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Soil infiltrability plays a critical role in controlling soil erosion and enhancing water storage in arid and
semi-arid areas. Presently, knowledge is lacking regarding the dynamic mechanism and characteristics of
soil infiltration during long-term natural vegetation restoration. This study evaluated how soil infiltrabil-
ity changes along a 79-year chronosequence of natural restoration from cropland to permanently
restored grassland. A slope cropland (control) and five grasslands of successive age-classes (6-, 16-, 36-
, 56-, and 79-year natural restoration treatments) were selected to establish a chronosequence on China’s
Loess Plateau. Soil infiltrability was measured under simulated rainfall conditions at three intensities (20,
40, and 60 mm/h) using a run off–on–out method. The steady-state infiltration rate (SIR) of the control
treatment decreased with increasing intensity of rainfall while those of the natural restoration
treatments showed a contrary tendency. With the extension of restoration period, the SIR was gradually
increased while the runoff was decreased and the time-to-runoff and time-to-SIR were prolonged. The
SIR had a significant negative exponential relationship with the restoration period under different rainfall
conditions (P < 0.01). Soil infiltrability showed rapid increases within 16 year of natural restoration and
slight changes thereafter. Soil parameters including SIR and the contents of macroaggregates
(>0.25 mm) and organic matter were significantly correlated with each other (P < 0.01). Long-term
natural restoration of grassland, especially for 16-year, significantly enhanced soil infiltrability and
reduced soil erosion through organic matter accumulation and the resulting improvement of structural
properties. This study provides reference data for describing hydrological parameters on the Loess
Plateau.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Rainfall infiltration is an important process of the water cycle in
terrestrial ecosystems. Being an important hydrologic parameter,
the infiltration rate (IR) determines soil water storage and runoff.
In arid and semiarid regions, soil function is sensitive to structural
degradation and highly variable precipitation which potentially
threaten the eco-environment and agricultural production (Ben-
Hur and Lado, 2008; Chartier et al., 2011). For example, on the
Loess Plateau in China, soil structure is unstable and strong rainfall
(mainly concentrated in June–September) leads to serious loss of
soil and water (Shi and Shao, 2000). Associated hydro-geochemical
processes may promote the silt up of rivers and potentially threa-
ten the safety of the Yellow River Basin (Shi and Shao, 2000; Tang
et al., 1998).
A key strategy for reducing runoff and soil erosion hazards is to
retain and infiltrate more precipitation locally (Zhu, 2006). In many
arid and semiarid regions of the world, natural or artificial vegeta-
tion restoration by converting slope cropland to forest or grassland
has widely been used for restoring degraded ecosystems. Artificial
vegetation restoration is expected to accelerate the positive suc-
cession of vegetation and shorten the time required for approach-
ing a stable stage (Jiao et al., 2007). However, the restoration
activity is commonly associated with negative ecological impacts
such as plant growth restriction, dried soil layer formation (Wang
et al., 2010), and soil quality degradation. In view of these issues,
better understanding of the dynamic mechanism and characteris-
tics of infiltration during natural vegetation restoration is
considered important for providing reference of sustainable
eco-environmental construction on the Loess Plateau. Presently,
research is lacking on the changes in soil infiltrability across a
restoration chronosequence of natural grassland.

The infiltration capacity of soil is mainly controlled by rainfall
intensity and soil properties (Abu-Hamdeh et al., 2006; Assouline,
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2004; Franzluebbers, 2002). Higher rainfall intensity means higher
raindrop kinetic energy that can more rapidly wet the soil surface
and significantly impact the soil structure, leading to physical dis-
integration of soil aggregates (Agassi et al., 1985). These processes
contribute to the formation of a structural seal on soil surface that
can reduce the infiltration capacity of soil (Agassi et al., 1981). In
addition, surface soil structural properties, such as soil organic
matter (SOM) content, bulk density (BD), aggregate size distribu-
tion, and aggregate stability, impose strong influences on the IR
(Abu-Hamdeh et al., 2006; Franzluebbers, 2002; Lado et al.,
2004a). For example, the steady-state IR (SIR) rises with increasing
SOM content, aggregate size, and aggregate stability in a sandy
loam (Humic Dystrudept) (Lado et al., 2004a, 2004b). However,
previous studies on the relationship between soil infiltrability
and structural properties are mostly based on laboratory experi-
ment with sieved-soil. Quantitative information is lacking on soil
infiltrability as influenced by the structural properties under field
conditions.

The effects of vegetation restoration on soil properties have
been studied extensively. During vegetation restoration, soil prop-
erties generally undergo dynamic changes over time due to plant-
induced effects (Angers and Caron, 1998; Li and Shao, 2006). It has
been found that on the Loess Plateau, there are decreases in soil BD
and increases in the contents of SOM and macroaggregates
(>0.25 mm) as well as the aggregate stability across a chronose-
quence of naturally restored vegetation (An et al., 2009; Jiao
et al., 2011; Li and Shao, 2006). The increase in SOM content and
improvement of soil structural properties can jointly influence soil
infiltration characteristics (Abu-Hamdeh et al., 2006; Bo et al.,
2007; Elliott and Efetha, 1999). Despite the known effects of vege-
tation restoration on soil properties and the IR, the response of soil
infiltrability to the succession of natural grassland vegetation un-
der rainfall conditions remains unclear. Especially, the changes in
soil’s infiltration capacity related to soil development during natu-
ral vegetation restoration are not fully understood.

In view of the close relationship between soil structural proper-
ties and infiltration, we hypothesized that soil structure changed
across a chronosequence of naturally generating vegetation and
thus affected the infiltration capacity of soil under rainfall condi-
tions. The objectives of the present study were: (1) to evaluate
the infiltration capability of soil as influence by restoration of nat-
ural grassland vegetation under simulated rainfall conditions; and
(2) to describe the changes in soil structural properties during nat-
ural grassland vegetation restoration and analyze the relationship
between soil properties and infiltration. The results will provide
new insights into the effect of natural vegetation restoration on
infiltration and further provide baseline reference for rational veg-
etation restoration and soil–water conservation on the Loess Pla-
teau and other similar settings.
2. Materials and methods

2.1. Study area description

This study was conducted in a grassland in the Yunwu Moun-
tain Natural Reserve (36�130–36�190N, 106�240–106�280E), Guyuan
City, Ningxia Hui Autonomous Region, China. The natural reserve
(including core, buffer, and experimental areas) was established
in 1982 on western Loess Plateau (Fig. 1). Presently, Stipa bungeana
is the only remaining species of typical grassland in the reserve
area. The natural reserve (1800–2148 m above sea level) covers
an area of 7000 hm2, with approximately 90% grass hill and only
6% slope cropland for intensive agriculture. The natural reserve
has a moderate (temperate) semi-arid climate. The evaporation is
1330–1640 mm, with a mean aridity index of 1.8 and an annual
mean air temperature of 5 �C. Sixty-year mean annual precipitation
is 412 mm per year, of which more than 65% falls during
July–September. Mean annual frost-free period is 137 d (Zou
et al., 1997; An et al., 2009). The major soil types are loessial soil
and Heilu soil, and the majority of slope cropland soil is loessial
soil. The soil profile is relatively uniform in terms of texture and
structure. Groundwater level is significantly low with nearly no
recharge to the soil surface layer.

2.2. Experimental design and soil sampling

Based on field survey and previous researches of plant succes-
sion in the study area (Zou et al., 1997), a chronosequence of nat-
ural vegetation succession series was established by selecting
abandoned slope croplands with naturally restored grassland veg-
etation of different age-classes, i.e., 6-, 16-, 36-, 56-, and 79-year. A
slope cropland was used as control. The basic soil properties and
vegetation characteristics of the selected slope cropland and natu-
rally restored grasslands are summarized in Table 1. For each treat-
ment, three study plots (6 m � 6 m) were randomly located and
considered as replicates. The plots were chosen at the lower slope,
at least 15 m apart from each other and 15 m away from the
boundary of the experimental site.

2.3. Rainfall simulation

Rainfall infiltration measurements were conducted with a rain-
fall simulator in July 2006. Soil infiltrability was determined using a
run off–on–out method (Lei et al., 2006; Liu et al., 2011). Rainfall
simulation experiment was carried out using a movable rain simu-
lator of dripper type (Fig. 2) to give more precise and uniform rain-
fall intensity than a sprinkler rainfall simulator system. This
simulator system generated a broad range of rainfall intensity with
the repeatability error <5.5% and the uniformity coefficient >0.97.
The raindrop diameter provided by the rainfall simulator ranged
from 0.20 to 3.65 mm with increasing rainfall intensity. The device
consisted of a water feeder, a rain simulator with dripper, and an
infiltration-measuring device. An approximately 5-m3 plastic water
bucket was used as water feeder in the field experiment. The rain
simulator (2 m � 0.5 m) formed rainfall at the intensity of 20–
60 mm/h as controlled by water depth. The infiltration-measuring
device divided the underlay soil surface into the runoff and infiltra-
tion sections, with three replicate sub-sections (1 m � 0.15 m each)
along the slope (Fig. 2). The runoff section was covered with imper-
meable materials, and all the rainfall at this section formed running
off water flow for the water requirement of the infiltration section.
The infiltration section was uncovered and received both the rain-
water directly above it and the water flow from the runoff section.
More detailed information of the rainfall simulator was described
elsewhere (Lei et al., 2006). The computational model for IR (Lei
et al., 2006) is expressed as follows:

i1 ¼ P
x1W

A
þ 1

� �
ð1Þ

i2 ¼ P 1þ x1

x

� �
� q

A cos a
ð2Þ

where i1 is the IR during run-on advancing (mm/h); i2 is the IR dur-
ing the run-out period (mm/h); P is the rain intensity (mm/h); W is
the width of soil surface (m); X is the slope length of the infiltration
section (m); X1 is the slope length for water runoff (m); t is time (h);
A is the advanced area of run-on water (mm2); a is the slope gradi-
ent in degrees; and Q is the cumulative volume of run-out water
(m3).

According to the results of statistical analysis of precipitation
and erosion by Jiao et al. (1999), short-duration, high-intensity



Fig. 1. Location of the study area in the Yunwu Observatory on the Loess Plateau, China.

Table 1
Initial soil properties and vegetation types of slope cropland (SC) and abandoned 6- (NR6), 16- (NR16), 36- (NR36), 56- (NR56), and 79-year-old (NR79) naturally restored
grasslands.

Property SC NR6 NR16 NR36 NR56 NR79

Sand (>0.02 mm) (%) 22.2 20.4 16.9 13.4 14.3 11.6
Silt (0.02–0.002 mm)

(%)
65.2 66.8 69.5 72.7 71.4 74.1

Clay (<0.00 2 mm) (%) 12.6 12.8 13.6 13.9 14.3 14.3
Soil texture (ISSS) Silt loam Silt loam Silt loam Silt loam Silt loam Silt loam
Antecedent soil

moisture (%)
9.9 12.5 7.9 8.6 6.9 7.3

Slope (%) 13.3 13.3 20.7 17.3 13.3 18.3
Elevation (m) 2037 2083 2089 2038 2074 2028
Coordinate 106�23005.400E,

36�15042.500N
106�23014.100E,
36�15047.700N

106�23015.900E,
36�15055.300N

106�23020.400E,
36�15006.200N

106�23025.900E,
36�15042.000N

106�23006.700E,
36�15019.400N

Aspect Semi-sunny Semi-sunny Sunny Semi-shady Sunny Semi-shady
Vegetation dominant

species
Avena sativa Leymus secalinus Artemisia sacrorum Artemisia sacrorum Stipa bungeana Stipa grandis

Auxiliary species Heteropappus alataicus,
Artemisia scoparia

Stipa bungeana,
Anaphalis sinica

Thymus mongolicus,
Stipa bungeana

Artemisia sacrorum,
Heteropappus alataicus

Stipa bungeana,
Artemisia sacrorum
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rainstorm defined as Pattern A storm is the major type of storms
that causes severe soil and water loss on the Loess Plateau. The Pat-
tern A storm generally lasts less than 60 min, whose maximum
rainfall in 60 min ranges from 12.1 to 64.0 mm and accounts for
85–100% of the total rainfall. Thus we selected the gradient rainfall
intensities of 20, 40, and 60 mm/h and the rainfall duration of
60 min to analyze the effects of rainfall conditions on soil
infiltration.
The computation of IR involved two stages: In the run-on stage,
the IR was computed with model (1) according to the advancing
area of runoff water on the infiltration section that was recorded
with a digital camera at designated time intervals and quantified
from the digital images (Fig. 3) using AutoCAD (Autodesk Inc.,
USA); In the run-off stage, the IR was computed with model (2)
according to the volume of run-out water measured with a glass
cylinder when the runoff excessed the infiltration section.



Fig. 2. Photograph of the run off–on–out rainfall simulator used for infiltration test.

Fig. 3. The advancing area of runoff water on the infiltration section quantified
from digital images using AutoCAD.
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Before rainfall simulation, the aboveground vegetation on the
plots of the infiltration section was cut by shearing. Additionally,
the litter layer was removed in order to determine the true infiltra-
tion capacity of soil. The device of runoff section was installed at
the same gradient with the infiltration section. Both of the runoff
and infiltration sections were covered with a plastic film. Then,
the rainfall simulator was installed above the two sections, ad-
justed to the horizontality, and connected with the water feeder.
When water level in the simulator met the requirement of specific
rainfall intensity, the plastic film cover was removed and the
experiment was begun. For more efficient use of water stored in
the bucket, we arranged rainfall at decreasing intensity from 60
to 20 mm/h. The rainfall intensity was verified before IR
measurement.

2.4. Soil sampling and analyses

Surface soil samples were collected from the 0–10 cm depth in
an undisturbed area outside the simulated rainfall experiment
area. In each treatment, three plots (20 m � 20 m) were selected
with the litter layer removed. In each plot, three samples were ran-
domly collected to form a composite sample, and two soil cores
(5 cm � 5 cm) were randomly taken with a stainless cylinder for
laboratory assays of soil moisture and BD. A total of 18 composite
samples and 36 core samples were obtained and used for labora-
tory analyses of organic carbon content, particle size distribution,
and aggregate stability. The soil samples were sealed in plastic
bags and transported to the laboratory. Fresh composite samples
were air-dried at room temperature, with large roots and organic
residues manually removed. The dry samples were gently crushed
and passed through a 2-mm sieve, except for those for aggregate
stability analysis. The physicochemical properties of soil samples
are presented in Table 1.

Soil particle size distribution was determined using a
MasterSizer2000 laser sizer (Malvern Instruments Ltd., Malvern,
UK). SOM content was determined using the dichromate oxidation
method (Nelson and Sommers, 1982). Soil cores were oven-dried at
105 �C for 24 h to determine the gravimetric water content and
compute the BD using a core method (Blake and Hartge, 1986). Soil
aggregate stability was measured by using a wet sieving method
(Yoder, 1936). Approximately 50 g of air-dried soil samples were
placed on a filter paper on a glass dish and moistened by capillarity
for 30 min. Then, the soil samples were transferred onto the first
sieve of the sequential nest with openings of 5, 2, 1, 0.5, and
0.25 mm diameter. Distilled water was immediately added to the
sieve device before the start of the wet sieving process. The
samples were then sieved in distilled water at 37 oscillations per
minute for 10 min. Soil aggregates retained on each sieve were
transferred into clean beakers and oven-dried at 105 �C for 24 h.
The dried aggregates from each size class were weighed to calcu-
late the percentage of water-stable aggregates. The aggregate mass
of <0.25 mm size was obtained by difference. Three soil samples
were replicated with each field sample. The mean weight diameter
(MWD) of water-stable aggregates was determined according to
the percentage of aggregates of the sizes >5, 2–5, 1–2, 0.5–1,
0.25–0.5, and <0.25 mm (van Bavel, 1950). Large macroaggregates
were defined as the >2 mm size fraction; small macroaggregates
were defined as the 2–0.25 mm size fraction; and microaggregates
were defined as the <0.25 mm size fraction.

Ten sampling cubes (10 cm � 10 cm � 10 cm) were randomly
taken in each treatment for root volume determination. The roots
were washed to remove soil and then air-dried at room tempera-
ture. The root volume was measured using a drainage water meth-
od. The total drainage volume from each container (1000-ml
cylinder) was collected and measured.
2.5. Statistical analysis

Statistical analysis was performed using the SPSS 18.0 statistical
software (SPSS Inc., USA). One-way analysis of variance was used
to examine the effects of natural restoration treatments on soil
physicochemical properties including SOM (g/kg), BD (g/cm3), per-
centage of water-stable aggregates (%), and MWD (mm), and the
effects of rainfall intensities (20, 40 60 mm/h) on soil infiltration
and runoff including SIR (mm/h) time-to-runoff (min), time-
to-SIR (min), and runoff (L). Multiple comparisons of means were
accomplished using the method of least significant difference with
the significant levels at P < 0.05. Correlation analysis between
water infiltration and soil properties was conducted using the
Origin 8.0 software (OriginLab Corporation, USA).
3. Results

3.1. SOM and BD under natural revegetation

There were significant differences in the SOM content and BD
among the natural restoration treatments (P < 0.01, Table 2). The
SOM content increased significantly with increasing period of



Table 2
Soil organic matter content (SOM) and bulk density (BD) of slope cropland (SC) and
abandoned 6- (NR6), 16- (NR16), 36- (NR36), 56- (NR56), and 79-year-old (NR79)
naturally restored grasslands.

Treatment SOM (g/kg) BD (g/cm3)

SC 13.4 f 0.97 a
NR6 17.5 e 1.02 a
NR16 20.5 d 0.96 a
NR36 27.3 c 0.95 a
NR56 29.3 b 0.83 b
NR79 31.9 a 0.84 b

Means with different letters in the same column are significantly different at the
0.05 level (LSD).

98 Y. Zhao et al. / Journal of Hydrology 504 (2013) 94–103
natural restoration (P < 0.05, Table 2). The highest SOM content
(31.91 g/kg) was found in the 79-year natural restoration treat-
ment, approximately 2.4-time that of the slope cropland (control).
In contrary, the BD showed a decreasing tendency with increasing
period of natural restoration. The BD was significantly lower in the
56- and 79-year natural restoration treatments than in the other
treatments (P < 0.05, Table 2). Soil under 6-year-old natural resto-
ration treatment had slightly higher BD than those of the control
and 36-year-old natural restoration treatment, but the difference
was not statistically significant (P > 0.05).

3.2. Size distribution and stability of water-stable aggregates

Natural restoration of grassland imposed significant effects on
the size distribution and stability of water-stable aggregates
(P < 0.01, Table 3). The proportion of macroaggregates
(>0.25 mm) increased significantly with increasing period of
vegetation restoration. Water-stable aggregates in the control
and 6-year natural restoration treatment were dominated by
microaggregates (<0.25 mm) followed by small macroaggregates
(2–0.25 mm), and large macroaggregates (>2 mm) made up the
smallest proportion. In the 16-year natural restoration treatment,
the proportion of large macroaggregates significantly increased
from 41.6% to 46.0% (P < 0.05), while that of microaggregates sig-
nificantly decreased from 39.6% to 33.4% (P < 0.05). The 79-year
natural restoration treatment had the largest proportion of large
macroaggregates and the smallest proportion of microaggregates,
showing 3.3-time increase and 1.7-time decrease compared to
the control, respectively. No significant differences were found in
the proportion of large macroaggregates among the 36-, 56-, and
79-year natural restoration treatments (P > 0.05).

Additionally, natural restoration had a significant effect on the
MWD of water-stable aggregates. The aggregate MWD in the
79-year natural restoration treatment was 2.5-time greater than
that of the control treatment, with no significant differences
between the 36- and 56-year natural restoration treatments. The
variation trend in aggregate MWD is similar to that in macroaggre-
gate (>0.25 mm) content.
Table 3
Percentages of water-stable aggregates of different size-classes and mean weight diamete
(NR6), 16- (NR16), 36- (NR36), 56- (NR56), and 79-year-old (NR79) naturally restored gra

Treatment Percentage of water-stable aggregates (%)

>5 mm 5–2 mm 2–1 mm 1

SC 6.9 c 6.9 e 7.6 bc 2
NR6 6.5 c 8.9 de 9.3 a 2
NR16 18.1 b 10.6 cd 8.9 ab 1
NR36 27.1 a 14.5 ab 5.9 d 1
NR56 32.7 a 12.2 bc 5.9 d 1
NR79 30.7 a 15.3 a 7.5 c 1

Means with different letters in the same column are significantly different at the 0.05 l
3.3. Infiltration under rainfall conditions

The rainfall intensity significantly affected infiltration in the
control and natural restoration treatments regardless of the resto-
ration period (P < 0.01). The original IR was found relatively high in
the infiltration curves of all treatments (Fig. 4). In the control treat-
ment, the IR significantly decreased with increasing intensity of
rainfall, and the decreasing rate was lower under low-intensity
rainfall (20 mm/h) than under medium- and high-intensity rainfall
(40 and 60 mm/h, respectively). The IR under low-intensity rainfall
was 1.3- and 1.5-time those under medium- and high-intensity
rainfall, respectively. With increasing intensity of rainfall, the
time-to-runoff and time-to-SIR decreased while the runoff in-
creased significantly (Table 4).

Similar changes were observed in the soil infiltration curves of
natural restoration treatments in an early infiltration stage
(approximately 30 min), and higher IRs were detected under
lower-intensity rainfall. After 30-min simulated rainfall, the IRs
of natural restoration treatments showed substantially different
variations from those of the control treatment. Regardless of the
restoration history, the IRs of all natural restoration treatments
gradually increased with increasing intensity of rainfall, and the
corresponding SIRs were significantly higher under high-intensity
rainfall than under medium- and low-intensity rainfall (P < 0.05).
As compared to low-intensity rainfall, high-intensity rainfall in-
creased the SIRs of 6-, 16-, 36-, 56-, and 79-year natural restoration
treatments by 19.5%, 38.2%, 20.0%, 19.6%, and 39.3%, respectively.
The variation tendencies of the corresponding time-to-runoff,
time-to-SIR, and runoff under different rainfall conditions were
similar to those of the control treatment, despite that we did not
measure the amounts of runoff in the natural restoration treat-
ments under low-intensity rainfall. The infiltration curves of
natural restoration treatments under medium- and high-intensity
rainfall were similar.
3.4. Infiltration under natural revegetation treatments

Under the same rainfall conditions, the infiltration curves of
natural restoration treatments showed great differences (Fig. 5).
Higher IRs were observed in the treatment with a longer period
of natural restoration. The SIRs showed rapid increases during
early-stage natural restoration (<16-year), with slight increases
followed by a peak value in the late restoration stage.

The results of non-linear regression analysis showed that there
was a negative exponential relationship between SIR and the per-
iod of natural restoration under different rainfall conditions
(P < 0.01, Fig. 6). The simulated curves of the natural restoration
treatments were similar under medium- and high-intensity rain-
fall, especially when the period of natural restoration was greater
than 16-year.
rs (MWD) of aggregates at 0–10 cm depth in slope cropland (SC) and abandoned 6-
sslands.

MWD (mm)

–0.25 mm <0.25 mm >0.25 mm

2.3 ab 56.3 a 43.7 c 0.91 c
4.3 a 51.0 a 49.0 c 0.99 c
8.8 b 43.5 b 56.5 b 1.58 b
2.9 c 39.6 bc 60.4 ab 2.08 a
3.2 c 36.0 c 64.0 a 2.28 a
3.1 c 33.4 c 66.6 a 2.31 a

evel (LSD).



Fig. 4. Soil infiltration curves under different rainfall conditions (a) slope cropland, (b) natural vegetation restoration for 6-year, (c) 16-year, (d) 36-year, (e) 56-year, and (f)
79-year.

Table 4
Soil steady-state infiltration rate (SIR), time-to-runoff, time-to-SIR and runoff of slope cropland (SC) and abandoned 6- (NR6), 16- (NR16), 36- (NR36), 56- (NR56), and 79-year-old
(NR79) naturally restored grasslands under different rainfall conditions.

Treatment SIR (mm/h) Time-to-runoff (min) Time-to-SIR (min) Runoff (L)

20 mm/h 40 mm/h 60 mm/h 20 mm/h 40 mm/h 60 mm/h 20 mm/h 40 mm/h 60 mm/h 20 mm/h 40 mm/h 60 mm/h

SC 39.3 a 30.2 b 27.0 c 38.8 a 19.9 b 6.4 c 57.3 a 42.7 b 25.0 c 0.04 c 4.04 b 10.45 a
NR6 52.2 b 55.4 b 62.4 a ND 17.0 a 14.2 b 47.3 a 43.3 a 34.7 b ND 1.85 b 5.52 a
NR16 62.5 c 71.5 b 86.4 a ND 20.9 a 18.8 a 49.0 a 42.3 b 30.3 c ND 0.61 b 2.81 a
NR36 62.6 b 64.9 b 75.1 a ND 19.3 a 14.0 b 48.3 a 44.7 a 35.3 b ND 2.05 b 3.53 a
NR56 67.7 b 67.9 b 81.0 a ND 15.9 a 10.5 b 49.0 a 38.7 b 36.7 b ND 1.02 b 3.91 a
NR79 68.5 c 82.1 b 95.4 a ND 29.5 a 12.6 b 56.0 a 44.3 b 32.3 c ND 0.27 b 2.53 a

Means with different letters in the same row under the same index are significantly different at the 0.05 level (LSD).
ND means not detected.
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3.5. The relationship between water infiltration and soil properties

SOM content showed significantly positive linear relationships
with macroaggregate (>0.25 mm) content as well as aggregate
MWD (Fig. 7a). That is, the values of water-stable macroaggregate
(>0.25 mm) content and aggregate MWD both increased with
increasing SOM content. The SIR was significantly logarithmically
correlated with SOM and macroaggregate (>0.25 mm) contents as



Fig. 5. Soil infiltration curves for natural restoration treatments at different rainfall intensities (a) 20 mm/h, (b) 40 mm/h, and (c) 60 mm/h.

Fig. 6. Relationship between steady-state infiltration rate (SIR) and the period of
natural vegetation restoration.
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well as aggregate MWD under different rainfall conditions
(Fig. 7b–d).
4. Discussion

4.1. Effect of soil properties on water infiltration

During the restoration of natural vegetation, soil properties are
expected to undergo significant changes due to multi-factors. In
the present study, we found that the SOM content and aggregate
stability increased while the BD decreased with extending period
of natural restoration (Table 2). These results are consistent with
previous findings regarding the positive effects of vegetation resto-
ration on soil physicochemical properties. A study found that nat-
ural vegetation restoration significantly decreased the BD and
increased the porosity, aggregate stability, and saturated hydraulic
conductivity of soil at the 0–20 cm depth in a 150-year chronolog-
ical abandoned farmland on the Loess Plateau (Li and Shao, 2006).
Jiao et al. (2011) reported that vegetation restoration had positive
effects on SOM content and porosity and negative effect on the BD
along a chronosequence of 5–45-year restored soils in northern
Shaanxi, China. Similar results were found in a chronosequence
of grassland in French Alps (Gros et al., 2004) and German Lahn-
Dill Highlands (Breuer et al., 2006). The improvement of soil phys-
icochemical properties with vegetation succession can be attrib-
uted to the accumulation of fresh plant residues in surface soil as
well as roots and decomposed root residues in subsurface soil.
These raw materials can be directly transformed into SOM and
thus provide energy/carbon sources and nutrients for soil microor-
ganisms (Golchin et al., 1994; Jastrow, 1996; Six et al., 2004, 1998),
further promoting the development of soil aggregation (Six et al.,
2000; Tisdall and Oades, 1982). Together these factors would in-
duce the formation of macroaggregates and increase the water sta-
bility of aggregates (Angers and Caron, 1998; Gale et al., 2000;
Kong et al., 2005). These explain the significant correlations be-
tween the SOM content and BD level as well as between the mac-
roaggregate content and aggregate MWD (Fig. 7a), which are
closely associated with soil infiltration (Fig. 7b–d).

Soil physicochemical properties and infiltrability were closely
related to soil erosion in arid and semiarid regions. Under rainfall
condition, soil erosion processes including material detachment
and sediment transport mainly are strongly affected by raindrop
impact and runoff flow (Lane et al., 1987). Greater soil losses are
considered to be associated with less SOM content, poor aggregate
stability, low IR, and high runoff rate (Lado et al., 2004a). In the
present study, soil properties were found improved in terms of
SOM content, structural property, and SIR during natural vegeta-
tion restoration, which might reduce the effects of rainfall and run-
off flow on soil erosion. Moreover, the increase in infiltration and
decrease in soil losses meant that larger volume of water could
move into soil and less soil nutrition would be lost. These were
of importance to promoting plant growth and maintaining soil
quality in arid and semiarid environments.



Fig. 7. Relationships between soil organic matter (SOM) content and (a) macroaggregate (>0.25 mm) proportion and mean weight diameter (MWD), and between steady-
state infiltration rate (SIR) and (b) SOM, (c) macroaggregate (>0.25 mm), and (d) MWD.
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4.2. Effect of rainfall intensity on water infiltration

For examination of infiltration, the run off–on–out method con-
siders the influences of both rainfall and runoff that can affect seal
formation in soil during rainstorm (Lei et al., 2006). With increas-
ing intensity of rainfall, the IR obviously decreased in the control
treatment (Fig. 4a). Likewise, the IR decreased in the natural resto-
ration treatments within 30-min of simulated rainfall (Fig. 4b–f).
These phenomena were consistent with previous laboratory obser-
vations by Lei et al. (2006) and Liu et al. (2011). The higher IRs un-
der lower-intensity rainfall could be ascribed to the lower kinetic
energy of rainstorm, which reduced the impact on aggregation in
soil surface and thus increased infiltration (Shainberg et al.,
1992; Smith et al., 1990). Compared with high-intensity rainfall,
low-intensity rainfall with slow wetting rate could delay the
declining rate of the hydraulic gradient and reduce the degree of
aggregate slaking and breakdown (Lado et al., 2004b; Levy et al.,
1997), thereby preventing seal formation and promoting water
infiltration in soil (Lado et al., 2004b).

After 30-min simulated rainfall, the IRs of natural restoration
treatments showed increasing trends as the intensity of rainfall
was raised (Fig. 4b–f). This could be related to the differences in
soil structural characteristics among the treatments during natural
restoration. In general, soil structural properties determine the fi-
nal infiltration capacity. Compared with the control treatment,
the natural restoration treatments had higher porosity (lower
BD) and more stable aggregation, that is, better ability of water
infiltration. Despite the increasing intensity of rainfall, higher soil
structural stability could reduce the susceptibility of water-droplet
impact on soil surface (Abu-Hamdeh et al., 2006; Lado et al.,
2004b; Zhang et al., 2007). None of the natural restoration treat-
ments yielded positive data of runoff under low-intensity rainfall
(20 mm/h). This observation indicated that compared to the slope
cropland soil, the naturally restored grassland soil had improved
infiltration capacity which enabled complete infiltration of the
rainfall in both the run-on and run-off stages.

4.3. Effect of natural vegetation restoration period on water infiltration

Under different rainfall conditions, higher IRs were recorded in
the older natural restoration treatments and a significant exponen-
tial relationship was found between the SIR and the period of nat-
ural vegetation restoration (Figs. 5 and 6). These results indicated
that the process of natural vegetation restoration played a role in
enhancing the infiltration of water into soil. Similar results were
reported by Bo et al. (2007), who demonstrated with a disc infil-
trometer that the SIR of abandoned cropland increased over time
after 1-, 4-, and 8-year natural revegetation. A better soil infiltra-
tion capacity is commonly regarded as a fundamental change in
soil structural properties such as higher aggregate stability and
macroporosity of surface soil (Lipiec et al., 2006; Zhang et al.,
2007). Franzluebbers (2002) demonstrated that greater surface
SOM content and higher macroaggregate stability reduced the BD
and improved water infiltration in soil. Many studies showed that
better soil physical properties during natural vegetation restora-
tion contribute to the improvement of soil hydraulic properties.
In the present study, the SOM content and aggregate stability (indi-
cated by MWD) gradually increased over time during natural
grassland restoration (Tables 1 and 2). These results provide evi-
dence that on the Loess Plateau, natural restoration of grassland
effectively improved soil structural properties that are of impor-
tance to the infiltration process. This finding explains the changes
in the infiltration capacity of soil across the chronosequence of nat-
ural grassland restoration.
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Additionally, water IR is influenced by the distribution of roots
in soil surface layer. The percentage root volumes at 0–10 cm soil
depth of the 6-, 16-, 36-, 56-, and 79-year natural restoration treat-
ments were 1.1%, 2.9%, 2.9%, 4.8%, and 5.7%, respectively. Corre-
spondingly, the SIRs measured in the simulated rainfall
experiment showed a rapidly increasing tendency from the control
to 16-year natural restoration treatment, with relatively slow in-
creases from the 36- to 79-year natural restoration treatments.
Studies found that living roots increased the soil hydraulic conduc-
tivity by indirectly increasing soil macroporosity (Prieksat et al.,
1994; Rachman et al., 2004). High macroporosity at the soil surface
generally increased the IRs through the pattern of preferential flow
(Beven and Germann, 1982; Ela et al., 1992; Hu et al., 2009). How-
ever, Gish and Jury (1982, 1983) found that living roots compacted
soil and obstructed macropores, thereby reducing the hydraulic
conductivity. In the present study, root distribution might have dif-
ferent effects on soil infiltration capacity. On one hand, the large IR
recorded in the natural restoration treatments (<16-year) could be
related to the large number of macropores associated with dead
roots in soil. On the other hand, however, the larger amount of
roots likely had restrictive influences on the soil infiltration capac-
ity in the >16-year natural restoration treatments, as both the SOM
content and aggregation stability showed pronounced improve-
ment with increasing period of natural vegetation restoration. Be-
cause root characteristics could play an important role in soil
infiltration during natural revegetation, detailed mechanisms
through which the root characteristics affect infiltration need to
be further studied.

Overall, 16-year after the conversion from cropland to natural
grassland could be considered as a critical time point in the vege-
tation restoration process. Soil properties and infiltration were rap-
idly improved before this time point and underwent slight changes
thereafter. These findings have implications for sustainable land
use and soil management of the semiarid ecosystems. It is recom-
mended to close abandoned cropland for approximately 16 years
and then implement conservative grazing and suitable mow in or-
der to regulate grassland growth and favor the development of
farming and animal husbandry (Graetz and Tongway, 1986; Cheng
et al., 1998).
5. Conclusions

On the Loess Plateau, the SIR decreased in slope cropland (con-
trol) and increased in naturally restored grasslands with increasing
intensity of rainfall (20–60 mm/h). Under the same rainfall condi-
tion, the IR gradually increased with extending period of natural
grassland restoration. During the process of natural restoration,
higher infiltration capacity of soil was resulted from the elevation
of SOM content and subsequent improvement of soil structural
properties. Such changes might reduce the impact of rainfall on
the formation of soil crust, accounting for the increased water IR
and reduced runoff. Additionally, natural restoration of grassland
for over 16-year showed generally stable soil structural properties
and high infiltration capacity. These results are of guidance value
for soil and water conservation on the Loess Plateau and poten-
tially applicable to similar arid and semi-arid settings.
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