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ARTICLE INFO ABSTRACT

Keywords: Vegetation greening and soil drying, which are simultaneously observed, have brought controversy
Soil moisture about whether vegetation greening leads to soil drying or wetting. Relevant conclusions from previous small-
Dryiflg ) scale research are uncertain worldwide, and the indirect effects of climate via vegetation change on soil moisture
Seml'ar}d (SM) are poorly understood. Here, to explore the effects of vegetation greening on SM change, the patterns of SM
Zﬁfne;?:(é:ange trends (wetting to more wetting (W to W), wetting to drying (W to D), drying to wetting (D to W) and drying to
Global more drying (D to D)) were identified in the global vegetation greening (GVG) areas from 1982 to 2015 by

using the turning years in the quantity of vegetation greenness and then validated by structural equation
model (SEM) and 400 ground stations. The main results are as follows: 1) In the study period,
65.87% (33.57%, Sig.) of the GVG areas featured soil drying including the southeast of the United States, Africa
north of the equator, the inland of Europe, the south of China and the inland of Australia, which were mainly
from grasslands, barren, savannas, open shrublands, woody savannas and croplands. 2) Vegetation significantly
and negatively influenced the average SM of global greening and drying areas, and their climate was arider than
that in global greening and wetting areas. 3) Soil in over half of the GVG areas was toward drying
after vegetation greenness increased but only the D to D pattern was mainly distributed in drylands (Semi-arid,
Arid and Hyper-arid areas) such as the Loess Plateau of China and eastern Australia. The W to W and W to D
patterns were remarkably observed in the in-situ SM. 4) SEM showed that the direct effects of vegetation
increase on W to W and D to D patterns were stronger than those of temperature and precipitation, especially
that the indirect effect of temperature on D to D pattern via promoting vegetation greening outweighed the
direct effect of temperature. Overall, the increase in vegetation mainly caused by climate warming has ex-
acerbated the tendency of soil drying in some drylands. Therefore, vegetation restoration or forestry
management requires the consideration of local SM-carrying capacity for plants, especially in Semi-arid and Arid
ecosystems.

1. Introduction

Vegetation, as the most basic component of ecosystem, has valuable
ecological services, such as carbon sequestration and oxygen release,
water conservation and land degradation prevention (Chen et al., 2019;
Tong et al., 2018); thus, its increase is usually considered a benign
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development of an ecosystem. Affected by atmospheric CO, fertiliza-
tion, climate change and human disturbance (Brandt et al., 2017;
Silva et al., 2016; Zhao et al., 2018; Zhu et al., 2016), many parts of the
world, such as China, India, southeast Australia, and semi-arid areas
represented by African Sahel, are turning green (Chen et al., 2019;
Fensholt et al., 2012). However, sustainable vegetation growth requires

Received 20 November 2019; Received in revised form 8 July 2020; Accepted 9 July 2020

0168-1923/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01681923
https://www.elsevier.com/locate/agrformet
https://doi.org/10.1016/j.agrformet.2020.108103
https://doi.org/10.1016/j.agrformet.2020.108103
mailto:baixiaoyong@vip.skleg.cn
https://doi.org/10.1016/j.agrformet.2020.108103
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2020.108103&domain=pdf

Y. Deng, et al.

sufficient water supply, and the pressure of water resources consumed
by human production and living as well as ecological utilization has
become gradually prominent (Liu et al., 2017). For example, at the end
of the 21* century, over 42% of the global vegetated area was predicted
to have the characteristic of simultaneous vegetation greening and soil
drying in summer under a high representative concentration pathway
(RCP 8.5) scenario (Mankin et al., 2018; Veldkamp et al., 2016); ve-
getation restoration in the Loess Plateau of China was reaching the
threshold of soil water-carrying capacity of vegetation (Feng et al.,
2016). Furthermore, vegetation influences the interception, infiltration,
and evaporation in the water cycle (Stothoff et al., 1999; Sun et al.,
2006), therefore it is imperative to reveal the hydrological effects of
vegetation dynamic change, which is an important research issue of
eco-hydrology (D’odorico et al., 2010). Soil moisture (SM) is an indis-
pensable factor involved in hydrological processes, energy conversion,
climate change, and ecological processes (Adair et al., 2011; Deng et al.,
2019; Porporato et al., 2002; Stocker et al., 2019). Most importantly,
Precipitation, surface runoff, and groundwater are usually converted
into SM before they can be absorbed and utilized by vegetation, and SM
is the key to the interaction of most land vegetation with hydrological
processes and climate fluctuations (Rodriguez-Iturbe, 2000). Therefore,
the variation of SM and its response to vegetation change are particu-
larly essential in the fields of water resources and vegetation's eco-hy-
drological processes.

Currently, many scholars mainly focus on the influence of vegeta-
tion type or its shifts on spatial distribution and temporal change of SM
in water-limited or semi-arid areas, leaving a conspicuous knowledge
gap about the mechanism of vegetation affecting SM, especially under
the circumstances of climate change. D'odorico et al. (2007) studied the
control of vegetation composition and structure on SM and found that
SM in vegetation patches was higher than that in bare land;
Chen et al. (2007) compared the relationship between five vegetation
types and soil dynamics to find the vegetation type suitable for limited
water resources; Wang et al. (2015) used four-year observation data
and found that in semi-arid sand dunes, vegetation growth reduced the
temporal stability of SM. The above reflects the lack of research about
the role of vegetation increase in SM change on a longer-term and
larger scale. Meanwhile, scale effects exist in vegetation eco-hydrology
(Li et al., 2017), and due to the diversity in climate and soil conditions,
the influence of vegetation on hydrological processes presents great
spatial heterogeneity (Li et al., 2018), and many existing findings from
small scales such as plot scale and slope scale (Jost et al., 2012),
especially those from vegetation restoration involving human activities,
have promoted the study of vegetation ecohydrology but may not be
universally applicable at regional or global scale. Moreover, relevant
conclusions on whether vegetation greening causes soil drying or wet-
ting remain controversial. Several studies have pointed out that vege-
tation greening increased evapotranspiration and resulted in excessive
soil water consumption (Feng et al., 2016; Zeng et al., 2018), and se-
verely, caused more ecological droughts (Tietjen et al., 2017); however,
other studies have proposed that vegetation had the ecological function
of water conservation and storage (Feng et al., 2018), and the growth of
precipitation caused by increased vegetation can even compensate for
SM loss resulted from the enhanced surface evapotranspiration
(Li et al., 2018). Thus, the influential law and mechanism of vegetation
greening on the trend of SM change (especially, the declining trend)
across the globe must be explored, which is practically crucial for
sustainable vegetation production and water resource problem alle-
viation.

Here, we select the global vegetation greening (GVG) areas from
1982 to 2015 as the research area and aim to 1) reveal where vegeta-
tion greening and soil drying occurred simultaneously, 2) verify where
and how SM trend changed after the mean value of vegetation green-
ness significantly increased, 3) explore how vegetation greening af-
fected SM change by applying the stepwise regression and structural
equation model, and 4) discuss whether the findings from gridded data
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can pass the validation of SM from observational stations.
2. Materials and methods
2.1. Materials

2.1.1. Normalized Difference Vegetation Index (NDVI)

NDVI, obtained through the spectral absorption and reflection of
plants, is sensitive to the growth status and biochemical characteristics
of land vegetation, and can well reflect the "greenness" information of
land surface (Fensholt et al., 2012). In this study, the Global Inventory
Monitoring and Modeling System (GIMMS) NDVI3g product from 1982
to 2015 was used as a proxy for vegetation growth with a 15-day in-
terval and a spatial resolution of 8 km, and it is widely applied in the
research of vegetation coverage change (de Jong et al., 2011;
Yang et al., 2019) and ecological processes (Huang et al., 2018).

2.1.2. ERA-Interim SM

Given the uneven distribution and short observation time of SM
from stations, this study selected SM data from the European Center for
Medium-Range Weather Forecasts' Reanalysis (ERA)-Interim (https://
www.ecmwf.int/) with a resolution of 0.125° on a monthly scale. The
SM product was improved using an extended Kalman filter, which can
flexibly integrate microwave data. Moreover, this dataset can well
capture the spatiotemporal changes of SM from observational stations
(Albergel et al., 2012; Deng et al.,, 2020a; Deng et al., 2020b).
Albergel et al. (2012) validated the ERA-Interim SM in 2007-2010 by
using in-situ observational SM data around the global land and found
that they correlated well with the average correlation coefficient of 0.7.
The product includes 0-7, 7-28, 28-100, 100-289 cm SM data. Given
that the shallow SM can represent deep SM in some cases (Qiu et al.,
2014), the 0-7 cm SM data in 1982-2015 from ERA-Interim were used
in this study.

2.1.3. Climate data

Precipitation and climate data from the Climatic Research Unit
(CRU) time-series data version 4.01 were provided by East Anglia
University in Britain. Based on the integration of observed data from
global meteorological stations and data from several well-known da-
tabases, the gridded data covered the global land with temporal and
spatial resolutions of monthly and 0.5°, respectively. Presently, CRU
reanalysis data are used as basic climate data in research about hy-
drological and climatic processes (Ali et al., 2015).

2.1.4. Auxiliary data

High-precision (30 arc-seconds) aridity index map covering the
global land was obtained from the Consultative Group for International
Agricultural Research-Consortium for Spatial Information (http://
www.cgiar-csi.org). The Penman-Monteith reference evapotranspira-
tion equation was used to demonstrate the water availability of po-
tential growth of reference vegetation. Following United Nations
Environment Program (UNEP)'s climate classification based on aridity
index, the global climate was divided into five types (Fig. 1), namely,
Hyper-arid (<0.03), Arid (0.03-0.2), Semi-arid (0.2-0.5), Dry sub-
humid (0.5-0.65), and Humid (>0.65). In the study, humid climate
includes Dry sub-humid and Humid, while the arid climate consists of
Semi-arid, Arid, and Hyper-arid.

MODIS land cover type product version 6 (MCD12C1VO006,
https://doi.org/10.5067/MODIS/MCD12C1.006) showed the yearly
distribution of 17 land cover types worldwide in 2001-2017 with its
spatial resolution of 500 m (Friedl et al., 2002). Considering the re-
search goals, the study utilized the land cover map in 2001 and re-
moved the water bodies, permanent wetlands, permanent snow, and
ice.

SM data from stations were freely obtained from the International
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Fig. 1. Classification of global climate zones and spatial distribution and observation time length of SM stations for four SM trend patterns. The inserted scatter plot
shows the number of effective stations of the four patterns in each year; meanwhile, colors of circle dots on the spatial map and colors of the inserted scatter plot
represent four SM trend patterns, namely, blue, yellow-green, sky-blue and red colors represent W to W, W to D, D to W and D to D respectively.

Soil Moisture Network (ISMN) and the detailed description can be
found in https://ismn.geo.tuwien.ac.at/en/ (Dorigo et al., 2011).

During preprocessing, NDVI, precipitation, temperature, aridity
index, and land cover were interpolated by using the nearest neighbor
method to match the spatial resolution of the SM product.

2.2. Methods

2.2.1. Classification of SM trend patterns

Theil-Sen estimation and Mann-Kendall (MK) test are not easily
affected by abnormal values (Li et al., 2018). Thus, the methods were
adopted for the calculation of linear slope and its significance test for
NDVI, SM, precipitation, and air temperature at the pixel scale. In this
study, the Theil-Sen slope with the absolute value of Z from the MK test
greater than or equal to 1.96 was considered significant.

Moving t-test was used to identify the year in which the NDVI
mean value increased abruptly with a significant level of 0.05 in GVG (i.
e., Theil-Sen slope of NDVI is over zero) areas (Zhang et al., 2014).
Given that more than one year could exceed the t-threshold, the year in
which the mean NDVI difference was the largest was regarded as the
turning year, and then it divided the time series of NDVI and SM into
two periods: the period before the turning year (T;) and the period after
the turning year (T5). The sliding step in moving t-test was 5 years, and
thus T; and T, were not less than 5 years and exceeded the shortest
period (3-4 years) of SM change (Deng et al., 2020b; Zhang et al.,
2004), which to some extent reduced the error of SM trend caused by
the short time length in some areas. According to Table 1, changes of

Table 1
Division of SM trend patterns under different scenarios. K; and K, are the
trends of SM change in Ty and T,, respectively.

Number Combination scenario Pattern

1 K;>0, K,>0, Ks—K;>0 Wetting to Wetting (W to W)
I K;>0, K;>0, K;—K; <0 Wetting to Drying (W to D)
11 K;>0, K,<0, K, —K; <0

v K;<0, K»>0, Ks—K;>0 Drying to Wetting (D to W)
\% K;<0, K;<0, K3—K;>0

VI K; <0, K»<0, K;—K; <0 Drying to Drying (D to D)

SM trends were divided into four patterns: wetting to more wetting (W
to W), wetting to drying (W to D), drying to wetting (D to W), and
drying to more drying (D to D). When at least one significant change
trend was found in the T; and T,, the change was considered sig-
nificant.

2.2.2. Verification of four SM trend patterns

The four patterns of SM trend were validated by ground observa-
tional SM data from the ISMN. The selective conditions of stations were
as follows: 1) observation time was between 1982 and 2015; 2) the
recorded SM data was available for at least 7 months in a year, and
observation length (continuous or discontinuous) was at least 5 years to
reduce the impact of short and inconsistent observation lengths; 3)
observation depth was within the top 7 cm of soil; 4) SM data were
deleted when their quality flag was D (questionable/dubious-geophy-
sical based). Finally, 400 stations were selected and their distributions
were presented in Fig. 1. The observational SM of each station was
processed to yearly data, and the nearest neighbor interpolation
method was used to extract the NDVI of the corresponding SM stations.
Ultimately, the time series of NDVI and SM for each pattern (W to W, W
to D, D to W, and D to D) were calculated by averaging SM at all sta-
tions belonging to the pattern for each year. Data vacancies existed for
several years after quality control and data preprocessing, especially in
1994 and 1995, and the SM and NDVI time series in 1982-2015 were
divided into two periods based on the missing data: P1 (referred period)
and P2 (assumed period, with the NDVI mean value increasing re-
markably).

2.2.3. Structural equation model

Structural equation model (SEM), proposed by Karlg Joreskog, a
Swedish statistician and psychometrist, in the mid-1970s, is a kind of
statistical method and verification technology that adopts linear equa-
tion system to express the relationship between observed variables and
potential variables and between potential variables (Joreskog, 1970),
which has the advantages of path and factor analyses. Based on the
conceptual model established by theoretical research and experience,
SEM can reflect the direct, indirect, and comprehensive effects among
variables. This method has been applied in ecology and climatology
(Fauchald et al., 2017; Shi et al., 2016; Weterings et al., 2018).
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Fig. 2. Flow chart of this study

Interactions among NDVI, precipitation, temperature, and SM are
complex. To reveal the impact of vegetation greening on the trend of
SM change, the following hypotheses were designed: 1) the correlation
between precipitation and temperature can weigh the climate condition
of vegetation greening, i.e., the consistency of water and heat changes;
2) vegetation, precipitation, and temperature have direct effects on SM
change; and 3) precipitation or temperature can play a direct role on
vegetation and then produce indirect effects on SM via vegetation
change (Tietjen et al., 2017). This research applied Amos software to
construct and solve the SEM and used maximum likelihood method to
estimate the path coefficients and parameters. In the study, SEM was
saturated and thus the significance of the model could not be obtained
(Lu et al., 2016).

Finally, the main objectives, contents, and methods of this study are
shown in Fig. 2.

3. Results
3.1. Spatial distribution of coexisting greening and drying/wetting

The averaged greening rate of the GVG areas (0.94 x 10~ 3 yr™ 1)
was more than three times the averaged change rate of vegetation in
global vegetation-covered areas (0.27 x 10~ 2 yr™1). Spatially, 61.65%
(38.46%, Sig.) of the global vegetated areas were greening and the
contiguous areas with vegetation greening were overall consistent with
previous research results (Fensholt et al., 2012), mainly located in
India, Europe, the south of China and other areas; meanwhile, vegeta-
tion greenness in the Saharan Desert of Africa with Hyper-arid climate
increased significantly, albeit slowly (Fig. 3). Furthermore, the surface
SM in 65.87% (33.57%, Sig.) of the GVG area decreased mainly from
Humid and Dry sub-humid areas, including the southeast of the United
States, Brazilian Plateau, inland areas of Europe, Africa north of the
equator, and the south of China, Semi-arid areas such as the middle of

North America and northern China, Arid areas including the inland of
Australia, and Hyper-arid areas in Saharan of Africa. Under the back-
ground of global temperature rising (Fig. S1), areas where both vege-
tation and precipitation increased but soil dried in 1982-2015 ac-
counted for 36.55% of GVG areas, including the northeastern United
States, central Africa, Europe, and northwest Australia (Fig. S2).

3.2. Turning years and SM trend patterns

The turning years in which the average vegetation greenness in-
creased abruptly differed in the GVG areas (Fig. 4a). Overall, the
turning years of vegetation greenness in arid areas were late, such as
the Sahara in Africa, inland region of eastern Australia, Northwest
China, and the west of the United States. In humid areas, it was com-
plex. For example, the turning year in southern Europe was earlier than
that in northern Europe, while that in southeastern China was later than
that in southeastern America at the same latitude. In Fig. S3, the dis-
tribution of increment in averaged NDVI after the turning year was
basically in agreement with Fig. 3a. Fig. 4b demonstrates that after the
average vegetation greenness increased abruptly in T,, the SM trend in
55.77% (23.79%, Sig.) of the GVG areas was toward unfavorable di-
rections (W to D and D to D). Concretely, the northwest coastal area of
South America, the southern end of Africa, Europe and India belonged
to the W to D pattern, i.e., the trend of soil wetting weakened or
changed to the drying trend after the turning year, though the average
SM in these areas increased variedly in Fig. S3b. The D to D pattern was
mainly located in the Loess Plateau of China and eastern Australia
where the trend of soil drying was enhanced after the turning year.
According to previous studies (Feng et al., 2016; Yang et al., 2014), the
Loess Plateau of China belonged to the D to D pattern, thus supporting
the validity of the D to D pattern identified in the study. The W to W
pattern had the smallest proportion, and its distribution was scattered.
Additionally, SM trends in 37.19% (15.54%, Sig.) of the GVG areas,
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such as the southeastern United States, northern Mediterranean, and
southern China, showed the D to W pattern, where the trend of soil
drying weakened or changed to a wetting trend after vegetation
greenness increased significantly. However, whether the above findings
are attributed to the negative or positive effects of vegetation greening
has yet to be verified.

3.3. Effects of vegetation and climate on SM change

3.3.1. Stepwise regression analysis at a regional scale

Land-atmosphere interaction is characterized by spatiotemporal
dependence, and the regional average state can reflect the influence of a
larger scale system state. In Fig. 5, the average annual precipitation,
temperature, and vegetation increased significantly from 1982 to 2015
in the global soil drying and greening areas (D & G) as well as global
soil wetting and greening areas (W & G). However, compared with W &
G areas, the average annual precipitation in D & G areas was less with
their difference of 133.62-272.42 mm. Stepwise multiple regression
was used to reveal the effects of NDVI, precipitation, and temperature
on SM, and its standardized regression coefficients can weigh the effect
intensity of NDVI, precipitation, and temperature on SM (Oh and
Ha, 2016). It demonstrated that the average SM in W & G areas was
affected by the increase of vegetation and precipitation, while the
average SM in D & G areas was influenced by the growth of vegetation
and temperature. The coefficients indicated that vegetation exerted
stronger effects on SM when compared with climatic factors, especially
precipitation. Additionally, the explanatory power of vegetation,

precipitation, and temperature on SM change under the two scenarios
exceeded 50%.

3.3.2. SEM results of four SM trend patterns

The area-averaged annual precipitation, temperature, and NDVI of
the four SM trend patterns exhibited significant increasing trends in
1982-2015, except for the D to D pattern with its precipitation in-
creasing insignificantly (Fig. 6). The regional average SM significantly
increased in the W to W pattern but reduced in the others. Among them,
the trend of mean SM in W to D was not significant. Furthermore, the
SM of D to D decreased faster than that of D to W by -0.1 x 1073 m3/
m? yr~ . The above results indicate the rationality of the four SM trend
patterns identified in the GVG areas.

In Fig. 7 and Table S1, SEM showed that the W to W pattern was
greatly caused by vegetation greening in terms of the direct effects. The
total effect of temperature exceeded that of vegetation on SM change,
but its direct influence was not significant. Moreover, the rising tem-
perature indirectly influenced SM change (soil wetting) by contributing
to vegetation greening significantly. For the W to D pattern, NDVI,
precipitation and temperature failed to explain the major trend of SM
change (R®= 0.29), but relatively, the direct negative effect of tem-
perature on SM was the strongest. The total effect of precipitation on
SM change was the greatest but was not considered because NDVI had a
non-significant direct effect on SM change. The increase in temperature
played a major role in the D to W pattern in which the negative direct
effect of temperature on SM change was crucial, but vegetation
greening imposed a certain negative direct effect on SM change.
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Judging from the direct effect on the D to D pattern, vegetation
greening played a leading part in the more drying trend of soil. Fur-
thermore, the total effect of temperature on the enhancement of soil
drying was the greatest; however, compared with its direct effect, the
indirect effect of temperature on SM trend via promoting vegetation
growth was more important. Besides, the coefficients between pre-
cipitation and temperature, representing the consistency of hydro-
thermal change, indicated that increased vegetation tended to ag-
gravate soil drying in areas with inconsistent water and heat changes.
Therefore, in places where water and heat changes are conflicting, the
growth of vegetation may be unsustainable, and forestry and con-
servation projects possibly cause soil drying problems.

In conclusion, under the background that the vegetation greening is
mainly affected by the temperature rising, vegetation acts as a domi-
nant direct role in the SM change of W to W and D to D patterns.
Namely, the vegetation greening largely contributes to the intensifica-
tion of the change trend for the area-averaged SM in nearly 26.45% of
GVG areas (7.87% for W to W and 18.58% for D to D), which is con-
sistent with our hypotheses. The significant negative effect of vegeta-
tion in the D to W pattern and the significant positive effect in W to D
pattern seem to conflict with the hypotheses, which may mainly be-
cause the absolute linear results of SEM fail to directly express the re-
versal effect of vegetation on the trend of SM change. Nonetheless,
compared with W to W and D to D patterns, the positive effect of ve-
getation in W to D pattern and the negative effect in D to W pattern are
weaker, which also reflects the rationality of the four patterns and
proves the action of increased vegetation in these patterns.

4. Discussion

4.1. Contributions of climate zones and land covers to global simultaneous
greening and drying

The global vegetation change based on GIMMS-NDVI is similar to
the results of previous studies in which the global vegetation-covered
areas were dominated by the greening trend (Zhang et al., 2017). Seven
greening clusters, including the sub-Saharan region, are generally
consistent with the results of Chen et al. (2019) who adopted the leaf
area index (LAI) data. However, SM in over 60% of the GVG areas
experienced a decreasing trend in 1982-2015, the distribution of which
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is also observed in previous research (Cai et al., 2009; Feng and
Fu, 2013; Zhu et al., 2016). Under climate zones (Fig. 8a), it was found
that the co-occurring vegetation greening and soil drying areas in the
humid climate (i.e., Dry sub-humid and Humid) and arid climate (i.e.,
Hyper-arid, Arid and Semi-arid) account for 36.63% and 29.24% of the
GVG areas respectively. However, Fig. 5 shows that obvious differences
in climate and vegetation exist between D & G areas and W & G areas.
The former climate was remarkably arider and vegetation greenness
was slightly low. Based on the aridity index, the Mann-Whitney U test, a
nonparametric test of two independent samples, proved that the climate
in the D & W areas was significantly drier than that in W & G areas with
the p-value below 0.001 (Figure 8b). Considering that vegetation itself
is also affected by the climate at various spatial scales (Fridley and
Wright, 2018; Myneni et al., 1997; Tietjen et al., 2017; Yang et al.,
2019), it can be inferred that the effect of vegetation on SM is probably
controlled by the climate. In addition, some studies proposed that under
future global warming, "greener" and "drier" were projected to occur
concurrently in the American West (Mankin et al., 2017), and surface
SM was predicted to differ in change from total SM (Berg et al., 2017).
Therefore, it is important to further predict or assess global vegetation
changes and their impact on SM at various depths under elevated
temperature.

Various vegetation types or land covers have different influence on
precipitation and runoff, and then on the distribution of SM
(Chen et al., 2007; D'Odorico et al., 2007; Yang et al., 2014). Fig. S4
reveals that 22.62% of GVG areas in 1982-2015 were from grasslands
(10), thereby contrasting with the conclusion that the contribution to
the observed global greening mainly came from croplands (Chen et al.,
2019). It may be because Chen et al. (2019) used leaf area index (LAI)
data closely related to the multiple cropping systems as the vegetation
proxy. Through the spatial overlay analysis, it was found that the main
co-occurring drying and greening land covers were grasslands (10),
barren (16), savannas (9), open shrublands (7), woody savannas (8) and
croplands (12), and they occupied 53.38% of the GVG areas, among
which the grasslands were mostly distributed in the high-latitude area
of northeast Canada, the southwest United States, Northern China,
Mongolia and other areas (Figure 9). For each land cover type (Fig. S5),
except for evergreen broadleaf forests (2), the soil drying areas in other
land cover types exceeded 50% of their own vegetation greening areas;
especially, SM in nearly 80% of the greening areas in deciduous
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broadleaf forests (4) reduced. Meanwhile, the averaged greening rates
of vegetation in mixed forests (5), evergreen needleleaf forests (2),
croplands (12), and cropland or natural vegetation mosaics (14) were
higher than that of entire GVG areas, and the averaged rates of soil
drying in the vegetation greening areas of barren (16), grasslands (10)
and croplands (12) exceeded that of global greening and drying areas.
Notably, the region-averaged vegetation greening and soil drying rates
of croplands were higher than the average levels of the GVG areas.

4.2. Effects of vegetation greening on SM

4.2.1. Reliability of SM trend patterns

The study obtained the turning year when the mean value of NDVI
increased significantly in GVG areas through the moving t-test and
found that the global turning years obeyed the law that the year is
generally later in the arider climate zones, and the median years of
Humid, Dry sub-humid, Semi-arid, Arid and Hyper-arid areas were
1996, 1996, 1999, 2005 and 2006, respectively (Fig. S6). Most of the
turning years in China were after 2000, and China has implemented the
largest afforestation activities in the world since 1999 (Wang et al.,
2013). Therefore, the determined turning year is relatively reliable.

This study applied SM from stations to preliminarily verify the four
SM trend patterns identified by the turning year and observed that the
NDVI matched with SM stations increased under the four patterns in
1982-2015, which coincided with the vegetation-greening character-
istic of the study area. The Mann-Whitney U test revealed that the
differences between the NDVI in P1 and P2 were remarkable, and the
mean value in P1 was at least 0.9 less than that in P2. The W to W and
W to D patterns were observed at their corresponding time series of SM
from in-situ stations (Fig 10. a-b), though their trends of SM change
were not significant in P1, and it may be the result of fewer stations in
P1 compared with P2. The D to W pattern could not be confirmed in
Fig. 10c, which is probably due to the large differences in the spatial
distribution and number of stations in P1 and P2 (Fig. 1). The stations
of the pattern were mainly distributed in low SM areas, such as the
western United States, and increased sharply after 2005. For the D to D
pattern, although SM increased rather than declined in P1, the in-situ
observational SM of the D to D pattern performed the fastest declining
trend in P2 among the four patterns. The above indicates that the

validation of four patterns requires more SM stations with even dis-
tribution and the longer observation length.

4.2.2. Function of vegetation greening in the D to D pattern

Previous research revealed that climate change, such as temperature
rising (Deng et al., 2020b; Zhu et al., 2016), was the main cause of
global soil drying (Cook et al., 2018). However, although vegetation
has ecological services for soil and water conservation (Gu et al., 2013),
increased vegetation can result in evaporation going up, consequently
reducing SM (Feng et al., 2016; Yang et al., 2014). Considering that
vegetation growth can absorb the groundwater (Koirala et al., 2017).
Therefore, we followed Chen et al (2019) to divide the land cover types
except barren (16) into four biome categories: Forests, Other woody
vegetation (regarded as Shrublands in this study), Grasslands, and
Croplands. According to the groundwater table depth (Fan et al., 2013),
the median water table depths of Forests, Shrublands, Grasslands and
Croplands in the study area are 11.53, 12.61, 16.25 and 11.32 m re-
spectively, while their maximum root depths on the global scale are
70+12, 51%+0.8, 26+01 and 2.1 *0.2 m respectively
(Canadell et al., 1996), indirectly suggesting that global vegetation
mainly consumes SM.

After validation from SEM, we found that vegetation greening in
some areas across the globe enhanced the trend of SM change.
Particularly, in the D to D pattern, the direct effect of vegetation growth
mainly contributed by temperature on SM was stronger than the direct
or indirect effect of temperature. In Fig. 11, the median values of the
turning years for the four SM trend patterns showed that vegetation
greenness in half of the D to D areas increased significantly after 2005,
and varying from other patterns mainly distributed in humid areas, the
majority of the D to D areas were located in drylands (Semi-arid, Arid,
and Hyper-arid areas). The previous study also revealed that the in-
fluence of vegetation on SM got stronger in semi-arid sand dunes
(Wang et al., 2015). Moreover, D to D pattern was mainly observed in
grasslands (10), barren (16), open shrublands (7), savannas (9), crop-
lands (8), and other land covers (Table S2) and it was found that in
water-restricted areas, the average root depths of herbaceous plants
(annuals, perennial forbs, and grasses) is 0.28-1.04 m, and that of
shrubs (dwarf-shrubs and shrubs) is 1.27-2.14 m (Costantini et al.,
2016), which are shallower than the medians for groundwater table
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Fig. 10. SM from in-situ stations under the four patterns and their corresponding NDVI changes from 1982 to 2015. Fig. 10a—d are for the W to W, W to D, D
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respectively.

depths of grasslands, barren, and open shrublands in D to D areas and
GVG areas (Fig. 11c), indicating that SM is the major water source of
vegetation growth in the D to D pattern. In summary, it can be inferred
that temperature (in this study), CO5 concentration (Morgan et al.,
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2011), human activities (Fensholt et al., 2012), etc. promote the initial
increase of vegetation in D to D areas. However, with the water demand
for vegetation greening augmenting, plenty of SM in D to D areas is
converted to biological water and then consumed by vegetation

Fig. 11. Box plot (a) of the turning years
and the area proportion stacked plot (b)
of each climatic zone in four SM trend
patterns and the water table depths (c)
of land covers in D to D pattern and GVG
areas. In Fig. 11b, H, DSH, SA, A, HA re-
present Humid, Dry sub-humid, Semi-arid,
Arid, Hyper-arid, respectively. See Fig. 9
for the specific types represented by land
cover code.
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transpiration and the rising temperature also enhances evaporation
(Naumann et al., 2018), then generating the sharp decrease of SM in the
drylands where the precipitation is less than evapotranspiration
(Tietjen et al., 2017). Worse, a soil drying layer is formed and difficult
to recover, such as the Loess Plateau in China (Yang et al., 2014), and
vegetation degenerates and dies due to lack of water, which is not
conducive to long-term global greening and sustainable ecosystem de-
velopment in Semi-arid, Arid and Hyper-arid areas (Xia and
Shao, 2008). Overall, in the averaged global root profile, about 75% of
roots were distributed in the top 40 cm of soil (Jackson et al., 1996),
and SM at the soil depth of 5 cm captured the information in 0-60 cm
SM and was suitable for the drought monitoring applications (Qiu et al.,
2014). Therefore, the feedback, especially the soil drought status, of 0-7
cm SM on vegetation greening can provide a certain reference sig-
nificance for the study of vegetation ecohydrology. However, the effects
of multiple vegetation types on SM change vary at different soil depths
via physical and ecological processes (Fan et al., 2017), and it is ne-
cessary for the more comprehensive understanding of the eco-hydro-
logical function of vegetation to compare the responses of surface and
deep SM to vegetation growth based on adequate data from stations.

5. Conclusions

Based on high-quality data from remote sensing, reanalysis, and
ground stations, we used Theil-Sen trend analysis, MK test, and the
structural equation model to verify whether vegetation greening exerts
a positive or negative effect on SM. The conclusions are the following:

1) From 1982 to 2015, SM in over three-fifths (33.57%, Sig.) of GVG
areas decreased, mainly located in the southeast of the United
States, Africa north of the equator, the south of China and other
humid areas (36.63% of GVG areas), and the central of North
America, the north of China, the inland of Australia, the Saharan in
Africa and other drylands (29.24% of GVG areas).

2) The main land cover contributing to co-occurring soil drying and
vegetation greening areas came from grasslands. The vegetation
greening rate and SM decreasing rate of croplands were faster than
the average levels of GVG areas.

3) Vegetation increase exerted a positive effect on the average SM in
the global greening and wetting areas but a negative effect in global
greening and drying areas, and ,remarkably, climate of the latter
was arider, with their difference of the average annual precipita-
tion among 133.62-272.42 mm.

4) SM trends in 55.77% of the GVG areas were directed toward drying
after the statistically significant increase in the average of vegeta-
tion greenness; the trend of SM change from drying to more drying
was mainly distributed in Semi-arid, Arid, and Hyper-arid areas.

5) Structural equation model showed that the change trend of average
SM in 26.45% of the GVG areas (7.87% and 18.58% for the W to W
and D to D patterns, respectively) was strengthened by vegetation
greening. Among them, in the D to D pattern, the direct effect of
increased vegetation mainly promoted by temperature rising on the
intensification of soil drying exceeded the direct or indirect effect of
temperature on SM.

6) Preliminary verification from the SM of limited stations indicated
that the W to W and W to D patterns were reliable. Simultaneously,
based on the depths of groundwater table and plant root, the water
consumed by vegetation greening in D to D areas fundamentally
came from SM. Therefore, in these areas, soil-water balance should
be considered in vegetation management.

In the future, the contributions of soil evaporation and vegetation
transpiration to soil drying can be explored to further validate the
findings in the study. Meanwhile, the hydrological effects of vegetation
increase are complex and nonlinear. Therefore, it requires nonlinear
hydrological models as well as more and longer observation data to
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simulate and evaluate the effects of vegetation change on SM.
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