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ABSTRACT

Soil physical properties crucially affect vegetation restoration on the semi-arid Loess Plateau. Understanding how converting
cropland into grassland affects soil physical properties is essential throughout a long-term natural vegetation restoration
chronosequence. The objectives of this study were to determine the effects of naturally restored grassland from cropland (wheat)
on soil physical properties over time. Hence, we analysed the effects on various soil physical properties at different restoration
ages (0, 5, 15 and 30 years). Our results revealed that soil physical properties changed dynamically in response to the land use
change over time. Grassland restoration increases soil texture coarseness in the upper soil layer (0–5 cm). After a 15-year
restoration, soil hydraulic conductivity attained the maximum measured value, but in restoration age (to 30 years) did not further
improve soil hydraulic conductivity. Restoration increased the field capacity and the soil water content under the restored
grassland when compared with the cropland, but increases were not linearly related to the restoration age. Our study suggests that
converting cropland into grassland improved the soil structure and soil–water conditions, and that the first 15 years of restoration
was sufficient in order to achieve most of the improvements in soil physical properties. Our results will be helpful in providing
soil hydraulic parameters to other researchers with the aim of improving the restored grassland to become more effective and
sustainable on the semi-arid area. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

Conversion from cropland to grassland has been proposed
as an effective method for improving soil properties and
promoting vegetation restoration. Conversion from crop-
land to grassland results in radical changes in vegetation
within a short period (Huang et al., 2006; Lü et al., 2012).
Therefore, vegetation restoration of degraded lands on the
semi-arid area, where the environmental problem of soil–
water and wind erosion is very grievous, was emphasized
by the local government in 1991 (Fu et al., 2009). Then the
large scale of land-use change undertaken for the ‘Grain for
Green’ Program had a dramatic effect on development of
soil properties in China. As important soil quality
indicators, it is necessary to determine how the soil
physical properties respond to a long-term natural vegeta-
tion restoration especially on the semi-arid area.
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Many studies have reported that the changes of soil
physical properties in restored grassland (Li and Shao,
2006), such as soil bulk density (Evrendilek et al., 2004;
Breuer et al., 2006), saturated soil hydraulic conductivity
(Bormann and Klaassen, 2008; Wu et al., 2013; Zhang
et al., 2013), soil infiltrability (Zhao et al., 2013; Wu et al.,
2016) and others (Su et al., 2005), which were contributed
to the variation of total net primary productivity (Jia et al.,
2011). In farmland, agriculture management practices may
lead to a general decrease in soil physical quality and cause
a variety of changes on soil–water balance (Gerten et al.,
2008; Strudley et al., 2008). Previous studies have also
reported that root activity, the development of biopores,
improved aggregate stability resulting from greater carbon
sequestration (Unger, 2001), and enhanced wetting-drying
cycles mediated by the extraction of soil water by
perennial grasses (Schwartz et al., 2003). Furthermore,
temporal changes in land use and management, or in
natural disturbances and cycles, can affect soil physical
properties (Zhou et al., 2008).
Soil physical properties have a major influence on the

transport of water and nutrients in soils. Soil physical
properties have frequently been used as indicators when
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assessing the benefits of changing land use to restore
vegetation (Wang et al., 2012; Zhang et al., 2013).
Conventional soil tillage caused drastic and fast changes
in soil physical properties (Logan et al., 1991; Hermawan
and Cameron, 1993). For hydrological modelling purposes,
soil hydrological parameters are often characterized by
constant values, e.g. the saturated hydraulic conductivity,
infiltrability or field capacity (Bormann and Klaassen,
2008). In addition soil hydraulic conductivity is, in fact, a
highly dynamic soil property (Lin et al., 2005; Lei et al.,
2010, 2013).
On the semi-arid area, low precipitation amounts, high

potential evapotranspiration and low water retention lead
to water shortages which are the main limiting factors for
vegetation restoration. Furthermore, severe soil erosion
has resulted in soil and nutrient losses, and severe
degradation of soil physical properties exhibited by
increases in bulk density, and reductions in aggregate
stability and water retention in this region (Zha and Tang,
2003; Li and Shao, 2006). Hence, changes in soil physical
properties under different land uses can critically affect
the success of vegetation restoration projects in this
region. Some present studies have reported that the
aggregate stability of cropland soils increased to the same
levels as those of the natural steppe within 12 years of
converting cropland back to grassland (Zhang et al.,
2013). Nevertheless the infiltration of rainwater into
deeper soil layers decreased over time after restoration,
the deepest infiltration and the highest water content
occurred in the soils under the grassland that had most
recently been converted from cropland (Qiu et al., 2011).
When grazing was prevented by fencing off areas of a
steppe grassland on the Loess Plateau, the soil structure
and soil–water capacity improved to a greater degree after
15 years than after only 5 years of grazing exclusion (Wu
et al., 2013). Changes in soil physical properties exhibit
diverse patterns during succession after conversion of
cropland to grassland (Zhang et al., 2010). Therefore, it is
necessary to investigate how soil physical properties
change during a long-term conversion of cropland to
grassland.
Soil physical properties on the semi-arid Loess Plateau

are affected by the changes in vegetation cover and land
use. Thus, attention to processes of land use change effect
on specific soil properties over time is an important
research topic. It could better evaluate the efficiency of the
ecosystem restoration strategy. In this study, we assumed
that soils from the three cropland before restoration had the
same spatial textural homogeneity and followed the same
underlying mechanism during restoration. The objectives
of this study were to determine the effects of grassland
conversion from cropland on soil physical properties after
5, 15 and 30 years of natural regeneration on the Loess
Plateau.
Copyright © 2016 John Wiley & Sons, Ltd.
MATERIALS AND METHODS

Study site

The study area was located in the Wangdonggou watershed
(107°41′E, 35°14′N, 1, 120m above sea level), at a field
station of the National Ecosystem Research Network of
China (NERE) in Changwu County, Shaanxi Province,
China (Figure 1). The watershed includes a gully system
and, since 1984, small watershed comprehensive manage-
ment practices have been applied within it in order to solve
the problem of immense losses of water and soil caused by
severe runoff and erosion during rainfall events, as well to
address the frequent droughts and low crop yields.
Subsequently, the cropland was converted back to natural
grasslands in the gully system. Based on climate data from
1984 to 2005, the mean annual precipitation is 584mm,
about 52% of which occurs between July and September.
The annual mean temperature is 9.1 °C. The soil is a Heilu
soil, which corresponds to a Calcarid Regosol according to
the FAO/UNESCO classification system.

Experiment design and sampling

The study was undertaken in July, 2012. Based on the
progression of grassland conversion from cropland occur-
ring in the study area, we studied three grassland areas, in
which conversion commenced 5, 15 and 30 years ago,
respectively, and one cropland (wheat) area nearby about
500m. The different restoration ages were considered as
our treatments, where cropland (CL) was considered to
represent a restoration age of 0 years, and the restored
grassland (RG) areas had ages of 5, 15 and 30 years
denoted by subscripts (i.e. RG5, RG15 and RG30).
Conversion of the cropland, which had formerly been
under grassland, back to grassland commenced in the RG5,
RG15 and RG30 areas in 2007, 1997 and 1982, respectively.
Images of the four treatment areas are shown in Figure 2
The dominant species, total biomass, litter mass and
belowground biomass (BGB) (0–50 cm) details for the
different studied sites are given in Table I.
We established randomly three blocks (50m×50m)

within each treatment and five plots (10m×10m) were
randomly arranged within each block. Fifteen randomly
located sampling quadrats (50 cm×50 cm) in each of the
treatment area (one quadrat randomly located in each plot)
were established (Figure 1). Samples were collected in
mid-July 2012, when the biomasses had reached the
seasonal peak values. Undisturbed soil samples were taken
from the centre of each sampling quadrat in the four
treatments and were removed from different depth intervals
(0–5, 5–10, 10–20, 20–30 and 30–50 cm). The litter, which
comprised dead plant material, was estimated by harvesting
it from square areas (0.25m2) in each quadrat located close
to the plots. Three belowground core samples were
Ecohydrol. (2016)



Figure 1. Location of the study site on the Loess Plateau. The shaded area in the upper left corner of the map represents the range of the Loess Plateau in
China. The treatment and the arrangement of the blocks shown in the upper right corner.

Figure 2. Landscapes of the cropland (CL) and restored grassland sites (RG5, RG15 and RG30 represent grassland converted from cropland in 2007, 1997
and 1982, respectively).

SOIL PHYSICAL RESPONSE TO NATURAL REGENERATION
extracted from the 0–50 cm soil layer from each quadrat
using a cylinder auger, 80mm in diameter, in order to
determine BGB. The cored samples were taken to the
laboratory for analysis.
Copyright © 2016 John Wiley & Sons, Ltd.
For each BGB sample, plant parts were separated from
the soil by washing over a 0.2-mmmesh and were oven-
dried at 80 °C for 72 h before weighing in order to obtain
the dry BGB.
Ecohydrol. (2016)



Table I. Description of dominant species, total biomass, litter mass and belowground biomass (0–50 cm) during a 30-year restoration
period when cropland (CL) was converted to restored grassland (RG).

Study sites Dominant species Total biomass (gm�2) Litter mass (gm�2) Belowground biomass (gm�2)

CL Cropland (wheat) — — 1257 ± 32
RG5 Agropyron cristatum Artemisia sacrorum 161 ± 24 74 ± 6 1697 ± 95
RG15 Helictotrichon dahuricum Poa subfastigiata 379 ± 62 103 ± 12 1409 ± 252
RG30 Poa subfastigiata Vicia amoena f. albiflora 731 ± 147 342 ± 41 1763 ± 157

Note: Values of biomass and litter are expressed as mean ± standard deviation. Restoration process investigated at four sites representing the restoration
chronosequence, and subscripts following RG denote the restoration age.

G.-L. WU ET AL
The 15 undisturbed soil samples obtained from each
treatment were used to determine basic soil physical
properties. The in situ soil core samples were slowly
saturated from the base with deionized water before the
flow was reversed and measured under a constant head to
measure the saturated hydraulic conductivity (Ks) by the
constant head method (Klute and Dirksen, 1986).
Soil–water characteristic curves (SWCC), also known as

soil–water retention curves, of the soil samples were
determined using the centrifugation method (Wu et al.,
2013). Each sample was first saturated with water for 24 h
and then weighed to determine the soil–water content at
saturation before submitting them to step-wise water
extraction by applying different centrifuge rotation speeds
to induce different suctions. A HITACHI CR21G centrifuge
was used at a constant temperature of 20 °C. During the
water desorption measurement procedure, the bulk density
might change slightly, which could obviously have an
influence on the SWCC (Lu et al., 2004). However, the
centrifuge method is still considered as an appropriate
method for determining the characteristics of field soil–
water properties (Reatto et al., 2008). The bulk density at
each suction was measured, and the volumetric soil–water
content at each stage of the procedure was calculated taking
into account the changes in bulk density. All data were
expressed as the means of the quadrat values for each block.
A more detailed description of the equations used to

derive the SWCC, the software and related methodologies
are given by Wu et al. (2013). SWCC were fitted to the
measured data by the Retention Curve Program (RETC),
which was developed by the US Salinity Laboratory. The
fitted SWCC gives pertinent soil–water parameters (θr, θs,
α, n) that define the SWCC. The derivation of these
parameters used the van Genuchten Model m=1� 1 / n
Mualem (van Genuchten, 1980).
Following the in situ analyses, the cored soil samples

were removed, and particle size distributions over the range
of 0.02–2000μm were measured by a Mastersizer 2000
(Malvern Instruments Ltd. UK), in the State Key
Laboratory of Soil Erosion and Dryland Farming on the
Loess Plateau.
Copyright © 2016 John Wiley & Sons, Ltd.
RESULTS

Saturated hydraulic conductivity

The saturated hydraulic conductivity of the soil changed
significantly during the restoration process (Table II). In
the surface layer (0–5 cm), the mean Ks (22.00–
41.51mmh�1) values for all of the restored grassland
soils were higher than those of the cropland soil
(21.73mmh�1), and the maximum mean value in RG30.
Furthermore, a clear trend whereby Ks increased with the
increase in restoration age was evident. However, in the
underlying layers, this trend did not occur although Ks
generally increased between the restoration ages of 0 and
15 years. Thus, in the 5–10 cm layer although the
maximum mean Ks value was notably higher than that
of the 0–5 cm layer, it was observed in the soil under RG15

(121.46mmh�1) rather than under RG30 (42.61mmh�1).
In the 10–20 cm layer, the maximum mean value of Ks
was observed under RG5 (73.74mmh�1), and Ks de-
creased with the increase in the age of the restoration
process. Furthermore, there were few differences among
the four treatments in either the 20–30 cm or the 30–50 cm
soil layers, and the two maximum values in those layers
were both observed under RG15. For the four treatments,
the maximum mean Ks value of the profile (0–50 cm) was
observed under RG15 (69.12mmh�1), which was 2.94
times greater than that of the cropland profile, and 82.8%
greater than that of the RG30 profile (Table III and IV).
Field capacity

Field capacity determined from the fitted SWCC at a
suction (or equivalent pressure head) of mm H2O increased
significantly after restoration (Table II). Taking the 0–5 cm
soil layer as an example, the field capacity increased from
25.0% (cropland) to 33.0% (RG5), and again to 36.2%
(RG30). The field capacities of the deeper soil layers
(5–50 cm) followed similar increasing trends as restoration
progressed over time. The results illustrated that soil–water
holding capacity in the 0–50 cm soil profile was improved
by grassland restoration.
Ecohydrol. (2016)



Table II. Soil physical properties under cropland (CL) and three restored grassland (RG) sites at five soil depths. Note: RG is followed
by subscripts that denote restoration age; mean ± standard deviation; saturated hydraulic conductivity (Ks).

Restoration stage Soil depth (cm) Median of Ks (mmh�1) Ks (mmh�1) Field capacity (%) Porosity (%) Bulk density (g cm�3)

CL 0–5 16.39 21.73 ± 7.55 24.98 ± 3.64 53.62 ± 1.39 1.23 ± 0.04
5–10 14.67 20.58 ± 8.36 24.65 ± 2.28 50.25 ± 2.31 1.32 ± 0.06
10–20 44.88 43.06 ± 2.59 25.96 ± 1.13 49.03 ± 3.00 1.35 ± 0.08
20–30 3.99 4.13 ± 0.20 28.19 ± 1.51 46.72 ± 3.46 1.41 ± 0.09
30–50 20.70 27.70 ± 9.91 25.36 ± 2.14 48.52 ± 2.37 1.36 ± 0.07

RG5 0–5 22.76 22.00 ± 1.09 32.86 ± 1.62 53.70 ± 1.20 1.23 ± 0.03
5–10 48.98 65.52 ± 13.38 28.38 ± 1.95 54.64 ± 0.46 1.20 ± 0.01
10–20 39.97 73.74 ± 17.76 25.95 ± 1.76 53.94 ± 1.39 1.22 ± 0.04
20–30 29.58 44.77 ± 11.49 25.37 ± 1.89 50.00 ± 2.09 1.33 ± 0.06
30–50 3.38 4.76 ± 1.95 28.62 ± 0.85 45.06 ± 2.88 1.46 ± 0.08

RG15 0–5 41.61 30.83 ± 5.23 32.57 ± 4.66 56.61 ± 1.24 1.15 ± 0.03
5–10 94.30 121.46 ± 18.47 30.12 ± 3.50 55.54 ± 2.29 1.18 ± 0.06
10–20 96.79 68.62 ± 9.86 28.36 ± 1.75 56.22 ± 2.94 1.16 ± 0.08
20–30 96.61 91.79 ± 6.82 28.85 ± 0.64 55.12 ± 3.51 1.19 ± 0.09
30–50 41.71 32.57 ± 12.92 30.54 ± 2.16 50.82 ± 1.26 1.30 ± 0.03

RG30 0–5 55.31 41.51 ± 9.51 36.15 ± 4.68 55.57 ± 0.90 1.18 ± 0.02
5–10 48.85 42.61 ± 8.82 33.10 ± 3.46 54.50 ± 2.04 1.21 ± 0.05
10–20 45.14 61.81 ± 13.57 30.24 ± 2.02 52.90 ± 2.11 1.25 ± 0.06
20–30 23.37 23.76 ± 5.47 29.76 ± 1.82 52.49 ± 2.36 1.26 ± 0.06
30–50 21.99 18.81 ± 4.49 28.86 ± 1.60 51.46 ± 2.62 1.29 ± 0.07

Table III. Particle size composition of soil under cropland (CL) and three restored grassland sites at five soil depths. Note: RG is
followed by subscripts that denote restoration age; mean ± standard deviation.

Restoration stage Soil depth (cm) Median diameter (μm) Clay (<2μm) (%) Silt (2–50μm) (%) Sand (>50μm) (%)

CL 0–5 15.35 ± 1.40 25.55 ± 2.63 64.11 ± 0.69 10.34 ± 2.91
5–10 14.37 ± 1.64 27.71 ± 2.15 62.50 ± 1.70 9.79 ± 0.71

10–20 14.06 ± 0.87 26.06 ± 1.34 67.23 ± 0.75 6.71 ± 2.04
20–30 13.86 ± 0.99 27.45 ± 2.03 65.48 ± 1.28 7.07 ± 0.93
30–50 13.79 ± 0.89 26.75 ± 1.54 67.34 ± 0.54 5.91 ± 1.25

RG5 0–5 13.37 ± 2.20 29.07 ± 2.95 63.04 ± 0.33 7.90 ± 3.08
5–10 16.69 ± 0.78 23.10 ± 0.42 65.41 ± 0.66 11.48 ± 1.02

10–20 15.29 ± 1.24 24.26 ± 0.73 67.01 ± 0.71 8.73 ± 1.43
20–30 15.26 ± 0.71 24.05 ± 0.62 68.26 ± 0.26 7.68 ± 0.66
30–50 15.05 ± 0.93 24.01 ± 0.89 68.66 ± 0.67 7.33 ± 0.70

RG15 0–5 17.32 ± 1.97 22.63 ± 1.29 62.44 ± 0.68 14.93 ± 1.95
5–10 16.82 ± 1.38 23.22 ± 1.95 66.52 ± 2.01 10.27 ± 0.54

10–20 17.54 ± 1.76 22.79 ± 1.33 65.53 ± 0.76 11.68 ± 2.05
20–30 16.66 ± 1.40 22.61 ± 2.21 68.11 ± 1.41 9.28 ± 0.91
30–50 16.43 ± 1.32 23.12 ± 1.49 67.91 ± 0.37 8.97 ± 1.25

RG30 0–5 17.04 ± 1.06 23.02 ± 2.48 63.20 ± 0.47 13.78 ± 2.41
5–10 15.41 ± 1.23 24.04 ± 1.99 66.99 ± 1.86 8.97 ± 1.05

10–20 15.53 ± 1.75 24.41 ± 0.81 67.05 ± 0.10 8.55 ± 0.91
20–30 16.17 ± 1.50 22.91 ± 1.93 68.73 ± 1.43 8.36 ± 0.53
30–50 14.64 ± 1.35 25.30 ± 1.12 67.01 ± 0.71 7.69 ± 0.77

SOIL PHYSICAL RESPONSE TO NATURAL REGENERATION
Bulk density and porosity

In the soils under either cropland or restoration grassland,
the bulk density increased and porosity decreased with
increasing depth (Table II). In general, the bulk density
under cropland was higher, and the porosity was lower than
under the restoration grasslands for all of the soil layers
(Table II). The results illustrate that conversion of cropland
Copyright © 2016 John Wiley & Sons, Ltd.
to grassland improved the soil properties such that soil bulk
density was decreased and porosity was increased overall.
The porosity and bulk density of the soils in the study area
tended to decline slightly at some time before or after
15 years of restoration as indicated by their values
measured after 5 or 30 years, respectively, of restoration.
Thus, under RG15, the soil porosity was greater than that
under either RG5 or RG30 while, correspondingly, the bulk
Ecohydrol. (2016)



Table IV. Parameters derived from the soil–water characteristics curve for soils under the four treatments (Cropland, CL; and Restored
Grassland (RG), where subscripts denote the restoration age in years) at five soil depths.

Restoration
stage

Soil depth
(cm)

Parameter

R2θr θs α n

CL 0–5 0 0.5248 0.0117 1.1981 0.9975
5–10 0 0.5171 0.0156 1.1861 0.9949
10–20 0 0.4830 0.0062 1.1990 0.9964
20–30 0.0443 0.4488 0.0019 1.257 0.9988
30–50 0.0543 0.4842 0.0037 1.2826 0.9985

RG5 0–5 0 0.4738 0.0019 1.1847 0.9929
5–10 0.0036 0.4936 0.0048 1.1906 0.9967
10–20 0.0106 0.5545 0.0281 1.1689 0.9979
20–30 0.0074 0.5630 0.0515 1.1556 0.9984
30–50 0 0.4741 0.0197 1.1250 0.9903

RG15 0–5 0 0.4937 0.0028 1.1781 0.9969
5–10 0 0.4861 0.0075 1.1558 0.9942
10–20 0 0.4955 0.0096 1.1564 0.9974
20–30 0 0.5027 0.0105 1.1517 0.9987
30–50 0.1174 0.4674 0.0013 1.3538 0.9985

RG30 0–5 0 0.4526 0.0007 1.1910 0.9969
5–10 0 0.4717 0.0022 1.1686 0.9937
10–20 0 0.4767 0.0048 1.1625 0.9951
20–30 0 0.4334 0.0022 1.1742 0.9968
30–50 0 0.4611 0.0045 1.1678 0.9973

Note: Parameters were derived using the van Genuchten Model, m = 1� 1 / n Mualem. θr, residual volumetric water content; θs, saturated volumetric
water content.

Figure 3. Mean volumetric soil–water content with standard deviation
bars for each soil depth under cropland (CL) and three restored grassland
plots (restoration ages: 5 years, RG5; 15 years, RG15; 30 years, RG30).
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density under RG15 was less than that under either RG5 or
RG30. This indicated that the changes in soil physical
properties were not consistently improved but could also
deteriorate as restoration progressed at the study site.

Particle size distribution

Under cropland, clay contents were less in the 0–5 cm soil
layer than those in the layers below it while, correspond-
ingly, sand contents were higher than those in the lower
layers (Table III). In the 0–5 cm soil layer and when
compared with the CL soil, under RG5 the clay content
increased and the sand content decreased but this pattern
was inverted under RG15 and RG30. For the 0–50 cm
profiles, the mean median diameter (Md) was 14.3μm
under cropland, and tended to increase after restoration to
become 15.1, 17.0 and 15.8μm under RG5, RG15 and
RG30, respectively (Table III).

Soil–water characteristics curve

In the 0–5 cm and 5–10 cm soil layers, the volumetric soil–
water contents under all suctions were the lowest under
cropland, and increased as restoration progressed over the
entire 30-year period (Figure 3). There were significant
differences in the water contents between each of the
restoration stages (P< 0.05) but the difference between
RG15 and RG30 was not significant (Figure 4a,b). In
Copyright © 2016 John Wiley & Sons, Ltd.
contrast, the effects of restoration on the soil–water holding
capacity of the 10–50 cm layer (Figure 4c,d,e) were weaker
than that on the 0–10 cm layer. In the three lower soil layers
the water holding capacity was not increased with the
restoration age, and the soil–water holding capacity of
RG15 was higher than that of RG30.
Ecohydrol. (2016)



Figure 4. Soil–water characteristic curves for a soil under four treatments (cropland, CL, and restored grassland, RG, where subscripts indicate the
restoration age in years) for five soil depths (a, 0–5 cm; b, 5–10 cm; c, 10–20 cm; d, 20–30 cm; e, 30–50 cm).

SOIL PHYSICAL RESPONSE TO NATURAL REGENERATION
DISCUSSIONS

Our results showed that converting cropland to grassland
had a positive effect on the investigated soil physical
properties, such as, in reducing bulk density in the upper
soil layer and increasing saturated hydraulic conductivity
and plant available water (as indicated by the increased
field capacity). In the early period of restoration, changes
could occur at a relatively fast rate because of a
considerable increase in soil organic matter content (Li
and Shao, 2006). This could account for the improvements
that we observed during the first 15 years of restoration in
the soil properties that we investigated. Our results showed
that, after restoration had occurred for some time around
15 years, the hydraulic conductivity of the soil had
achieved its maximum value and an additional 15 years
of restoration did not improve it further. Saturated soil
hydraulic conductivity is an integrating parameter for
several physical characteristics such as bulk density,
porosity and mechanical composition. The conclusion that
the land use changes during restoration had induced the
Copyright © 2016 John Wiley & Sons, Ltd.
differences in soil hydraulic conductivity is reasonable
because previous studies have also reported that changes in
soil properties such as various soil chemical properties and
bulk density as well as pore volume were affected by land
use or land use change (e.g. Murty et al., 2002; Bewket and
Stroosnijder, 2003; Neves et al., 2003; Bronson et al.,
2004; Hu et al., 2009).
Soil porosity is a highly dynamic property subject to

numerous natural and human influences. Therefore,
knowledge of its temporal variability is fundamental to
accurately describing soil processes during restoration
(Bodner et al., 2013). In this study, the soil porosity
increased in the upper 10-cm soil layer after grassland
restoration had continued for 15 years. The main reasons
for the increased porosity might be that: (1) greater
amounts of litter were incorporated into the soil after
restoration commenced, which means that soil organic
matter increased during this period that improved the soil
structure so that it became less dense with more and bigger
pore spaces; and (2) the reduction in trampling by humans
and in agricultural machinery traffic would prevent further
Ecohydrol. (2016)
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compaction and allow the soil structure to expand in the
absence of these compaction forces. Consequently, soil
bulk density was reduced and porosity increased. For
example, Savadogo et al. (2007) reported increases in
porosity when grazing intensity was reduced in the
savanna woodlands of Burkina Faso. However, it was
inconsistent with other studies conducted in the semiarid
steppe zone of Inner Mongolia, China (Zhang et al.,
2013).
Induced by restoration, improved soil structure could

store more water, even at high suction values
(>60×103mm H2O). The water content of the soil,
whether restored for 5, 15 or 30 years, was consistently
greater than that of the cropland soil and the water contents
became greater with restoration age, although the relation-
ship was not linear. Moreover, we conclude that a
restoration age of about 15 years was sufficient to attain
the best improvements in soil–water holding capacity and
soil structure, which is agreement with the conclusions of
Wu et al. (2013). For the 0–50 cm profiles, the mean
median diameter (Md) was 14.3μm under cropland, and
tended to increase after restoration to become 15.1, 17.0
and 15.8μm under RG5, RG15 and RG30, respectively. This
indicated that the soil became coarser as the restoration
process progressed for the first 15 years, which differed
from the findings of some previous studies (Li et al., 2011;
Wu et al., 2013). To explain this phenomenon needs
accurate soil texture data before the onset of grassland
restoration, so needing further studies that should include
investigating potential relationships with environmental
factors and their spatial distributions in this area.
Conversion of cropland to grassland increased soil–

water significantly. This might be because of the increases
in soil organic matter after restoration that would be
accompanied by increases in substances that could cement
or bind mineral particles together. These substances are
mainly lignins, proteins, carbohydrates, adipose and other
components of humus that can help bind soil particles
together in an organic–mineral complex that enhances soil
aggregation and increases the water content both within
soil aggregates as well as within the pore spaces between
aggregates. It has been shown that soil aggregation is
essential to the soil–water holding capacity (van Eekeren
et al., 2010; Krupenikov et al., 2011). In contrast, the
effects of restoration on the water holding capacity of lower
soil layers (10–50 cm) were considerably less than those
observed in the upper soil layers (0–10 cm). The main
reasons could include: (1) that farming and grazing mainly
affected the upper soil layers (0–20 cm), while having
relatively little effects on soil layers below that; and (2) that
the root system of the grasses and earthworm activity are
mainly concentrated in the upper layers and lesser amounts
of root exudates and litter are incorporated into the lower
layers. Therefore, restoration of grasslands did not so
Copyright © 2016 John Wiley & Sons, Ltd.
notably change the physical properties of the lower soil
layers unlike in the upper soil layers.
CONCLUSIONS

We analysed the effects of converting cropland into
grassland on soil physical properties. Our results revealed
after grassland restoration had occurred for about 15 years,
the hydraulic conductivity of the soil was close to being the
highest achievable based on the observed changes in
conjunction with the restoration age; after 15 years, the
hydraulic conductivity was not observed to improve. The
soil porosity, soil–water storage, and water content all
increased but, while the increases were not linearly related
to the restoration age, the values of these parameters tended
to consistently increase. The soil texture of the 0–10 cm
profile became coarser after restoration, as indicated by the
increases in median diameter, because these increases may
be caused by changes in the deposition of windborne
particles because of the changes in vegetation cover;
further research is required into this phenomenon. We
concluded that restoration for about 15 years was sufficient
achieve most of the improvement in the soil–water holding
capacity and soil structure. Our study shows the necessity
to consider time dependence of soil hydrological properties
when converting cropland to grassland, which notably
improved the soil structure and soil–water holding capacity
during the first 15 years of restoration on the Loess Plateau.
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