of pixels exhibit significantly negative correlation with SM.
Precipitation showed a significantly positive effect on SM in relatively
dry region, with less than 76% (24%, P < 0.05) of pixels exhibiting
positive correlation with SM. These results exhibited that satellite-based
SM was more sensitive to NDVI than to evapotranspiration and pre-
cipitation, especially in wet region during dry season and dry region
during wet season (Fig. S12). We further explored the dominant driver
by decomposing of regression coefficients when regressing SM in both
root-zone and surface soil against NDVI, evapotranspiration, and pre-
cipitation (Fig. 4). The dominant driver to SM variation varies widely
across the LPC. Vegetation activity was the dominant driver in root-
zone SM for about 49% of the area and in surface SM for about 46% of
the area, while evapotranspiration and precipitation spread over Mu Us
Desert, central LPC, Southwest LPC, and eastern LPC (Fig. 4). SM var-
iation over the revegetated areas of LPC is dominantly drived by ve-
getation activity, suggesting GGP is driving the SM variability, espe-
cially for root-zone SM.

Considering the important role of NDVI in SM dynamics, the pixels
were classified according to the NDVI value (> 0.1, defined as vege-
tated areas) with an interval of 0.05. The results showed that the effects
of the driving factors for SM dynamics under different vegetation covers
are strongly dependent on season and local rainfall (Fig. 5). NDVI had a
moderately and significantly positive effect on root-zone SM when
NDVI < 0.275 in the LPC or semi-arid area and when NDVI was close to
0.125 in arid area (P < 0.20, Fig. 5a—c). NDVI had a strongly negative
effect on SM in the area with a relatively sparse vegetation (NDVI <
0.325) or dense vegetation (NDVI > 0.525) in Rainfall zone III,
especially for surface SM (Fig. 5d). Precipitation had a moderately and
significantly positive and dominant effect on SM when NDVI < 0.15 for
arid area and the whole plateau and when NDVI < 0.2 for semi-arid
area (P < 0.20). In addition, precipitation had a greater impact on SM
in surface soil than in root-zone soil. In the semi-arid area with
NDVI > 0.2, a moderately significant effect of evapotranspiration on
SM was found (P < 0.20).

Then, the pixels were classified as cropland (C), forestland (F),
grassland (G), and bareland (B) to identify the dominant driving factors
for SM dynamics under different land use types (Table 1). In root-zone
soil, the SM under all land use types was mainly controlled by NDVI,
with 74% (25%, C), 55% (9%, F), 87% (28%, G), and 69% (12%, B) of
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pixels exhibiting positive partial coefficients in arid and semi-arid areas
(P < 0.05, land use type), respectively. NDVI mainly had a negative
effect on SM in wet region, with 70% (8%), 67% (6%) and 78% (9%)
pixels of cropland, forestland and grassland having negative partial
correlation (P < 0.05), respectively. NDVI, evapotranspiration and
precipitation showed stronger effects on surface SM than on root-zone
SM. For precipitation in bareland, 82% (2%) and 82% (4%) pixels of the
entire area and arid area exhibited positive partial coefficients
(P < 0.05), respectively. These results indicated that precipitation has
more significant effects on SM in surface soil, non-vegetated areas,
sparsely vegetated area or dry region (P < 0.05). In general, annual
SM was much more strongly correlated with NDVI in both root-zone
and surface soil than evapotranspiration and precipitation in semi-
humid area, but the effect of NDVI became more coupled with that of
evapotranspiration or precipitation in the arid and semi-arid area under
all land use types.

3.4. Contributions of NDVI, evapotranspiration and precipitation to SM

We compared the relative importance of vegetation activity of
grassland and woodland, evapotranspiration, and precipitation in SM
dynamics in each stage of GGP (Fig. 6), and found that their con-
tributions to SM dynamics are significantly different. Besides, the ve-
getation activities of grassland and woodland revegetated areas ex-
hibited distinct contributions to SM dynamics.

Before the implementation of GGP, the SM was directly controlled
by precipitation (0.491), evapotranspiration (-0.196) and NDVI (0.186)
in surface soil. The relatively low vegetation transpiration effect in
cropland (0.086) leaded to a less reduction of SM, especially for surface
soil. However, evapotranspiration had a significant and indirect con-
tribution to SM through promoting rainfall (P < 0.05, Fig. 6). At the
beginning of large-scale GGP implementation, there were anomalous
effects of evapotranspiration, precipitation and NDVI on SM in wood-
land revegetated areas. For example, evapotranspiration (0.542) posi-
tively contributes while precipitation (-0.413) negatively contributes to
SM. The grassland revegetated areas were mainly located in rain-fed
arid and semi-arid regions. Hence, the contribution of rainfall was still
significantly positive, with the values of 0.515 and 0.241 for root-zone
and surface SM, respectively (P < 0.05). In the early stage of GGP, the
negative contribution of vegetation transpiration to SM was peaking,
with the values of —0.482 and -0.569 in root-zone and surface SM,
which was greater in woodland than in grassland. After the im-
plementation of GGP, the contributions of the driving factors for SM
dynamics followed the order of precipitation > NDVI >
evapotranspiration in revegetated grassland at all stages of GGP and
evapotranspiration > precipitation > NDVI in revegetated woodland
especially during the early stage. Moreover, the vegetation activity first
affected the rainfall occurrence, and then did the SM.

4. Discussion

There had an obvious and downward gradient in annual SM from
northwestern to southeastern LPC, and Mu Us desert is the most severe
arid area in the LPC (Fig. 2), which was consistent with the result of
Wang et al. (2011) who studied the spatial distribution of SM
throughout the LPC with a large amount of sample data. According to
the method in the previous study (Feng et al., 2017), we found that the
relationship between GLEAM SM and MODIS LAI/LST was consistent
with those between in situ SM and MODIS LAI/LST (Fig. S1). These
results indicated that GLEAM SM is also suitable for evaluating the
spatio-temporal variations of SM in the LPC just as JAXA SM.

At the 34-year time scale, NDVI played a key role in the vertical and
horizontal distribution of SM. At the beginning of GGP implementation,
the intense human disturbance such as irrigation in woodland re-
vegetated areas leads to anomalous effects of evapotranspiration, pre-
cipitation and NDVI on SM (Zhou et al, 2009). The indirect
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The area percentages of positive/negative partial correlation coefficient (statistically significant at P < 0.1) between soil moisture and NDVI, E, and Pr during
1982-2015 for each land use type.

Land use Factors Sign Percentage (%)
SMroot SMsurf
All I I 1T All I I 111
C NDVI +® 74 (25) 54 (19) 95 (35) 30 (3) 53 (6) 62 (8) 66 (7) 20 (3)
-® 26 (3) 46 (0) 5(0) 70 (8) 47 (9) 38 (4) 34 (1) 80 (29)
E + 53 (3) 46 (0) 67 (4 23 (0) 63 (9) 46 (0) 75 (12) 39 (2)
- 47 (1) 54 (0) 33 (0) 77 (3) 37 (1) 54 (4) 25 (0) 61 (0)
Pr +® 26 (1) 54 (4) 32 (0) 6 (0) 60 (6) 69 (8) 67 (8) 42 (0)
- 74 (0) 46 (0) 68 (0) 94 (0) 40 (0) 31 (0) 33 (0) 58 (0)
F NDVI +® 55 (9) 0 (0) 76 (18) 33 (0) 46 (6) 0(0) 62 (11) 29 (0)
- 45 (3) 0(0) 24 (0) 67 (6) 54 (6) 0(0) 38 (1) 71 (11)
E +® 27 (1) 0 (0) 25 (1) 28 (0) 50 (6) 0 (0) 61 (10) 40 (3)
- 73 (8) 0 (0) 75 (10) 72 (6) 50 (0) 0(0) 39 (0) 60 (0)
Pr +® 12 (0) 0 (0) 10 (0) 14 (0) 18 (1) 0 (0) 14 (1) 22 (0)
-® 88 (0) 0 (0) 90 (0) 86 (0) 82 (0) 0 (0) 86 (0) 78 (0)
G NDVI + (M 87 (28) 86 (33) 92 (29) 22 (0) 67 (9) 71 (26) 71(7) 13 (0)
-® 13 (1) 14 (0) 8 (0) 78 (9) 33(3) 29 (2) 29 (1) 87 (0)
E +® 61 (6) 52 (2) 65 (8) 35 (0) 53 (5) 34 (0) 59 (7) 30 (0)
-® 39 (1) 48 (49 35 (0) 65 (0) 47 (2) 66 (7) 41 (1) 70 (0)
Pr + ™ 45 (0) 78 (0) 42 (0) 4 (0) 61 (11) 69 (16) 63 (11) 17 (0)
- 55 (0) 22 (0) 58 (0) 96 (0) 39 (0) 31 (0) 37 (0) 83 (0)
B NDVI +® 69 (12) 61 (11) 85 (15) 0 (0) 57 (8) 57 (11) 60 (5) 0 (0)
-™ 31 (0) 39 (0) 15 (0) 0 (0) 43 (6) 43 (4 40 (5) 0 (0)
E + 47 (0) 43 (0) 55 (0) 0 (0) 39 (0) 43 (0) 30 (0) 0 (0)
-® 53 (0) 57 (0) 45 (0) 0 (0) 61 (0) 57 (14) 70 (0) 0 (0)
Pr + 82 (2) 82 (4) 85 (0) 0 (0) 88 (33) 82 (50) 100 (10) 0 (0)
- 18 (0) 18 (0) 15 (0) 0 (0) 12 (0) 18(0) 0 (0) 0 (0)

SMroot: soil moisture in root-zone soil; SMsurf: soil moisture in surface soil; I: Rainfall zone I (< 250 mm); II: Rainfall zone II (250-500 mm); III: Rainfall zone IIT
(> 500 mm); C: Cropland; F: Forestland; G: Grassland; B: Bareland; NDVI: normalized difference vegetation index; E: evapotranspiration; Pr: precipitation; plus sign

(+): positive percentages; minus sign (-): negative percentages; * statistically significant at P < 0.1.
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1982-1998 (before GGP), 1999 (beginning of GGP), 2000-2007 (early stage of GGP) and 2008-2015 (later stage of GGP). P < 0.01, statistically significant. The
contributions are estimated in root-zone (a, ¢, e and g) and surface (b, d, f and h) soil, respectively. GGP, SM, and NDVI represent "Grain for Green" project, soil

moisture, and normalized difference vegetation index, respectively.

contributions of these driving factors were opposite to those in the
stages or areas with limited human disturbance. Some studies have
shown that the vegetation activity in the LPC increases at the cost of soil
water overconsumption (Zhang et al., 2012). However, our study de-
monstrated that the soil water consumption in response to vegetation
activity heavily depended on the local precipitation, vegetation type,
vegetation density and human activity. Soil water overconsumption is
mainly found in the areas with MAP > 450 mm (Figs. 1 and 3). The
rainfall band with MAP = 450 mm was the boundary of forestland and
grassland. A large area of forest in semi-humid area decreases SM by
increasing leaf interception and root water uptake (Wang et al., 2010).
The grassland retained more precipitation in the soil due to the shallow
root distribution, low water uptake capacity (Wang et al., 2012), high
percolation, and low evapotranspiration (Bellot et al., 1999). In addi-
tion, Adair et al. (2011) proposed that CO, induced the declines of
stomatal conductance and plant water use in grassland and thus in-
creases the SM. Zavaleta et al. (2003) suggested that water-limited
ecosystems would increase spring SM content by 5-10% because of the
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feedback of plants to the global warming conditions.

Feng et al. (2017) showed that the precipitation has a significantly
positive effect on SM. In fact, at the 34-year time scale, the significantly
positive effect of precipitation on SM was only found in bareland and
sparse vegetation area. Altogether, vegetation activity had a certain
effect on the occurrence of rainfall, and then affected on the SM.
Forzieri et al. (2017) reported that an increase in leaf area index con-
tributes to the warming of boreal zones through reducing the land
surface albedo and the evaporation-driven cooling in arid areas. The
increasing cloudiness before and after raining may negatively affect the
derivation of SM and NDVI data because of the effects of cloud and
aerosol contamination on surface reflectance and net radiation, which
may lead to an imprecise evaluation of the SM and NDVI trend (Nicolai-
Shaw et al., 2017). Signal contamination or saturation problems may
influence NDVI under high rainfall or biomass circumstances (Wang
et al., 2017b). Furthermore, satellite-based SM was not synchronous
with the rainfall due to the instantaneity of satellite data (Kustas et al.,
1990). Therofore, it seems a paradox that precipitation has no
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significant effect on SM for all land use types except for bareland,
however, the reasonability has been verified by the above-mentioned
facts.

Our results of spatio-temporal analysis highlight the necessity to pay
due attention to the appropriate layout of vegetation density, growth
age and species composition, particularly the planting in drylands.
Based on abovementioned results, we performed a preliminary assess-
ment of GGP effect on SM in the LPC (Fig. S13). Interestingly, it was
potentially beneficial to restore vegetation with the aim to further en-
hancing the ecosystem services in drylands with sparse or excessively
sparse vegetation cover, especially in desert (Fig. S13c), until the ve-
getation fraction (Fv) (SI, Section 1.3) reached the optimal vegetation
cover, namely 1.4%-3.7% and 3.8%-7.2%, respectively. Those in-
dicated that sand-fixing vegetation plays a significant role in restoring
ecological functions. In these areas, an increasing vegetation activity
contributes to a strongest positive effect on soil water retention com-
pared to other areas. Li (2011) found that SM in the grassland was
significantly higher than SM in the bare land except for the SM in
10-20 cm based on long-term monitoring data in Inner Mongolia. It has
proved that the grassland conserves more water than the bare land. Its
intrinsic mechanism is the efficient use and accumulation of water
(Schlesinger and Pilmanis, 1998). However, vegetation cover increases
at the cost of overconsumption of soil water in semi-humid area, while
the effect was not significant when the Fv is 33.3%-53.4% (appropriate
zone just for semi-humid area in Fig. S13 b). In brief, vegetation should
be maintained rather than further expanded in entire semi-humid area
and arid or semi-arid areas with excessively dense, dense or appropriate
vegetation cover.

5. Conclusions

An integrated method based on a variety of satellite data products
had proposed to provide a systematic and quantitative assessment of
the revegetation drivers in spatio-temporal dynamics of SM. And this
method could be applied to other places without a SM monitoring
network. This study confirmed the availability of GLEAM SM in eval-
uating the spatio-temporal variations of SM in the LPC. At the 34-year
time scale, revegetation played a dominant role in SM dynamics in
vegetated areas, and turned the wet region (MAP > 450 mm) to be dry
and dry region to be wet, which was attributable to the differences in
vegetation structure, density, growth age, and species. The significantly
positive effect of precipitation on SM was only found in bareland and
sparsely vegetated area. Evapotranspiration had an important effect on
SM in bareland, sparsely vegetated area or densely vegetated area. At
the spatial scale, the driving effect of vegetation cover on SM dynamics
was relatively weak due to the more significant role of evapo-
transpiration and precipitation. Evapotranspiration played a dominant
role in SM dynamic in revegetated woodland, especially in the early
stage of GGP (From 2000-2010), while precipitation and vegetation
cover had much greater contributions to SM than evapotranspiration in
revegetated grassland. Therefore, our findings highlight the importance
of spatial analysis to investigate the interactions between SM and ve-
getation activity and alert the excessive reliance on afforestation. Our
study suggests that vegetation should not be further expanded in semi-
humid areas, but should be further restored in arid and semi-arid areas
with sparse or excessively sparse vegetation cover (especially in desert).
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