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The Loess Plateau of China is a region with one of the most severe cases of soil erosion in the world. Since
the 1950s, there has been afforestation measure to control soil erosion and improve ecosystem services
on the plateau. However, the introduction of exotic tree species (e.g., R. pseudoacacia, P. tabulaeformis and
C. korshinskii) and high-density planting has had a negative effect on soil moisture content (SMC) in the
region. Any decrease in SMC could worsen soil water shortage in both the top and deep soil layers, further
endangering the sustainability of the fragile ecosystem. This study analyzed the variations in SMC follow-
ing the conversion of croplands into forests in the Loess Plateau. SMC data within the 5-m soil profile
were collected at 50 sites in the plateau region via field survey, long-term in-situ observations and doc-
umented literature. The study showed that for the 50 sites, the depth-averaged SMC was much lower
under forest than under cropland. Based on in-situ measurements of SMC in agricultural plots and C. kor-
shinskii plots in 2004–2014, SMC in the 0–4 m soil profile in both plots declined significantly (p < 0.01)
during the growing season. The rate of decline in SMC in various soil layers under C. korshinskii plots
(�0.008 to �0.016 cm3 cm�3 yr�1) was much higher than those under agricultural plots (�0.004 to
�0.005 cm3 cm�3 yr�1). This suggested that planting C. korshinskii intensified soil moisture decline in
China’s Loess Plateau. In the first 20–25 yr of growth, the depth-averaged SMC gradually decreased with
stand age in R. pseudoacacia plantation, but SMC somehow recovered with increasing tree age over the
25-year period. Irrespectively, artificial forests consumed more deep soil moisture than cultivated crops
in the study area, inducing soil desiccation and dry soil layer formation. Thus future afforestation should
consider those species that use less water and require less thinning for sustainable soil conservation
without compromising future water resources demands in the Loess Plateau.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

North China is facing an increasing water shortage (Wang et al.,
2011a; Liu et al., 2015) that has translated into declining soil mois-
ture content (SMC). As a vital component of the hydrologic cycle,
soil moisture dynamics can be altered by various factors, including
climate (e.g., precipitation, temperature, wind, etc.), soil (e.g., soil
texture, organic matter, porosity, aggregation, bulk density, etc.),
topography and land use/land cover characteristics. Afforestation
is worldwide encouraged due to its various benefits (Malagnoux,
2007) including carbon sequestration (Feng et al., 2013; Deng
et al., 2014), soil erosion control (Deng et al., 2012), sediment
reduction (Moran et al., 2009; Wang et al., 2015a) and hydrological
regime regulation (Yaseef et al., 2009). The conversion of agricul-
tural lands into forest lands can affect SMC by increasing the time
of plant cover and leaf area index (LAI), which in turn increases soil
water consumption (Jian et al., 2015).

Planting of trees could reduce surface runoff (Huang et al.,
2003; Huang and Zhang, 2004; Yi and Wang, 2013; Duan et al.,
2016), enhance soil porosity and hydraulic conductivity, and
thereby increase infiltration rate (Li and Shao, 2006; Ilstedt et al.,
2007). For example, Farley et al. (2005) reported 44% reduction
in mean annual runoff in humid regions in comparing forest and
grassland plots using datasets for 26 catchments. Sun et al.
(2006) showed that runoff reduction can exceed 50% after foresta-
tion in semi-humid and semi-arid regions of China. In addition,
woody species could consume more soil water via evapotranspira-
tion than natural grass and crops (Cao et al., 2009). The planting of
forests could decrease SMC due to increased leaf interception and
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root water uptake (Wang et al., 2009, 2010, 2012a,b; Jian et al.,
2015). If plant transpiration and soil evaporation exceed precipita-
tion, the resulting loss in SMC could worsen soil water shortage
(He et al., 2003; Yaseef et al., 2009).

It is reported that soils become extremely dry in both deep and
shallow layers after planting trees (Yaseef et al., 2009; Wang et al.,
2010; Jia and Shao, 2014). Chen et al. (2008) noted that excessive
depletion of deep soil water by artificial forests and long-term
shortage of rainwater cause drying up of soils and ecological degra-
dation in semi-arid and semi-humid regions. Thus the balance
between soil water supply and root water uptake is critical for
the sustainability of ecosystem health (Issa et al., 2011), especially
in water scarce arid regions. This implies that understanding the
hydrologic effects of afforestation on soil moisture is important
not only for water flux in the soil-plant-atmosphere continuum,
but also for water cycle and eco-hydrological processes of the ter-
restrial ecosystem (Derak and Cortina, 2014).

The Loess Plateau is in the upper and middle reaches of the Yel-
low River, over an area of 64 � 104 km2. It is considered the most
severely eroded area in the world, where severe water loss and soil
erosion have increased the fragility of the ecology (Shi and Shao,
2000). To mitigate soil erosion and improve ecosystem services
in the region, trees and shrubs have been planted on the slope
lands since the 1950s. A series of large afforestation campaigns,
including the Grain-for-Green Program (GFGP) were initiated by
the Chinese government at the end of the 1990s to reconvert crop-
lands to forests, shrubs and grass (Cao et al., 2009), dramatically
changing the landscape. Based on remote sensing images, vegeta-
tion cover in China’s Loess Plateau has increased from 31.6% in
1999 to 59.6% in 2013 (Chen et al., 2015).

Large-scale afforestation operations such as the planting of
black locust (Robinia pseudoacacia Linn.), Chinese pine (Pinus tabu-
laeformis Carr.) and korshinsk peashrub (Caragana korshinskii Kom.)
are expected to change the water use and soil moisture dynamics
by changing the dynamics of evapotranspiration, infiltration and
surface runoff in the region. For instance, extensive afforestation
has aggravated water scarcity, gradually causing the formation of
dry soil layers in some areas in the Loess Plateau region (Wang
et al., 2010, 2011b; Jia and Shao, 2014). Jin et al. (2011) showed
under decreasing mean annual precipitation, afforestation can
sequentially exert positive, negative and negligible effects on
SMC. Despite recent research reports on variations in SMC under
different forests or shrubs in the Loess Plateau (Jin et al., 2011;
Wang et al., 2009, 2010; Yang et al., 2012; Jian et al., 2015), deep
soil moisture assessments based on ground-truth observations
remain essentially lacking. Furthermore, regional impact of
afforestation on SMC is still poorly understood.

Recent studies show that agronomic use of fertilizers and rapid
proliferation of water-consuming crops, particularly in the Yellow
River Basin have intensified soil moisture decline in North China
(Liu et al., 2015). With wide implementation of GFGP, however, it
was hypothesized that the intensification of soil moisture decline
due to afforestation was much higher than that due to agricultural
production. Thus the specific objectives of this study were: (1) to
investigate the spatial distribution of profile SMC in different
watersheds in China’s Loess Plateau region, and (2) to determine
post-planting variations in SMC with stand age and different
watersheds. The study determined the use of the interactive rela-
tionships between soil moisture and forest to support effective
afforestation measures in China’s Loess Plateau region.

To achieve the above objectives, SMC data were collected
within the 5-m soil profile at 50 sites across the Loess Plateau
through field survey, long-term in-situ observations and docu-
mented literature. First, SMC data from field survey and docu-
mented literature were used to determine the hydrological
effects of afforestation on soil, including SMC variations with stand
age. Next, unique long-term in-situ soil moisture profile observa-
tions in both agricultural and C. korshinskii plots in the northern
zone of the plateau study area were used to evaluate observed soil
drying and the role of intensified afforestation in soil moisture
decline.
2. Materials and methods

2.1. Study area description

The study was conducted in the Loess Plateau of China which
lies between latitude 33.72�N–41.27�N and longitude 100.90�E–1
14.55�E and at an elevation of 200–3000 m above mean sea level
(Fig. 1). The plateau region has a continental monsoon climate with
a mean annual precipitation ranging from 150 mm in the north-
west to 800 mm in the southeast. About 55–78% of the precipita-
tion falls in June through September, mostly as high intensity
rainstorm. The mean annual temperature is 3.6 �C in the northwest
and it increases to 14.3 �C in the southeast (1953–2013 data from
64 weather stations). Soil texture on the plateau is relatively uni-
form in space and time (Li and Shao, 2006), with loess soil as the
most dominant (Guo et al., 1992).

From southeast to northwest, the vegetation changes from for-
est through forest steppe to typical steppe and then to desert
steppe type. The native vegetation has mostly been cleared for crop
production, causing severe soil erosion, land degradation and soil
fertility loss. Since the 1950s, various government strategies have
been used to remediate soil erosion and land desertification on
the plateau. The most recent and most successful strategy (in
terms of soil erosion control) is the GFGP, which involves
reconverting croplands into forestland, shrub-land and grassland.
The most common tree species in the restoration drive are
R. pseudoacacia, P. tabulaeformis and C. korshinskii. Both
R. pseudoacacia and C. korshinskii are exotic nitrogen-fixing tree
species. These tree species are used because of their strong drought
resistance, high survival rate, soil-nutrient improvement and fast
growth rate (Li et al., 1996; Shan et al., 2003; Zheng and
Shangguan, 2007; Jin et al., 2011).

2.2. Data collection

To determine the impact of afforestation on SMC change and to
isolate the long-term effects of precipitation and/or temperature
on soil moisture, SMC under croplands was analyzed in relation
to that under artificial forests. Cropland fields in the study area
not only have low evapotranspiration, but also marginal inter-
annual SMC variability in deep soil layers (Wang et al., 2009). To
optimize data representativeness, SMC data used in this study
were collected from various sources (Fig. S1). The data were col-
lected from a total of 50 sites across the Loess Plateau study area
via field survey, long-term in-situ observations and documented
literature (Fig. 1 and Table S1).

2.2.1. Field survey
To determine the interactions between afforestation and SMC,

optimal research methods should be based on long-term monitor-
ing of SMC. However, this type of monitoring is adieus and labor-
and time-consuming. Thus a regional, short-term field experiment
was conducted in 2014 growing season as an alternative. Also the
use of spatial data for inferring temporal dynamics is a long tradi-
tion in ecological studies (Buyantuyev et al., 2012). This approach
is commonly known as the space-for-time (SFT) substitution,
where selected spatially separated sites based on either ecological
or environmental gradients serve as proxies for predicting ecolog-
ical time series such as vegetation succession (Fukami and Wardle,
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Fig. 1. Map of the study area in the Loess Plateau in Northern China depicting spatial distributions of mean annual precipitation (MAP) and mean annual temperature (MAT).
A total of 50 sites were selected. The labels W1-W6 are the six field-surveyed watersheds in the southern (W1 and W2), central (W3 and W4) and northern (W5 and W6)
regions of the study area, respectively.
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2005), carbon and nitrogen dynamics (Jia et al., 2012) and SMC
variations with stand age (Jin et al., 2011; Wang et al., 2015b).
The SFT approach was therefore used to select different sampling
sites with various stand ages to fill gaps in scarce regional SMC
time series. In this study, the selected sampling sites in small
watersheds were relatively homogeneous fields with similar slope
gradients, elevations and parent materials, making them compara-
ble in terms of topographical conditions. Although individual rain-
fall events can significantly influence SMC measurements in the
short-term, there was no rainfall throughout the sampling period.
Thus SMC measurements at the different sites were good for com-
parative analyses.

At regional scale, 27 sites were selected in six watersheds, span-
ning a distance of ca. 800 km from south to north of the Loess Pla-
teau (Fig. 1). The range of annual precipitation at the sampling sites
was 400–612 mm (1953–2013 data from 64 weather stations). As
only one or two P. tabulaeformis plantation sites were in the
selected watersheds, it was impossible to conduct time-series
analysis of SMC for this vegetation type. A total of 20 sites in four
watersheds (W1 in Fufeng, W2 in Yongshou, W3 in Fuxian and W4
in Yan’an) were used in time-series analysis of SMC variations in
watersheds under R. pseudoacacia plantation. As in Fig. 1, sites
W1 and W2 were in the southern zone of the Loess Plateau, which
was the wettest and warmest region of the study area. The land-
scape at W1 andW2was a typical plateau topography that was rel-
atively flat compared with the northern Loess Plateau region. The
sites W3 and W4 were in a typical loess hilly-gully region of the
Loess Plateau. Further details on the selected watersheds and sam-
pling sites are given in Tables S1 and S2.

R. pseudoacacia and P. tabulaeformis stand ages were determined
via the tree-ring method using Pressler increment borer. An RTK-
GPS receiver (5 m location precision) was used to determine the
latitude, longitude and elevation of each site, while site slopes
and aspects were determined using a compass. In the field mea-
surements, three 10 m � 10 m quadrants were established at each
site and one 2 m � 2 m sub-quadrant was chosen within each
10 m � 10 m quadrant. In each of the three 10 m � 10 m quad-
rants, stand density (plants/ha), canopy density (percent area
under tree canopy), average tree height and breast-height diameter
(DBH) were recorded. For each of the 2 m � 2 m sub-quadrants,
understory cover (percent grass/shrub cover) was recorded and
volumetric SMC measured with a calibrated neutron probe (Jia
et al., 2015) to the depth of 500 cm at 20 cm intervals.

2.2.2. Long-term observations
To monitor the temporal patterns of SMC under C. korshinskii

plantation in the northern Loess Plateau, permanent plots were
established for continuous profile SMC measurements in Liudao-
gou watershed in Shenmu County, Shaanxi Province. The Liudao-
gou watershed is characterized by deep gullies and undulating
slopes. This area is also peculiar for its unique landforms shaped
by severe soil erosion. It belongs to the mild-temperate and
semi-arid zone with mean annual temperature of 8.4 �C and mean
annual precipitation of 430 mm (1970–2014 data from local
weather station) (Table S1).

A plot (61 m � 5 m) was established in 2003 in each of the four
land use zones (cropland, shrub-land, artificial grassland and
fallow-land for natural vegetation recovery) on a uniform slope
(12�) facing the northwest. The agricultural plot consisted of two
typical crops (soybean or millet) cultivated in rotation. Fertilizer
was applied to the soybean or millet at a rate of 120 kg ha�1 N
and 60 kg ha�1 P2O5 per annum as recommended by the local agri-
cultural service. A total of 11 aluminum neutron-probe access
tubes (each 420 cm in length) were installed at 5 m intervals along
the midline of each plot. Volumetric SMC was measured to the
depth of 400 cm at 20 cm intervals using calibrated neutron probe
(Liu and Shao, 2016). The main focus of the study was on the
hydrological effect of afforestation on the soil, including profile
SMC under C. korshinskii and cropland fields. There were a total
of 81 sampling events in 2004–2014, which data were used to ana-
lyze the temporal variations in SMC after planting of the forest
trees. Further details on the experimental plots and SMC measure-
ments are documented by Liu and Shao (2014).

2.2.3. Documented literature
The profile SMC data were also extracted from published works

(Li et al., 2008; Wang et al., 2008, 2009, 2012b; Zou et al., 2011;
Yang et al., 2012; Zhang et al., 2014a,b) on the 0–5 m soil layer
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under croplands and artificial forests in the Loess Plateau. In all the
cases, SMC was measured using the oven-drying method. For the
data to be fit for comparison with SMC data collected by other
methods, the gravimetric SMC was converted into volumetric
SMC as follows:

hv ¼ hm � ðqb=qwÞ ð1Þ
where hv is volumetric SMC; hm is gravimetric SMC; qb is soil bulk
density; and qw is water density. Based on this method, 8 data sites
were used to analyze the hydrological effect of afforestation on soil
in the study area. Further details on the selected sites are available
in Table S1.

2.3. Statistical analyses

Statistical analyses were performed using the SPSS statistical
package version 17.0 (SPSS 17.0; SPSS Inc., Chicago, IL, USA). The
profile SMC data were analyzed for mean and standard deviations
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Fig. 2. Volumetric soil moisture (hv) profiles for cropland and R. pseudoacacia (RP) planta
standard deviation of the mean (n = 3). In the legends, the numbers in the parentheses
for various soil depths at each site (n = 3). The one-way analysis of
variance (ANOVA) was used to compare mean SMC with different
stand ages in a watershed. This was followed by post hoc multiple
comparisons using the least significant difference (LSD) at p < 0.05.
3. Results

3.1. Distribution of watershed profile SMC

SMC data collected in afforested and cropland fields, long-term
in-situ observations and documented literature were used to deter-
mine variations in soil moisture after afforestation in the Loess Pla-
teau. Figs. 2 and 3 plot the vertical distributions of volumetric SMC
in the 5-m soil profile at 28 surveyed sites in six watersheds (W1-
W6, see Fig. 1) in the Loess Plateau study area. Generally, cropland
fields had higher SMC than afforested fields under R. pseudoacacia
or P. tabulaeformis on the plateau. Large differences also existed
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tions in Fufeng, Yongshou, Fuxian and Yan’an in the study area. The bars denote the
below cropland in Fufeng, Yongshou, Fuxian and Yan’an denote stand age.
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Fig. 3. Volumetric soil moisture (hv) profiles for cropland and P. tabulaeformis (PT) plantations in Yongshou, Fuxian, Mizhi and Shenmu of the study area. The bars denote the
standard deviation of the mean (n = 3). In the legends, the numbers in the parentheses below cropland in Yongshou, Fuxian, Mizhi and Shenmu denote stand age.
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between the six watersheds in terms of profile SMC. Average SMC
was highest for W1 (Fufeng, with MAP of 612 mm) and W2 (Yong-
shou, with MAP of 601 mm) due to the high precipitation
(Table S1). Furthermore, the relatively high soil clay content and
soil field capacity in W1 and W2 suggested that soil water-
holding capacity and SMC were high (Jia et al., 2015).

For afforested fields with R. pseudoacacia in W1-W4, SMC was
relatively constant with increasing soil depth in the 140–500 cm
soil layer. The only exceptions were the W1 site with 30-year-old
trees and in W2 and W3 sites with 5-year-old trees (Fig. 2). For
W2 and W3 sites with the youngest trees (5-year-old trees), SMC
increased with increasing depth in the 140–500 cm soil profile
due to low root concentration in this layer. For W1 site with 30-
year-old trees, however, SMC in the 140–500 cm soil profile
decreased with increasing soil depth. For W2, W3, W5 and W6
sites with afforested P. tabulaeformis fields, SMC was lower than
in cropland fields and varied marginally across the entire soil pro-
file, except for the shallow layer.
Compared with croplands, SMC data from documented litera-
ture suggested a large decline in soil moisture after planting P. tab-
ulaeformis or C. korshinskii (Fig. 4). The depth-averaged SMC
generally decreased by 18.2–45.6% and 33.6–59.9% after planting
P. tabulaeformis and C. korshinskii, respectively. The differences in
magnitude for the same tree species was attributed to differences
in stand age, plant density, microclimatic conditions, soil proper-
ties and/or topography across the various locations (Shaxson and
Barber, 2003). This was another evidence that SMC declined after
the conversion of agricultural lands into forests in the Loess Pla-
teau of China.

3.2. Soil moisture variation with afforestation age under R.
pseudoacacia

As in Fig. 5, SMC in the study area varied with stand age. Across
the six watersheds, the depth-averaged SMC was high for cropland
fields (counted as 1-year-old stand in this study). For W1, W2, W3,
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Fig. 4. Average depth of volumetric soil moisture (hv) under cropland, artificial P.
tabulaeformis and C. korshinskii plantations in the Loess Plateau in Northern China.
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Fig. 5. Volumetric soil moisture (hv) versus stand age under R. pseudoacacia
plantations for the different sampling sites in the Loess Plateau in Northern China.
The bars denote the standard deviation of the mean (n = 3). Significant differences
in depth-averaged hv between stand age at each measurement site is labelled with
different lowercase letters (p < 0.05).
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W4 and W7 (regions in Ansai County and data from literature), the
depth-averaged SMC variations were similar in trend; initially
decreasing and then slightly increasing with increasing stand
age. For example, SMC decreased significantly from 0.277 to
0.249 and then to 0.229 cm3 cm�3 in W1 for corresponding
increase in stand age from 1 to 10 and then to 20 yr. As stand
age increased from 20 to 32 yr, SMC increased marginally from
0.229 to 0.253 cm3 cm�3 that was statistically not significant
(Fig. 5). Although SMC in W7 was considerably low (0.061–0.171
cm3 cm�3), it also changed with stand age. The average SMC for
forestlands was 0.079 cm3 cm�3, close to permanent wilting point
(Wang et al., 2012b). The SMC decreased significantly (from 0.171
to 0.097 and then to 0.061cm3 cm�3) for corresponding increase in
stand age (from 1 to 9 and then to 15 yr). However, it significantly
increased from 0.061 to 0.092 cm3 cm�3 as stand age increased
from 15 to 34 yr (Fig. 5).
3.3. Long-term variations in SMC under C. korshinskii

Long-term in-situ SMC measurements under C. korshinskii in
Shenmu County showed a significant decline in soil moisture
(Fig. 6). In Liudaogou watershed (W6) in Shenmu County, soil
moisture under C. korshinskii and cropland was monitored 1–2
times per month using neutron probe (generally in April to October
2004–2014). Throughout the period, the depth-averaged SMC
under both cropland and C. korshinskii decreased significantly dur-
ing the growing season. There was significant (p < 0.01) trend in hv
(�0.008 cm3 cm�3 yr�1) for the 0–1 m soil depth under C. korshin-
skii. The fitted hv curve for the 0–1 m soil layer decreased by
�50.8% from 0.183 cm3 cm�3 in 2004 to 0.090 cm3 cm�3 in 2014.
SMC for the 1–2 m soil depth under C. korshinskii also significantly
decreased (at the rate of �0.016 cm3 cm�3 yr�1) in 2004–2011.
Although SMC slightly increased in 2011–2014 due to precipitation
recharge, it was still lower than that for croplands. Consistent with
the changes in SMC in the 0–2 m soil layer, the trend in hv of
�0.014 and �0.013 cm3 cm�3 yr�1 were respectively significant
(p < 0.01) for the 2–3 and 3–4 m soil layers under C. korshinskii
plantation in 2004–2012. However, the depth-averaged SMC was
constant (0.086 cm3 cm�3) for the period 2012–2014. This sug-
gested that soil moisture below 0.086 cm3 cm�3 was not available
for uptake by C. korshinskii.

There were also significant (p < 0.01) trends in hv (�0.004,
�0.005, �0.005 and �0.004 cm3 cm�3 yr�1 for the 0–1, 1–2, 2–3
and 3–4 m soil depths, respectively) under cropland. This sug-
gested that the fitted hv curve for each of the soil layers decreased
in the range of �20.7 and �27.4% (Fig. 6). The rate of SMC decline
under cropland was much lower than that under C. korshinskii. This
suggested further intensification of soil moisture decline in affor-
ested fields, compared with agricultural fields on the northern
Loess Plateau. Since no significant differences existed between
cropland and C. korshinskii fields in terms of soil texture, topogra-
phy and microclimatic conditions, the differences in volumetric
profile SMC were attributed to afforestation activities in the region.
4. Discussions

4.1. Negative effects of afforestation on SMC

Soil conservation, measured as the decline in soil erosion, has
been achieved after nearly 60 years of sustained afforestation
efforts in China’s Loess Plateau. Since the early 1950s, afforestation
of slope lands has been used to control soil erosion and other forms
of environmental degradation in the Loess Plateau. With the imple-
mentation of various restoration programs, annual runoff in the
Yellow River has dropped over the century. This was particularly
the case since the late 1960s (Chen et al., 2015; Wang et al.,
2015a), largely attributed to human activities such as GFGP and
construction of dams, reservoirs, terraces and other conservation
structures. Lü et al. (2012) noted a decreasing runoff of
10.3 mm yr�1 in the period 2002–2008 in the Loess Plateau. After
analysis of the variations in vegetation cover, water yield and sed-
iment concentration in 12 main sub-catchments in the region of



2014 20042014 2004 Sampling events Sampling events

θ v
(c

m
3

cm
-3

) 
θ v

(c
m

3
cm

-3
) 

2-3 m 

1-2 m 0-1 m

3-4 m 

Fig. 6. Average volumetric soil moisture (hv) curve for the 0–1, 1–2, 2–3 and 3–4 m soil depths under cropland and C. korshinskii plantations in 2004–2014 in Shenmu County
in the northern region of the Loess Plateau.

X. Jia et al. / Journal of Hydrology 546 (2017) 113–122 119
the Loess Plateau in the Yellow River Basin using remote sensing
data for 1998–2010, Wang et al. (2015a) observed 26% decline in
water yield and 21% decline in sediment concentration; attributed
to the massive afforestation in the region.

Although the effects of vegetation restoration on soil erosion
and water yield in the Loess Plateau have been investigated in
recent years (Feng et al., 2012; Lü et al., 2012; Wang et al.,
2015a), only few studies have actually analyzed hydrological effect
of afforestation on soils, particularly that on deep soil layer in the
Loess Plateau (Jin et al., 2011; Yang et al., 2012; Wang et al., 2013;
Jian et al., 2015). This study showed that the conversion of agricul-
tural land into forests caused soil moisture decline in deep soil
layer across the plateau. This finding supports the results of previ-
ous studies (Wang et al., 2010; Jia and Shao, 2014; Jian et al.,
2015) where dry soil layers were noted under R. pseudoacacia,
P. tabulaeformis and C. korshinskii plantations in the Loess Plateau.
For example, Yang et al. (2012) observed 35% decrease in deep SMC
due to the conversion of cropland into shrub-land and forestland,
causing an apparent soil moisture deficit. Jian et al. (2015) showed
that the amount of soil water storage consistently decreased
within a 1-m depth in R. pseudoacacia, P. tabulaeformis and
C. korshinskii fields during growing season. This was because the
planted shrubs and forests in the region had higher evapotranspi-
ration than precipitation recharge (Cheng et al., 2005; Zhao and Li,
2007; Jian et al., 2015).

The three tree species (R. pseudoacacia, P. tabulaeformis and C.
korshinskii) investigated in this study deep-rooted and therefore
had high evapotranspiration due to the consumption of large
amounts of water from deep soil layers (Wang et al., 2010; Jia
et al., 2013; Zhang et al., 2014a,b; Jian et al., 2015). By analysis of
spatial distributions of main and lateral roots of R. pseudoacacia
in Yan’an, Ma et al. (1990) observed deep penetration of lateral
roots (>7 m). Based on the dynamics of profile SMC and vertical
distribution of roots, it was concluded that the depth of extraction
of soil moisture by R. pseudoacacia was >7 m. As reported by Wang
et al. (2009), the depth of depleted soil moisture under C. korshin-
skii and R. pseudoacacia in the Loess Plateau could reach 22.4 and
21.5 m, respectively.

In-situ SMC measurements in north Loess Plateau region
showed a significant decline in soil moisture under cropland
(Fig. 6). This was consistent with the work of Liu et al. (2015)
where volumetric water content of the 0–50 cm topsoil layer in
north China under dryland crop dropped significantly in the last
three decades, particularly so in the Yellow River Basin. The
decrease in SMC was attributed mainly to the decline in annual
precipitation. During the monitoring period 2004–2014, total pre-
cipitation in 2005–2006 and 2009–2011 was consistently lower
than mean value (Liu and Shao, 2016). Besides, the continuous
application of chemical fertilizers favored biomass growth of crops
or weeds, which in turn increased transpiration rates and reduced
SMC. Compared with croplands, however, C. korshinskii fields in the
northern Loess Plateau region have higher rates of SMC decline due
to stronger soil water uptake. This implied that C. korshinskii
requires more water than cultivated crops, especially deep soil
water. Furthermore, the 1–4 m depth-averaged SMC was consider-
ably lower and temporally less variable (i.e., below the minimum
extractible soil moisture by C. korshinskii) after 8 years of growth
(Fig. 6). Thus soil water use by C. korshinskii induced desiccation
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of the deep soil layer (>1 m) after 8 years of growth, thereby reduc-
ing available soil moisture. This observation was consistent with
that report by Wang et al. (2004) that lands in the Loess Plateau
under exotic species induced soil desiccation. It was therefore con-
cluded that soil moisture decline in the Loess Plateau was driven
more by afforestation than crop cultivations. Furthermore, the
rapid proliferation of exotic tree species has led to the depletion
of available soil water and deep soil layer drying in the region.

The limited precipitation is the sole source of soil moisture as
groundwater levels in the Loess Plateau are generally 30–100 m
below the land surface. The precipitation is unevenly distributed
along the year and mostly occurs in summer. Although the planted
forests reduced surface runoff or increased infiltration rate and soil
water-holding capacity, high soil moisture loss due to transpiration
(particularly exotic plant species and high-density planting fields)
caused an imbalance in soil water availability and utilization by
trees. Due to the imbalance in the water budget, dry soil layers
have developed on the Loess Plateau (Wang et al., 2004, 2009,
2010, 2011b), in turn threatening the health of the ecosystem
due to degeneration of the vegetation cover. The Loess Plateau is
known for ‘‘small old trees” due to high soil drought, where some
30-year-old forest trees grow only to about 20% of their normal
height. In Mizhi and Shenmu Counties with low SMC, for example,
the heights of 22-year-old and 30-year-old P. tabulaeformis were
only 5.1 and 3.5 m, respectively. Then in Yongshou County with a
relatively high SMC, the height of 25-year-old P. tabulaeformis
was 17.0 m (Table S2).
4.2. SMC variations with stand age under R. pseudoacacia

Notably, stand densities in the 5-year-old and/or 10-year-old R.
pseudoacacia plantations were high but decreased with increasing
age (Jin et al., 2011). Intense competition for limited soil moisture
in the stand population (i.e., natural-thinning) and soil drying
due to high soil water consumption by the trees influenced
R. pseudoacacia stand density in the Loess Plateau (Jin et al.,
2011). Canopy density, however, was constant, but high in young
stands that generally decreased after 20 years of growth
(Table S2). The trend in canopy density was the reverse of that in
soil moisture, suggesting that a close interaction existed between
soil moisture and vegetation. As SMC under R. pseudoacacia varied
with stand age (Fig. 5), it was grouped under two periods—drying
period and recovering period. During drying period, depth-
averaged SMC decreased with increasing age due to high moisture
use by plants. Although stand density gradually decreased, both
the increase in single-tree transpiration and understory evapotran-
spiration still caused an imbalance in soil water supply and soil
water use by plants (Gebhardt et al., 2014; Sun et al., 2014). Thus
exotic plant species such as R. pseudoacacia induced desiccation of
the soil. Severe soil desiccation in turn hindered R. pseudoacacia
growth or even caused vegetation degeneration. This was evident
in the death of tree branches and the development of R. pseudoaca-
cia rampikes or dwarfs after 20 years of growth (Jin et al., 2011;
Wang et al., 2011b). R. pseudoacacia height initially increased with
stand age in 5–26-year-old stands and then decreased in 26–40-
year-old stands in Fuxian County (Table S2). The decrease in height
was attributed to branch death due to soil drought. Because of soil
drought, stand density and/or canopy density decreased to new
lows, thereby decreasing tree transpiration. Analysis showed that
the LAI of R. pseudoacacia in Fufeng County significantly decreased
within 20–30 years after planting (data not shown). This, in addi-
tion to the low interception and high soil water-holding capacity
and water retention after 20 years of growth, resulted in the recov-
ery of the profile SMC. It suggested that the imbalance in soil water
availability and soil water use by plants apparently weakened.
4.3. Implications for future afforestation activities

It is important to note the limitations of this study due mainly
to the scarcity data (long-term continuous SMC data) and the
inability to quantify potential soil moisture recovery. Irrespec-
tively, the use of R. pseudoacacia, P. tabulaeformis and C. korshinskii
afforestation has caused soil moisture decline, compared with
crops in agricultural fields on the Loess Plateau. Soil water shortage
was increasingly obvious in the Loess Plateau due to the inappro-
priate afforestation and/or management of tree plants. The intro-
duction of exotic tree species and high-density planting further
intensified soil water depletion in the region (Wang et al., 2009,
2010; Jin et al., 2011). Dry soil layers have now developed in some
areas of the Loess Plateau, with negative effects on tree growth.
This in turn threatened ecosystem health and services such as car-
bon sequestration, soil/water conservation, etc. The current trends
in afforestation coupled with inappropriate forest management
practices have resulted in an excessive exploitation of deep soil
water and a severe degeneration of vegetation. The Chinese gov-
ernment planned to expand forests by �220,000 km2 by 2030.
For sustainable ecological construction, there was the need to pur-
sue alternative afforestation practices that have the potential to
control soil erosion without endangering future soil water avail-
ability in the region. Afforestation strategies for sustainable devel-
opment are documented for the Yellow River Basin in several
recent studies. The exotic tree species currently used should be
replaced with more water-saving native tree species. Thinning
was required in high-density areas as critical measure to maintain
a balance in soil water availability and water use by plants. Using
soil water carrying capacity for vegetation (SWCCV) models (Xia
and Shao, 2008) to assess the consumption process of soil water
with vegetation growth, optimal plant density or biomass can be
established to guide afforestation operations in the Loess Plateau.
5. Conclusions

Planting trees (e.g., R. pseudoacacia, P. tabulaeformis and
C. korshinskii) constitute an important soil erosion control measure
for the sustainability of the ecology in China’s Loess Plateau Region.
Compared with croplands, however, mean SMC in the top 5-m soil
layers under artificial forests declined with time across the Loess
Plateau study area. The decline in SMC induced soil desiccation
that in turn limited tree growth or even induced degeneration of
vegetation. Although SMC for R. pseudoacacia plantation appar-
ently recovered with increasing tree age over 25 yr, SMC under
R. pseudoacacia was consistently lower than that under cropland.
Artificial forests might thus play a role of ‘‘water pump” in the
Loess Plateau. Therefore, future afforestation efforts should con-
sider planting tree species that use less water and require less thin-
ning. Such forest trees could support sustainable soil conservation
without compromising future water demand in the Loess Plateau.
Future water resources studies should investigate runoff, canopy
interception and evapotranspiration fluxes to further clarify the
processes of soil moisture decline due to afforestation of the Loess
Plateau.
Acknowledgements

This study was sponsored by the National Natural Science Foun-
dation of China (41390461, 41530854 and 41501233), National
Key Research and Development Program of China
(2016YFC0501605), and the Program for Bingwei Excellent Talents
from the Institute of Geographic Sciences and Natural Resources
Research, CAS (2015RC204). We are indebted to the editors and
reviewers for their constructive comments and suggestions on



X. Jia et al. / Journal of Hydrology 546 (2017) 113–122 121
the work. We acknowledge the inputs of Prof. L. Wu, Dr. C. Ma, Dr.
C. Zhang, Dr. Q. Zhang, Dr. C. Zhao and Dr. X. Li in terms of data col-
lection and insightful suggestions during the study.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhydrol.2017.01.
011.
References

Buyantuyev, A., Xu, P.Y., Wu, J.G., Piao, S.J., Wang, D.C., 2012. A space-for-time (SFT)
substitution approach to studying historical phenological changes in urban
environment. PLoS ONE 7 (12), e51260.

Cao, S.X., Chen, L., Yu, X.X., 2009. Impact of China’s Grain for Green Project on the
landscape of vulnerable arid and semi-arid agricultural regions: a case study in
northern Shaanxi Province. J. Appl. Ecol. 46, 536–543.

Chen, H.S., Shao, M.A., Li, Y.Y., 2008. Soil desiccation in the Loess Plateau of China.
Geoderma 143 (1–2), 91–100.

Chen, Y.P., Wang, K.B., Lin, Y.S., Shi, W.Y., Song, Y., He, X.H., 2015. Balancing green
and grain trade. Nat. Geosci. 8 (10), 739–741.

Cheng, J.M., Wan, H.E., Wang, J., Yong, S.P., 2005. Growth of caragana korshinskii
and depletion process of soil water in semi-arid region. Scie. Silvae. Sin. 41, 37–
41 (in Chinese with English abstract).

Deng, L., Shangguan, Z.P., Li, R., 2012. Effects of the grain-for-green program on soil
erosion in China. Int. J Sediment Res. 27, 131–138.

Deng, L., Liu, G.B., Shangguan, Z.P., 2014. Land-use conversion and changing soil
carbon stocks in China’s ’Grain-for-Green’ Program: a synthesis. Glob. Change
Biol. 20 (11), 3544–3556.

Derak, M., Cortina, J., 2014. Multi-criteria participative evaluation of Pinus halepensis
plantations in a semiarid area of southeast Spain. Ecol. Indic. 43 (8), 56–58.

Duan, L.X., Huang, M.B., Zhang, L.D., 2016. Differences in hydrological responses for
different vegetation types on a steep slope on the Loess Plateau, China. J. Hydrol.
537, 356–366.

Farley, K.A., Jobbágy, E.G., Jackson, R.B., 2005. Effects of afforestation on water yield:
a global synthesis with implications for policy. Glob. Change Biol. 11, 1565–
1576.

Feng, X.M., Sun, G., Fu, B.J., Su, C.H., Liu, Y., Lamparski, H., 2012. Regional effects of
vegetation restoration on water yield across the Loess Plateau, China. Hydrol.
Earth Syst. Sci. 16 (8), 2617–2628.

Feng, X.M., Fu, B.J., Lu, N., Zeng, Y., Wu, B., 2013. How ecological restoration alters
ecosystem services: an analysis of carbon sequestration in China’s Loess
Plateau. Sci. Rep. 3, 2846.

Fukami, T., Wardle, D.A., 2005. Long-term ecological dynamics: reciprocal insights
from natural and anthropogenic gradients. Proc. R. Soc. B 272, 2105–2115.

Gebhardt, T., Häberle, K.H., Matyssek, R., Schulz, C., Ammer, C., 2014. The more, the
better? Water relations of Norway spruce stands after progressive thinning.
Agr. Forest Meteo. 197, 235–243.

Guo, Z.Y., Huang, Z.L., Feng, L.X., Fan, S.Q., Wang, H.J. (Eds.), 1992. Shaanxi Soil.
Science Press, Beijing, China (in Chinese).

He, X.B., Li, Z.B., Hao, M.D., Tang, K.L., Zheng, F.L., 2003. Down-scale analysis for
water scarcity in response to soil-water conservation on Loess Plateau of China.
Agr. Ecosyst. Environ. 94, 355–361.

Huang, M.B., Zhang, L., Gallichand, J., 2003. Runoff responses to afforestation in
watershed of the Loess Plateau, China. Hydrol. Process. 17, 2599–2609.

Huang, M.B., Zhang, L., 2004. Hydrological responses to soil conservation practices
in a catchment of the Loess Plateau, China. Hydrol. Process. 18, 1885–1898.

Ilstedt, U., Malmer, A., Elke, V., Murdiyarso, D., 2007. The effect of afforestation on
water infiltration in the tropics: a systematic review and meta-analysis. Forest
Ecol. Manag. 251, 45–51.

Issa, O.M., Valentin, C., Rajot, J.L., Cerdan, O., Desprats, J.F., Bouchet, T., 2011. Runoff
generation fostered by physical and biological crusts in semi-arid sandy soils.
Geoderma 167–168 (1), 22–29.

Jia, X.X., Wei, X.R., Shao, M.A., Li, X.Z., 2012. Distribution of soil carbon and nitrogen
along a revegetational succession on the Loess Plateau of China. Catena 95, 160–
168.

Jia, X.X., Shao, M.A., Zhang, C.C., Zhao, C.L., 2015. Regional temporal persistence of
dried soil layer along south-north transect of the Loess Plateau, China. J. Hydrol.
528, 152–160.

Jia, Y.H., Shao, M.A., Jia, X., 2013. Spatial pattern of soil moisture and its temporal
stability within profiles on a loessial slope in northwestern China. J. Hydrol. 495,
150–161.

Jia, Y.H., Shao, M.A., 2014. Dynamics of deep soil moisture in response to
vegetational restoration on the Loess Plateau of China. J. Hydrol. 519, 523–531.

Jian, S.Q., Zhao, C.Y., Fang, S.M., Yu, K., 2015. Effects of different vegetation
restoration on soil water storage and water balance in the Chinese Loess
Plateau. Agr. Forest Meteo. 206, 85–96.

Jin, T.T., Fu, B.J., Liu, G.H., Wang, Z., 2011. Hydrologic feasibility of artificial
forestation in the semi-arid Loess Plateau of China. Hydrol. Earth Syst. Sci. 15,
2519–2530.
Li, Y.Y., Shao, M.A., 2006. Change of soil physical properties under long-term natural
vegetation restoration in the Loess Plateau of China. J. Arid Environ. 64, 77–96.

Li, H.J., Wang, M.B., Chen, L.F., Cai, B.F., 1996. Study on hydrologic ecology of Robinia
pseudoacacia population in northwestern Shanxi. Acta Ecol. Sin. 20, 151–158
(in Chinese with English abstract).

Li, J., Chen, B., Li, X.F., Zhao, Y.J., Ciren, Y.J., Jiang, B., Hu, W., Cheng, J.M., Shao, M.A.,
2008. Effects of deep soil desiccation on artificial forestlands in different
vegetation zones on the Loess Plateau of China. Acta Ecol. Sin. 28 (4), 1429–
1445 (in Chinese with English abstract).

Liu, B.X., Shao, M.A., 2014. Estimation of soil water storage using temporal stability
in four land uses over 10 years on the Loess Plateau, China. J. Hydrol. 517, 974–
984.

Liu, B.X., Shao, M.A., 2016. Response of soil water dynamics to precipitation years
under different vegetation types on the northern Loess Plateau, China. J. Arid
Land 8, 47–59.

Liu, Y.L., Pan, Z.H., Zhuang, Q.L., Miralles, D.G., Teuling, A.J., Zhang, T.L., An, P.L., 2015.
Agriculture intensifies soil moisture decline in Northern China. Sci. Rep. 5,
11261.

Lü, Y.H., Fu, B.J., Feng, X.M., Zeng, Y., Liu, Y., Chang, R.Y., Sun, G., Wu, B.F., 2012. A
policy-driven large scale ecological restoration: quantifying ecosystem services
changes in the Loess Plateau of China. PLoS ONE 7, e31782.

Ma, Y.X., Yang, W.Z., Han, S.F., Yang, X.M., 1990. On the growth dynamics of locust in
the Loess Plateau. J. Soil Water Conserv. 4 (2), 28–32 (in Chinese with English
abstract).

Malagnoux, M., 2007. Arid Land Forests of the World: Global Environmental
Perspectives. Food and Agriculture Organization of the United Nations (FAO),
Rome, Italy.

Moran, M.S., Scott, R.L., Keefer, T.O., Emmerich, W.E., Hernandez, M., Nearing, G.S.,
Paige, G.B., Cosh, M.H., O’Neill, P.E., 2009. Partitioning evapotranspiration in
semiarid grassland and shrubland ecosystems using time series of soil surface
temperature. Agr. Forest Meteo. 149 (1), 59–72.

Shaxson, F., Barber, R., 2003. Optimizing soil moisture for plant production. the
significance of soil porosity. FAO Soils Bulletin 79. FAO, Rome.

Shan, C.J., Liang, Z.S., Hao, W.F., 2003. Review on growth of locust and soil water in
Loess Plateau. Acta Bot. Boreal.-Occident. Sin. 23, 1341–1346 (in Chinese with
English abstract).

Shi, H., Shao, M.A., 2000. Soil and water loss from the Loess Plateau in China. J. Arid
Environ. 45, 9–20.

Sun, G., Zhou, G., Zhang, Z., Wei, X., McNulty, S., Vose, J.M., 2006. Potential water
yield reduction due to forestation across China. J. Hydrol. 328, 548–558.

Sun, X.C., Onda, Y., Otsuki, K., Kato, H., Hirata, A., Gomi, T., 2014. The effect of strip
thinning on tree transpiration in a Japanese cypress (Chamaecy parisobtuse
Endl.) plantation. Agr. Forest Meteo. 197, 123–135.

Wang, A.H., Lettenmaier, D.P., Sheffield, J., 2011a. Soil moisture drought in China,
1950–2006. J. Climate 24, 3257–3271.

Wang, L., Shao, M.A., Wang, Q.J., 2004. Review of research on soil desiccation in the
Loess Plateau. Trans. CSAE 20, 27–31 (in Chinese with English abstract).

Wang, S., Fu, B.J., Gao, G.Y., Yao, X.L., Zhou, J., 2012a. Soil moisture
evapotranspiration of different land cover types in the Loess Plateau, China.
Hydrol. Earth Syst. Sci. 16, 2883–2892.

Wang, S., Fu, B.J., Piao, S.L., Lü, Y.H., Ciais, P., Feng, X.M., Wang, Y.F., 2015a. Reduced
sediment transport in the Yellow River due to anthropogenic changes. Nat.
Geosci. 9 (1). http://dx.doi.org/10.1038/NGEO2602.

Wang, Y.Q., Shao, M.A., Shao, H.B., 2010. A preliminary investigation of the dynamic
characteristics of dried soil layers in the Loess Plateau of China. J. Hydrol. 381,
9–17.

Wang, Y.Q., Shao, M.A., Zhu, Y.J., Liu, Z.P., 2011b. Effects of land use and plant
characteristic on dried soil layers in different climatic regions on the Loess
Plateau of China. Agri. Forest Meteorol. 151, 437–448.

Wang, Y.Q., Shao, M.A., Liu, Z.P., Zhang, C.C., 2012b. Changes of deep soil desiccation
with plant growth age in the Chinese Loess Plateau. Hydrol. Earth Syst. Sci.
Discuss 9, 12029–12060.

Wang, Y.Q., Shao, M.A., Liu, Z.P., 2013. Vertical distribution and influencing factors
of soil water content within 21-m profile on the Chinese Loess Plateau.
Geoderma 193–194, 300–310.

Wang, Y.Q., Shao, M.A., Liu, Z.P., Zhang, C.C., 2015b. Characteristics of dried soil
layers under apple orchards of different ages and their applications in soil water
managements on the Loess Plateau of China. Pedosphere 25, 546–554.

Wang, Z.Q., Liu, B.Y., Zhang, Y., 2008. Effects of different vegetation types on soil
moisture in deep loess soil profiles. Acta Geogra. Sin. 63 (7), 703–713 (in
Chinese with English abstract).

Wang, Z.Q., Liu, B.Y., Liu, G., Zhang, Y.X., 2009. Soil water depletion by planted
vegetation on the Loess Plateau. Sci. China Ser. D – Earth Sci. 52, 835–842.

Xia, Y.Q., Shao, M.A., 2008. Soil water carrying capacity for vegetation: a hydrologic
and biogeochemical process model solution. Ecol. Model. 214, 112–124.

Yang, L., Wei, W., Chen, L.D., Mo, B.R., 2012. Response of deep soil moisture to land
use and afforestation in the semi-arid Loess Plateau, China. J. Hydrol. 475, 111–
122.

Yaseef, N.R., Yakir, D.E., Rotenberg, S.G., Cohen, S., 2009. Ecohydrology of a semi-arid
forest: partitioning among water balance components and its implications for
predicted precipitation changes. Ecohydrology 3 (2), 143–154.

Yi, X.B., Wang, L., 2013. Land suitability assessment on a watershed of Loess Plateau
using the analytic hierarchy process. PLoS ONE 8 (7), e69498.

Zhao, Y.J., Li, J., 2007. Simulation of water productivity and soil desiccation of
artificial Pinus Tabulaeformis forestland on the Loess Plateau. J. Northwest A F
Univ. 35 (7), 61–68 (in Chinese with English abstract).

http://dx.doi.org/10.1016/j.jhydrol.2017.01.011
http://dx.doi.org/10.1016/j.jhydrol.2017.01.011
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0005
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0005
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0005
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0010
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0010
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0010
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0020
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0020
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0025
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0025
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0030
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0030
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0030
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0035
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0035
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0040
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0040
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0040
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0045
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0045
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0050
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0050
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0050
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0055
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0055
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0055
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0060
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0060
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0060
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0065
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0065
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0065
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0070
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0070
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0075
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0075
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0075
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0080
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0080
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0085
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0085
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0085
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0090
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0090
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0095
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0095
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0100
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0100
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0100
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0105
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0105
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0105
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0110
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0110
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0110
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0115
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0115
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0115
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0120
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0120
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0120
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0125
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0125
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0130
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0130
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0130
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0135
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0135
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0135
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0140
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0140
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0145
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0145
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0145
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0150
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0150
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0150
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0150
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0155
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0155
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0155
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0160
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0160
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0160
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0165
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0165
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0165
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0170
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0170
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0170
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0175
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0175
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0175
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0180
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0180
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0180
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0185
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0185
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0185
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0185
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0190
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0190
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0195
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0195
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0195
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0200
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0200
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0205
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0205
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0210
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0210
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0210
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0215
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0215
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0220
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0220
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0225
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0225
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0225
http://dx.doi.org/10.1038/NGEO2602
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0235
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0235
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0235
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0240
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0240
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0240
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0245
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0245
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0245
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0250
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0250
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0250
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0255
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0255
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0255
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0260
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0260
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0260
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0265
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0265
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0270
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0270
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0275
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0275
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0275
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0280
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0280
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0280
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0285
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0285
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0290
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0290
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0290


122 X. Jia et al. / Journal of Hydrology 546 (2017) 113–122
Zhang, C.B., Chen, L.H., Jiang, J., 2014a. Vertical root distribution and root cohesion
of typical tree species on the Loess Plateau, China. J. Arid Land 6, 601–611.

Zheng, S.X., Shangguan, Z.P., 2007. Photosynthetic physiological adaptabilities of
Pinus tabulaeformis and Robinia pseudoacacia in the Loess Plateau. Chin. J.
Appl. Ecol. 18, 16–22 (in Chinese with English abstract).

Zhang, M., Niu, J.J., Liang, H.B., Shi, J.W., Guo, B., 2014b. Changes in soil water under
different macrophanerophyte covers in the gully region of Loess Plateau in
northwest Shanxi. Chinese J. Ecol. 33 (9), 2478–2482 (in Chinese with English
abstract).

Zou, J.L., Shao, M.A., Gong, S.H., 2011. Effects of different vegetation and soil types
on profile variability of soil moisture. Res. Soil Water Conserv. 18 (6), 12–17 (in
Chinese with English abstract).

http://refhub.elsevier.com/S0022-1694(17)30011-2/h0295
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0295
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0300
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0300
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0300
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0305
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0305
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0305
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0305
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0310
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0310
http://refhub.elsevier.com/S0022-1694(17)30011-2/h0310

	Soil moisture decline due to afforestation across the Loess Plateau, China
	1 Introduction
	2 Materials and methods
	2.1 Study area description
	2.2 Data collection
	2.2.1 Field survey
	2.2.2 Long-term observations
	2.2.3 Documented literature

	2.3 Statistical analyses

	3 Results
	3.1 Distribution of watershed profile SMC
	3.2 Soil moisture variation with afforestation age under R. pseudoacacia
	3.3 Long-term variations in SMC under C. korshinskii

	4 Discussions
	4.1 Negative effects of afforestation on SMC
	4.2 SMC variations with stand age under R. pseudoacacia
	4.3 Implications for future afforestation activities

	5 Conclusions
	Acknowledgements
	Appendix A Supplementary material
	References


