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Response of soil moisture to landscape restoration in the hilly
and gully region of the Loess Plateau, China
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Abstract
Vegetation restoration was conducted by the Chinese government over the past decades to reduce soil and water loss on the
Chinese Loess Plateau. However, vegetation restoration was very blind in plant species selection and had no guidance. Field
measurements were conducted from 2009 to 2014 to analyze the influence of land-use conversions from croplands to pastures,
native grasslands and planted trees, shrubs and on runoff, soil water dynamics and water stresses in the semi-arid loess hilly area.
Our research has led to the following major findings: (1) The soil water stored decreased from 2009 to 2014 among all land cover
types. The soil water replenishment by rainfall during rainy seasons was not sufficient to fully recharge the soil water storage.
Vegetation restoration by shrub could retain more soil water than other land cover types; (2) The ratio of ET/P (evapotranspi-
ration/precipitation) ranked from high to low was Grassland (1.31) > Shrubland (1.29) > Cropland (1.28) > Alfalfa (1.26) >
Woodland (1.20). The ET/P ratio of the pine plantation was the lowest among the five land cover types; (3) Woodlands and
shrublands showed the higher infiltration rates and the wetting fronts of croplands and shrublands could reach greater depths than
woodland and grassland.
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Introduction

Soil water content is a key component of the terrestrial system
and plays an integrative role in surface hydrological processes,
especially in semi-arid areas (Chen et al. 2008; Legates et al.
2011). In such regions, hydrologic viability is considered to be
the most important driver of the productivity and sustainabil-
ity of terrestrial ecosystems (Porporato et al. 2002; Mishra and
Singh 2010; Jin et al. 2011).

In arid and semi-arid regions, vegetation restoration is
largely controlled by soil water availability (Legates et al.
2011). Plants have strong effects on ecosystem water balances
through their contrasting capacity to access, transport, and
transpire soil moisture (Qiu et al. 2011). Precipitation is
among the most important factors that determine the

occurrence and diversity of species (Benito et al. 2019). In
arid and semi-arid regions, species need to cope with dry years
or seasons. Chen et al. (2008) found that the high water con-
sumption rate of several forest tree varieties causes drying up
of soils and ecological degradation in arid and semi-arid re-
gions. Hence, a proper understanding of how water balance
limits and controls afforestation is particularly important.
Water balance is not only important in investigating the eco-
system function and catchment hydrology (Wang et al. 2008),
but is also necessary for developing viable water-saving man-
agement strategies that support high water-use efficiency and
economic benefits in regions subjected to water scarcity. To
encourage proper reforestation practices, common species
need to be investigated to elucidate their water balance and
determine their suitability for developing stable ecosystems
that can improve the provision of ecosystem services and re-
verse degradation processes (Wang et al. 2012).

The Chinese Loess Plateau is facing the severe soil erosion
(Han et al. 2009). Vegetation restoration practices had been
conducted by Chinese government in order to slow down
water and soil losses. The traditional steep slopes farmlands
were converted to pasture grasslands, shrublands, and forest-
lands. The afforestation species are mainly nonnative plants

* Shengqi Jian
jiansq@zzu.edu.cn

1 College of Water Conservancy & Environment, Zhengzhou
University, Science road 100, Zhengzhou, China

2 Henan Yellow River Hydrological Survey and Design Institute,
Chengdong road 100, Zhengzhou, China

https://doi.org/10.2478/s11756-020-00520-z
Biologia (2020) 75:827–839

Received: 24 April 2019 /Accepted: 8 May 2020 /Published online: 2 June 2020
# Plant Science and Biodiversity Centre, Slovak Academy of Sciences 2020

http://crossmark.crossref.org/dialog/?doi=10.2478/s11756-020-00520-z&domain=pdf
mailto:jiansq@zzu.edu.cn


that consume more water than no afforestation (Sun et al.
2006; McVicar et al. 2010; Cao et al. 2011). The average
annual rainfall ranges from 300 to 650 mm (Chen et al.
2008), the average annual pan evaporation is 1669 mm (Xie
and Wang 2007), resulting in a low soil moisture content,
which is unable to meet the growth needs of the afforestation
species in Loess Plateau (Yang and Tian 2004). Thus, in order
to ensure the sustainable provision of ecosystem services, we
require a detailed understanding of the eco-hydrological pro-
cesses in the Loess Plateau. The rainfall patterns of the Loess
Plateau are characterized by high intensity rainfall (Liu et al.
2012) with a high runoff ratio and low soil moisture input.
Thus, the rainwater infiltration and storage capacity of a soil
are important to determine the amount of runoff and soil water
storage for plant production (Jones et al. 2002; Wang et al.
2008). Data on the infiltration processes and the effects of
cumulative infiltration on different land covers remain scarce.
In addition, research indicates that reforestation has a low
survival rate (Cao et al. 2011; Jiao et al. 2011). Therefore,
additional long-term assessments of vegetation variation are
urgently needed to implement a more effective restoration
policy.

This study focused on a small catchment in the western
Chinese Loess Plateau to test the effects on soil moisture of
Chinese pine (Pinus tabuliformis Carr.), korshinsk peashrub
(Caragana korshinskill Kom.), spring wheat (Triticum
aestivum L.), Purple alfalfa (Medicago sativa L.) and semi-
natural grassland (Stipa breviflora Griseb. and Stipa
bungeana Trin.). The aims of this study were to examine (1)
the infiltration processes by time series soil moisture content
measurements under heavy rainfall and to compare the effects
of different soil moisture inputs as a result of the five typical
plant species and (2) how soil moisture storage changes
among different land covers in a long term.

Materials and methods

Study area

Fieldwork was performed from 2009 to 2014 in the Anjiapo
catchment of the western Chinese Loess Plateau (Fig. 1). The
area has an average annual precipitation of 420 mm, 60% of
which occurs between July and September. The monthly av-
erage air temperature varies from −7.4 to 27.5 °С, and the
annual mean temperature is 6.3 °С. The average annual evap-
oration is 1510 mm. The soil belongs to the Calcic Cambisol
group based on the FAO–UNESCO soil classification system
(Chen et al. 2008). It has developed on loess parent material
and has a relatively thick profile. The soil in the study area is
derived mainly from loess and has a depth of 50–200 m de-
pending on the topography. The loess in this area usually has a
composition of more than 50% silt (0.002–0.05 mm) and less

than 20% clay (< 0.002 mm), and a porosity of approximately
50%. The gravimetric field capacity and wilting percentage of
soil moisture are 20–24% and 3–6%, respectively (Wang et al.
2010).

Vegetation restoration has been widely conducted in the
area since the late 1970s. Purple alfalfa (Medicago sativa
L.), Chinese pine (Pinus tabuliformis Carr.), False Acacia
(Robinia pseudoacacia Linn.), korshinsk peashrub
(Caragana korshinskii Kom.) and sea buckthorn (Hipporhae
rhamnoidesLinn.) were planted. These species were also used
in the Grain-for-Green project, which began in 1998, the
Chinese government implemented the project to improve the
natural ecosystems in the Loess Plateau region. This project
aimed at vegetation recovery due its crucial role in soil con-
servation (Wei et al. 2007). At present, the study area has
arable land, abandoned cropland, alfalfa, semi-natural grass-
land, shrubland and woodland. The major crops are spring
wheat (Triticum aestivum L.), soybeans (Glycine max Linn.),
potatoes (Solanum tuberosum L.), millet (Panicum
miliaceum) and sorghum (Sorghum bicolor L.). The major
grasses include S. breviflora and S. bungeana.

Experimental design

Fifteen experimental plots were constructed on hillslopes with
similar positions, aspects, and slopes where rainfed crops (i.e.,
winter wheat and potatoes) were grown previously. The sizes
of plots were same, 10 × 10m. Each plot was constructed with
a cement ridge 30 cm above the ground around the borders,
and an H-flume was used to measure surface runoff. The run-
off automatic monitors (JZ-NB1700, Jiuzhou, China) were
installed for each plot at the top of the H-flume (Fig. 2). For
each land cover type, three replications were used (Table 1).

(1) Cropland: Crops (T. aestivum) were sown in April since
1986 with a 15 cm row spacing and were harvested at the
end of July. Then a fallow period followed from August
to March of the next year. No chemical fertilizer or ma-
nure was used.

(2) Alfalfa: Purple alfalfa (M. sativa) was sown in April
since 1986 at a rate of 11 kg ha−1, and was harvested
for livestock. In rainfall-limited years, alfalfa was har-
vested only once because of its poor growth, whereas it
could be cut twice in years with high rainfall. After 7-
years growth, the alfalfa was resown annually.

(3) Shrubland: Korshinsk peashrub (C. korshinskill) sap-
lings were planted at a spacing of 1.0 × 1.0 m in
March 1986. At stand maturat ion, the shrub
(C. korshinskill), dense grasses (Stipa breviflora
Griseb. and Stipa bungeana Trin.) and thick litter pro-
vided a closed cover.

(4) Woodland: Chinese pine (P. tabulaeformis) was planted
at a spacing of 3.0 × 1.5 m in March 1986. The litter was
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removed by local farmers for daily heating. No grasses or
bushes were observed on the ground.

(5) Semi-natural grassland: As a dominant native species,
S. bungeana was sown in March 1986, and the plots
were derelict land and retained free from human
disturbance.

Volumetric soil moisture was determined using EC-5 sen-
sors (Decagon Devices Inc., Pullman, WA, USA) which were
installed at depths of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60,

70, 80, 90, 100, 120, 140, 160, 180, and 200 cm. We installed
the probes in April 2008 (the stabilization period exceed one
year). This type of soil moisture sensor is capable of measur-
ing volumetric saturation values between 0% and 100%, with
an accuracy of ±1.0% and a resolution of 0.1%.

The surface runoff of each plot was collected from May to
September of 2009–2014. The collectors were cleaned after
each measurement.

A meteorological tower was installed at the study site
(2 m and 3 m above the ground). The meteorological var-
iables recorded were wind speed, air temperature, relative
humidity, net and photosynthetically active radiation, rain-
fall, and atmospheric pressure. These parameters were
measured using an AG1000 automatic weather station
(Onset Computer Corporation, Pocasset, MA, USA) from
2009 to 2014.

Water balances

The change in soil water content in the growing seasons
(ΔSW) was calculated as:

ΔSW ¼ SWE−SWB ð1Þ
where ΔSW is the change in soil water content in the 0–
200 cm layer (mm), SWB is the soil water content measured
at the beginning of each month (mm), and SWE is the soil
water content measured at the end of each month (mm). SoilFig. 2 Schematic diagram of runoff automatic monitor

Fig. 1 Location of the study area
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water storage was calculated by volume water content multi-
plied by soil depth.

The Chinese Loess Plateau is characterized by rare
rainfall, high rainfall intensity, low vegetation coverage,
and the depth of vadose zone is over hundred meters,
belonging to infiltration-excess (Hortonian) overland
flow region. There is almost no subsurface runoff
(Gao et al. 2018). The total annual surface runoff of
each land cover type was determined by averaging the
runoff of the three plots for each land cover.

The actual evapotranspiration (ET) for each plot was
calculated using rainfall (P), runoff and the changes in
soil water:

ET ¼ P−Q−ΔSW ð2Þ

Ecosystem water stress was introduced by comparing
evapotranspiration (ET) with rainfall (P). ET/P was used to
express water use efficiency, a low water use efficiency is
indicated by a low ET/P ratio.

Data analysis

Data on the soil moisture of these five land cover types were
analyzed using SPSS for Windows 18.0. One-way ANOVA
was performed, after verifying the assumptions of normality
and homogeneity of variances, to test the effects of land cover
types on soil moisture.

Multicollinearity was addressed. Based on the soil water
balance principle, the cumulative infiltration of each rainfall
event could thus be described as:

I ¼ Se−Sbð Þ � Z f ð3Þ

where I is the cumulative infiltration (mm); Sb is the soil mois-
ture (%) in the beginning of each rainfall event; Se is the soil
moisture (%) at the end of each rainfall event; and Zf, is the
infiltration depth (cm).

Results

Climate factors

261 rainfall events were observed during the experimental
period. An individual rainfall event is considered to be a rain-
fall event separated by dry intervals of at least 5 h (Guastini
et al. 2019). The results indicated that low rainfall intensity
events dominated (< 0.5 mm h−1, accounting for 43.9% of
rainfall events) (Fig. 3a). The annual rainfall averaged
354.2 mm, with the following distribution: ≤ 5 mm, 27.7%
of the annual rainfall depth and 74.8% of the events; 5.1–
10 mm, 21.3% and 12.7%, respectively; 10.1–15 mm,
18.9% and 6.6%; 15.1–20 mm, 11.2% and 2.8%; 20.1–
25 mm, 5.2% and 1.0%; > 25 mm, 15.7% and 2.1% (Fig.
3b). The percentages of the total amount and frequency of

Table 1 Average biological parameters and soil parameters for the top 1 m in the Anjiagou catchment

Parameter Sample numbers Mean ± SD

P.
tabuliformis

T.
aestivum

C.
korshinskii

M.
sativa

S.
bungeana

Biological parameters Plant height (m) 160 11.42 ± 3.63 0.71 ± 0.16 1.70 ± 11 0.65 ± 0.11 0.66 ± 0.25

DBH/BD (cm) 200/160 20.11 ± 4.72 – 1.51 ± 0.21 – –

Projected area (m2) 160 17.66 ± 5.29 -- 3.02 ± 0.44 -- --

Cover (%) 50 87 ± 3 68 ± 5 65 ± 5 91 ± 4 74 ± 6

Soil parameters Clay (< 0.002 mm; %) 15 9.45 ± 2.31 10.22 ± 1.46 9.17 ± 1.20 11.04 ± 2.30 9.44 ± 1.54

Silt (0.05–0.002 mm; %) 15 75.46 ± 10.03 77.36 ± 10.24 75.59 ± 9.21 76.69 ± 11.34 76.53 ± 8.31

Sand (0.05–2 mm; %) 15 15.09 ± 1.15 12.42 ± 2.06 15.24 ± 1.16 12.27 ± 2.81 14.03 ± 1.52

Organic matter (%) 15 0.68 ± 0.09 0.74 ± 0.07 0.95 ± 0.08 0.71 ± 0.04 0.81 ± 0.06

pH 15 8.20 ± 0.30 8.10 ± 0.50 8.10 ± 0.90 7.90 ± 0.70 7.90 ± 0.60

Soil bulk density (g cm−3) 1.22

0–20 cm 15 1.35 ± 0.09 1.38 ± 0.16 1.13 ± 0.08 1.29 ± 0.20 1.24 ± 0.19

20–40 cm 15 1.37 ± 0.12 1.32 ± 0.18 1.15 ± 0.13 1.20 ± 0.21 1.25 ± 0.12

40–60 cm 15 1.29 ± 0.16 1.36 ± 0.16 1.17 ± 0.15 1.23 ± 0.19 1.23 ± 0.18

60–80 cm 15 1.27 ± 0.12 1.29 ± 0.15 1.19 ± 0.14 1.25 ± 0.23 1.21 ± 0.21

80–100 cm 15 1.31 ± 0.14 1.28 ± 0.24 1.10 ± 0.11 1.26 ± 0.18 1.25 ± 0.17

Each parameter was measured from 2009 to 2014. DBH is the diameter at breast height for trees; DB is the basic diameter for shrubs; Projected area is the
area surrounded by a shadow outline
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events decreased with increasing rainfall, during the experi-
mental period. Small events (≤ 5 mm) were the most frequent,
whereas larger events (≥ 10 mm) were infrequent but had a
greater influence on total rainfall. The heaviest rainfall event
that occurred on 12th August, 2012 and resulted in a total
rainfall depth of 31 mm, with a maximum 30-min rainfall
intensity of 4.21 mm/h, a duration of 569 min and an average
intensity of 3.5 mm/h, was used to analyze the advance of the
wetting front.

The annual climate factors values of the study period
(2009–2014) and long-term period (1975–2008) were pre-
sented in Table 2.

Soil water variation

The monthly soil water content in the different land cover types
during the experimental period was determined by Eqs. (1) and
(2). Soil water storage varied greatly during the study period
from May to September of 2009–2014 (Fig. 4). However, no
significant differences were found among the five land cover
types (Table 3). Soil water replenishment usually occurs from
the end of autumn to the end of spring (Fig. 4). In general, a

decreasing trend was found for all land cover types during the
experimental period (Fig. 4). The ΔSW was negative in most
months from May to September of 2009–2014, water loss
exceeded precipitation in these months (Fig. 5).

Runoff

Among the land cover types, woodland produced the largest
surface runoff (102 mm), followed by cropland (86 mm),
grassland (83 mm), alfalfa (77 mm) and shrubland (66 mm)
throughout the 6 years (Fig. 6). This was somewhat surprising
since pines were considered as a major species for soil erosion
control through reducing surface runoff in the study region.
We attributed the large runoff to the soil compaction and lack-
ing understory in the pine stands. High runoff frequency oc-
curred in July and August, which accounted for 66.4% of the
total surface runoff. The May and September had the lowest
surface runoff, accounting for 7.2% and 8.6%, respectively.
Especially, no runoff was observed in May of 2009 and 2011.

The monthly runoff increased with increasing monthly rain-
fall depth and followed by significantly positive linear relation-
ships in the five land cover types (Fig. 7). The monthly rainfall

Fig. 3 The frequency distributions of the rainfall intensity, rainfall and rainfall events from 1st May to 30th September of 2009–2014 (The rainfall
intensity was grouped based on the standard of the China Meteorological Administration on rainfall level)

Table 2 The annual climate
factors values of the study period
(2009–2014) and long-term peri-
od (1975–2008)

Climate
factors

Rainfall
(mm)

Air
temperature
(°C)

Evaporation
(mm)

Wind speed
(m/s)

Relative
humidity (%)

Solar
radiation

(MJ/m2)

2009–2014 354 ± 31 6.5 ± 1.1 1496 ± 112 2.53 ± 0.57 65 ± 12 5419 ± 142

1975–2008 420 ± 85 6.3 ± 1.5 1510 ± 131 2.36 ± 0.61 61 ± 16 5322.1 ± 346

Data =Mean ± S.D. The data from 1975 to 2008 were from Dingxi institute of soil and water conservation
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thresholds to generate runoff are 27.43 mm, 28.47 mm,
30.90 mm, 24.20 mm and 27.53 mm for cropland, Alfalfa,
shrubland, woodland and grassland, respectively (Fig. 7).

The monthly runoff-to-precipitation ratios increased with
increasing monthly soil water content and followed by signif-
icantly positive linear relationships in the five land cover types
(Fig. 8). The runoff-to-precipitation ratios in most months
were less than 0.1 for all five land cover types.

Characteristics of the ET/P ratio

The ET/P ratios fluctuated during the study period. The ET/P
ratios were higher than 1.0 in most months for all land covers
during the study period (Fig. 9). For all land covers, the
monthly average ET/P ratios ranked from high to low were
Grassland (1.31) > Shrubland (1.29) > Cropland (1.28) >

Alfalfa (1.26) >Woodland (1.20). Pine plantation, as a land-
scape restoration type, its ET/P ratio was the lowest one
among the five land cover types. This suggested that pine as
an exotic species to the semi-arid Loess Plateau, did not use
the rainfall resource adequately, perhaps due to greater water
loss by overland flow. However, the slope of declining trend
of ET/P for the landscape restoration types was: Grassland >
Woodland > shrubland (Fig. 9).

Infiltration characteristics

The heaviest rainfall event, that occurred on 12th August
2012, was used to determine the advances of the wetting front
(Fig. 10a). The wetting front of cropland reached 5 cm after
140 min of rainfall. The wetting front took approximately
60 min to move from 5 cm to 10 cm, 10 cm to 15 cm and

Fig. 5 Soil water content change
for different land cover types
from May to September in the
period from 2009 to 2014. Box-
and-whisker diagrams showed
standard deviation 25th, 50th,
75th and abnormal value
percentiles

Fig. 4 Soil water content
variations from 2009 to 2014
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15 cm to 20 cm, respectively, and achieved the stable soil
moisture of 27.4%, 23.2% and 20.5%, respectively. After ap-
proximately 130 min of slowly increase, the stable value of
soil moisture is 14.0% at a depth of 25 cm. The wetting front
reached a depth of 30 cm after 12 h. The soil moisture reached
approximately 12.1% at a depth of 50 cm after a period of
slowly increase. Finally, the wetting front stopped at a depth
of 120 cm deep after 7 days in the cropland (Fig. 10b).

In alfalfa, the wetting front reached 5 cm approximately
90 min later than that in cropland and took a longer time to
achieve a depth of 10 cm, i.e., 25.6% after the initial 10.8%. The
wetting front of alfalfa reached a depth of 15 cm after 13 h. The
soil water ultimately infiltrated depth was 50 cm (Fig. 10c).

The wetting front reached a depth of 5 cm after 60 min in
the shrubland. After 220 min of rapidly increase, the soil
moisture achieved at 23.0% at a depth of 10 cm. The wetting
fronts reached 15 cm and 20 cm after 7 and 9 h, respectively.
The soil water finally infiltrated depth was 100 cm (Fig. 10d).

The initial soil moisture in woodland was the lowest among
the five land covers. The wetting front reached a depth of 5 cm

after 70 min. The soil moisture showed a stable value of
22.4% after 360 min. The wetting front took 190 min to move
from 5 cm to 10 cm. The wetting front arrived at 15 cm after
14 h and reached 50 cm 4 days later (Fig. 10e).

In the grassland, it took about 300 min to reach 5 cm. The
soil moisture reached 20.9% after 150 min. After 370 min,
The soil water infiltrated to 10 cm. The water finally reached
a depth of 60 cm after 5 days (Fig. 10f).

The cumulative infiltration I (mm) (upper 2 m) in-
creased with increasing rainfall depth P (mm) and follow-
ed by significantly positive linear relationships in the five
land cover types (Fig. 11). The regression equations were
as follow:

ICropland ¼ 0:44P−1:39; R2 ¼ 0:93
IAlfalfa ¼ 0:46P−1:04; R2 ¼ 0:77
IShrubland ¼ 0:51P−1:42; R2 ¼ 0:89
IWoodland ¼ 0:49P−1:80; R2 ¼ 0:87
IGrassland ¼ 0:46P−1:79; R2 ¼ 0:90

ð4Þ

Fig. 6 Time series of runoff in
different landscapes from May to
September in the period from
2009 to 2014

Fig. 7 The relationship between
monthly rainfall and runoff from
May to September, 2009–2014
(Sig. level < 0.001)
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Discussion

Effect of land covers on soil water variation

In the pine plantation, lower infiltration and higher surface
runoff were found during the experimental period. This was
mainly due to the soil compaction caused by the pine planta-
tion (Table 1) (Fu et al. 2005). These results were also con-
firmed by Kosmas et al. (1997) and Vörösmarty et al. (2000),
they found that in a Eucalyptus forest, runoff and erosion
increased with decreased understory vegetation. Gutierrez
and Hernandez (1996) described a positive correlation be-
tween soil bulk density and surface runoff. High soil bulk
density usually resulted in lower infiltration rates and higher

surface runoff (Descheemaeker et al. 2006; Velísková et al.
2017). However, shrub lands and native grassland had more
understory than pine woodland, which showed the more ef-
fective soil water conservation (Wang et al. 2005; Gong et al.
2006). Subshrubs had a higher efficiency to acquire and retain
soil water resources than trees and shrub (Figs. 5 and 6), which
is attributed to the effective barrier effects, lower soil compact-
ness, and higher clay content (Wang et al. 2012).

Generally, land cover types have different influences on the
variations of soil moisture. However, the current study did not
find a significant difference for the land cover types (Table 3).
The different results were found in other studies of the Loess
Plateau. For example, Liu et al. (2008) found that the available
soil water of 0–10 m depth decreased in an apple plantation

Fig. 8 The relationship between
runoff-to-precipitation ratio and
soil water content from May to
September, 2009–2014

Fig. 9 Time series of ET/P ratios
of different landscapes from May
to September in the period from
2009 to 2014
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Fig. 10 The characteristics of infiltration beneath the five land cover types. a rainfall processes; b cropland; c alfalfa; d shrubland; e woodland; f
grassland. The frequency of soil moisture is 10 min
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over time. Nosetto et al. (2007) reported that native species
had higher soil moisture than those introduced exotic species
and vegetation restoration may cause soil drying if exotic spe-
cies were planted on the Loess Plateau. The difference be-
tween the above-mentioned studies and our results is due to
the difference in rainfall and soil properties. In our study,
almost all of the rainfall was consumed by evapotranspiration,
and little for soil water enhancement. However, other studies
focused on the Loess Plateau under higher rainfall may show
the differences in evapotranspiration for different land covers
(Huang and Gallichand 2006; Liu et al. 2008). Soil porosity
and soil bulk density contribute 86.2% to the change of soil
moisture (Li et al. 2016). During the growth process of vege-
tation roots, soil bulk density can be reduced and soil structure
can be improved, and then improves the soil moisture (Luo
et al. 2010). Soil organic matter and biological activities can
effectively improve soil moisture. Soil organic matter can pro-
mote the formation of aggregates and the pores in and between
aggregates can improve soil porosity. Many studies have
shown that there is a positive correlation between soil organic
matter content and soil moisture (e.g. Zhao et al. 2010; Ruan
et al. 2015).

Apart from shrub lands, soil water was not recharged for
the other land covers over the experimental period (Fig. 5).
The soil moisture of pine woodlands and native grasslands
had obvious decreasing trend from 2009 to 2014. However,
soil water of shrub lands in May was nearly balanced.
Normally, woodlands have strong evapotranspiration, and soil
water decreases obviously in the deep soil layers during the
dry season (Yang and Rong 2007). Planting pine is not always
appropriate on the Loess Plateau. Wei et al. (2007) indicated
that the young stage of a tree plantation has a higher soil water
content than the mature stage. Also, some studies found that
soil desiccation developed under a 28-year-old tree plantation,
whereas natural forest or grassland often has the better soil
moisture status (Zheng et al. 2008). In our study, all ecosys-
tems had a poor soil water condition during the experimental
period.

Effect of land cover on ET/P

The ET/P ratios varied during the study period (Fig. 9). The
monthly averagedET/P ratios were bigger than 1.0 for the five
land covers during the experiment period. The results indicat-
ed that the water is not sufficient for evapotranspiration and
growth during the experimental period. The ET/P ratios had
declining trends indicated that water stress became
increasingly severe with the growth of vegetation. Chen
et al. (2007) and Liu et al. (2008) also found that afforestation
species would degrade after a few years due to water deple-
tion. The potential evapotranspiration is higher than annual
rainfall with high runoff on the semi-arid Loess Plateau, which
is not suitable for vegetation growth. The runoff-to-
precipitation ratio is negatively correlated with the actual

Table 3 The results of One-way ANOVA in soil water storage for all
land cover types

Sum of squares df Mean square F Sig.

Between groups 1296.3 4 324.1 0.776 0.543

With groups 60,580.2 145 417.8

Total 61,876.5 149

Fig. 11 The relationship between
precipitation and cumulative
infiltration
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evapotranspiration (Chen et al. 2007). Some studies had indi-
cated that plant evapotranspiration decreased with decreasing
soil water and water use efficiency in the Loess Plateau (Yang
and Tian 2004). Thus, afforestation species plantations may
result in growth retardation (Huang and Gallichand 2006).
This result is not the original intention of vegetation restora-
tion and may dampen public enthusiasm to vegetation
restoration.

Pine plantations had a lower ET/P ratio among the five land
cover types due to the soil compaction (Table 1). Our results
were different from other studies conducted in the regions rich
in rainfall. Li and Shao (2006) reported that vegetation resto-
ration would increase aggregate stability, soil porosity, satu-
rated hydraulic conductivity and water-holding capacity, and
decrease soil bulk density. However, it showed the opposite
trend under pine stands in the semi-arid Loess Plateau (Gong
et al. 2006; Lichner et al. 2017). Much more water loss
through runoff, little rainfall enhanced the deep soil water.
Some studies have proven that vegetation restoration would
increase surface runoff (Zheng et al. 2008; Vanclay 2009).
Zhou et al. (2002) also found Eucalyptus trees had the higher
runoff coefficient, which attributed to a poor understory.

Differences in infiltration among land cover types

The different vertical structures in soil moisture profiles were
displayed among the five sites (Table 1). The wetting fronts
reached 10 cm more quickly for the cropland than other land
cover types may be attributed to the surface tillage. The shrub
site had the dense shrub layer resulted in the advance of the
wetting front was slower, and the alfalfa site showed the
slowest speed due to the lower initial soil moisture. The wet-
ting front reached 80 cm only in the grass site and to a depth of
60 cm in the other sites. The grass site usually produces more
runoff and lower infiltration rate may be attributed to lower
soil bulk density (Liu et al. 2012; Iovino et al. 2018). These
factors provided subshrubs a competitive advantage for a long
time, causing the subshrubs to adapt to the local environment.
The rainwater at the shrub and crop sites took the shortest time
to reach 20 cm, but the two land covers took a longer time to
infiltrate into deeper soil layers (Fig. 10).

The woodland had the lowest cumulative infiltration and
the most runoff for all land covers. It was surprised that trees
have always been considered the preferred species for affor-
estation. Soil and water loss has gradually decreased on the
Loess Plateau during the 20 years that the Grain-for-Green
project was conducted. Therefore, the water inputs and utili-
zation characteristics of afforestation species would be the
research focus. Dam land always had high moisture content
to provide the effective water use for crop growth.
Afforestation areas usually consumed more water, especially
when they are covered with rich understory to generate inter-
ception loss and reduce rainfall infiltration. The natural

vegetation had higher infiltration rates and deeper wetting
front, particularly in the subshrub communities, which had
the highest cumulative infiltration during the experimental
period. Native vegetation seems to be more suitable for veg-
etation restoration.

Conclusions

On the Loess Plateau, rainfall is the only water input to the
soil. However, our results indicated that such replenishment
was not effective, and soil water deficits frequently occurred
from 2009 to 2014. This was attributed to low rainfall, strong
evapotranspiration and runoff to restrict plant transpiration
and growth, especially in the pine plantation. With respect to
landscape restoration, pine plantation produced the highest
surface runoff compared with the shrubs and native grasses.
Although pine plantations may control water and soil loss,
they compound soil compaction and desiccation, resulting in
landscape degradation.

Infiltration is an important process of soil water balance.
Most of the sloping farmlands of Loess Plateau were aban-
doned during recent decades in favour of grass or subshrub
species or planted forests and shrubs. Different plant commu-
nities have varied water interception, root and soil properties,
leading to various soil water input characteristics. Crops and
Alfalfa often have high infiltration rates, and deeper wetting
front. Pine plantation should not be the first choice for vege-
tation restoration in such a semi-arid loess hilly area.
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