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Soil water is the key limiting factor for achieving sustainable revegetation. Soil infiltration rate plays an im-
portant role in determining the inputs from precipitation, which is important for the plant growth and
groundwater recharge in semi-arid regions. Soil infiltration rate is generally influenced by belowground biomass
(BGB), soil water content (SWC) and other soil properties (total soil porosity, soil mean weight diameter and soil
organic carbon). The aim of this study is to understand the effects of plant roots, SWC and other soil properties
on soil infiltration rate, and to identify the main factor affecting soil infiltration rate. This study investigated the
total soil porosity (TP), soil mean weight diameter (MWD), soil organic carbon (SOC), SWC and plant roots of
five grasslands (Bromus inermis, Trifolium repens, Panicum virgatum, Medicago sativa and Miscanthus sinensis). An
automatic measurement system of point source device was used to quantify the soil infiltration rate. Results
showed that SWC significantly affected the initial infiltration rate (P < 0.05), but plant roots gradually became
the main factor affecting soil infiltration rate as the increasing infiltration time. The percentage of root volume
(PV) of 0-2 mm was positively correlated with infiltration rate, while the PV of > 4.5 mm was negatively cor-
related with infiltration rate. Our results indicated that fine roots could increase soil organic matters and form
soil pores, thus more determining the potential of soil infiltration than soil water content during the short-term
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vegetation restoration in semi-arid regions.

1. Introduction

Precipitation infiltration is the main source of soil water replen-
ishment in the semi-arid regions, which influences the vegetation re-
storation, potential soil erosion and groundwater recharge (Zhao et al.,
2013; Leung et al., 2015; Sun et al., 2018). Infiltration is the process of
rainfall transform into soil water by downward or gravitational flow
(Huang et al., 2017). Soil infiltration capacity could be determined, for
example, the initial infiltration rate, steady infiltration rate and mean
infiltration rate (Sun et al., 2018). As an important hydrological para-
meter (Wu et al., 2016), the quantification of infiltration capacity is a
crucial issue for vegetation maintenance and land management.

Previous studies have found that soil infiltration capacity was gen-
erally affected by various soil properties and vegetation characteristics,
such as porosity, organic matters, bulk density and roots (Bormann and
Klaassen, 2008; Leung et al., 2015). Franzluebbers (2002) indicated
that soil organic matters and soil aggregation improved water

infiltration nearly threefold. Alaoui (2015) investigated the hydro-
logical parameters of four representative grassland soils on the Swiss
plateau, and found that the interaction between bulk density and
macroporsity could facilitate water infiltration. Conversely, some stu-
dies have reported that soil bulk density is weakly related to macropore
flow (Meek et al., 1989; Fischer et al., 2014). Moreover, soil water
content (SWC) is also key factor determining soil infiltration capacity in
semi-arid regions (Archer et al., 2002; Zehe and Bloschl, 2004). Cerda
(1996) reported that soil infiltration rate was higher in summer than
wet seasons, because of the higher soil moisture contents. Soil water
content is susceptible to the changes of external environments, such as
rainfall, temperature and vegetation type. In semi-arid regions, the
lower initial soil water content increases the potential for infiltration
(Alaoui, 2015).

Grassland is the most typical vegetation restoration species in semi-
arid areas because of its drought-resistance and good adaptability to
severe climate and poor soil conditions (Cui et al., 2018). Grassland had
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abundant root systems which could cause remarkable changes in soil
physicochemical properties, and thus had a vital effect on soil in-
filtration capacity (Fu et al., 2000; Mwendera and Saleem, 2010; Wu
et al., 2016). Zhao et al. (2013) evaluated the soil infiltrability of five
grasslands of successive age-classes. They found that long-term grass-
land restoration accumulated organic matter and improved soil struc-
tural properties, thus significantly enhancing soil infiltration capacity
and reducing soil erosion. The different types of artificial grassland may
cause different changes in soil properties and then affect soil infiltration
in varying degrees (Angers and Caron, 1998; Bormann and Klaassen,
2008). Huang et al. (2017) found that legume grasslands had higher
infiltration capacity than gramineous grasslands in the arid region,
which could be attributed to the below-ground biomass (Wu et al.,
2016). Legume grasslands had higher below-ground biomass, im-
proving total soil porosity and soil organic matters, thus enhancing soil
infiltration capacity. Archer et al. (2002) reported that the abundant
root network of grassland could clog the soil pore space and decrease
soil infiltration rate. In general, soil infiltration rate was affected by
vegetation type, soil porosity, organic matters, soil water content and
root system. Previous studies have mainly focused on the effects of soil
water content and root biomass on the whole infiltration process.
However, the effects of different root diameters on infiltration rate, and
the relative importance of root diameter and soil water content during
different infiltration stages are poorly understood.

In this study, we measured soil infiltration rate by the point source
device at five typical grasslands, i.e., Bromus inermis, Trifolium repens,
Panicum virgatum, Medicago sativa and Miscanthus sinensis. The objec-
tives of this study were to 1) determine the effects of roots diameters
and other soil properties (TP, SOC and MWD) on soil infiltration rate;
and 2) identify the main factor affecting soil infiltration rate at different
infiltration stages. This study could provide the opportunity to clarify
the relative importance of root diameter and soil water content during
infiltration process, and further provide new insights into soil infiltra-
tion for vegetation restoration.

2. Materials and methods
2.1. Experimental site

This study was conducted at the Changwu Agro-ecological
Experiment Station of the Chinese Academy of Sciences located at
35°12’-35°16’ N, 107°40’-107°42’ E, and 1215-1226 m altitude, in
Changwu County of Shaanxi Province, China. The study area is a typical
tableland and gully region on the Loess Plateau, with a mean annual
temperature of 9.1°C. The mean annual precipitation is 584 mm,
mostly from July to September, accounting for about 65% of the total
annual precipitation. The climate is cold and dry in the winter and
spring and hot and rainy in the summer. The mean value of potential
annual evaporation is about 1565 mm. The soil in the experiment site
(clay: 3.43%, silt: 91.44%, sand: 5.13%) is classified as Heilu soil, be-
longing to silty sandy loam (Wu et al., 2017b; Cui et al., 2018). The
unsaturated soil layer is deep and groundwater is located at a depth of
50-80 m below the soil surface. Since the 1970s, natural vegetation in
this area has been gradually substituted by artificial forestlands and
grasslands.

2.2. Experimental design

Five typical artificial grasslands were established on the farmland:
Trifolium repens (T. repens), Bromus inermis (B. inermis), Panicum vir-
gatum (P. virgatum), Medicago sativa (M. sativa) and Miscanthus sinensis
(M. sinensis) in 2012. These artificial grasslands were high quality
forages which were widely planted in this area. Three replicate plots
(3m x 5m) were constructed on each grassland type. Various grasses
used the same planting time and were irrigated to ensure grass survival
during the beginning of the growing period. The amount of flood
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irrigation in each plot was 3375kg. Later on, grass growth entirely
depended on rainfall, without fertilization or human intervention. This
ensured that the conditions in all of the plots were similar but also that
any differences were solely due to the grassland type. Therefore, it
could be assumed that any differences in soil physical properties and
soil water content could be attributed to the type of artificial grassland.
All experiment processes were conducted in September 2015, July and
September 2016.

2.3. Infiltration measurement

The soil infiltration rates under the different artificial grasslands
were determined by a soil infiltration capacity automatic measurement
system (Wu et al., 2016; Huang et al., 2017). The automatic measure-
ment system consists of a computer, a camera, a tripod and a peristaltic
pump. As the peristaltic pump supplies water to the soil surface at
constant rate, the camera automatically captures images of the wet area
of soil surface every 3 min under the control of the computer. Soil in-
filtration rate was calculated by using a numerical algorithm based on
the change of wet area.

Q= X BASwin
p—— ==l T n=1,2,3
" ASn ( ) @

where Q is the rate of water supply, L h™'; P, is the soil infiltration rate
at time n, mm h™'; AS,, is the change of the wet area in a given time
period (t,—t,_1), mm>

The full standing vegetation at ground level was cut off and the
litter from the soil surface was removed before measuring. Since soil
infiltration rate generally reached a stable level within 75-90 min, we
chose 90min as the time for each infiltration measurement in this
study.

According to the dynamic process of infiltration, we took the mean
infiltration rate of the first 3 min as the initial infiltration rate (IIR), and
then took the average infiltration rate of 3-15 min as the average in-
filtration rate of stage I (AIRS I). Likewise, the average infiltration rate
of stage II (AIRS II) was for the period 15-45 min and the average in-
filtration rate of stage III (AIRS III) was for the period 45-75 min. The
average infiltration rate of the final 15 min (75-90 min) was taken as
the steady infiltration rate (SIR).

2.4. Soil sampling and analysis

In each plot, soil samples were collected at soil depth of 10cm,
20 cm and 30 cm, respectively. These soil samples were taken back to
the laboratory to measure soil water content, soil organic carbon, soil
bulk and soil aggregates. Among these parameters, soil water content
was measured before infiltration measurement, and other parameters
were measured after infiltration measurement.

Gravimetric soil water content was measured by using a soil auger
(5cm in diameter) before infiltration measurement. The soil samples
were sealed immediately in airtight aluminum cylinders, weighed and
brought to the laboratory. Moist soil samples were oven-dried at 105 °C
until constant weight for the determination of gravimetric soil water
content (unit: g g~'). Volumetric soil water content was calculated
using Eq. (3). All the field sampling and laboratory work of soil water
content were completed in 3 days.

SWC = SWC,; X BD 2)

where SWC is the volumetric soil water content (cm® cm™%); BD is the
soil bulk density (g cm ™ %); SWC, is the gravimetric soil water content (g
g .

A stainless steel cylindrical ring of 100 cm® volume was used for
collecting moist soil samples, and oven-dried at105°C until constant
weight for calculating soil bulk density (BD). Total porosity (TP) of soil
was calculated using Eq. (1) based on the measured bulk density and
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assuming a soil particle density of 2.65gcm ™2 (Wu et al., 2016).

TP=1—(@)X100
ds 3)
where TP is the total soil porosity (%); BD is the soil bulk density (g
cm ™ 3); ds is the soil particle density (g cm ™).

The measurement of soil organic carbon (SOC) was determined by
oxidation with potassium chromate method (Walkley and Black 1934).
Before measuring SOC, soil samples were air-dried at room temperature
until constant weight and removed large roots.

The aluminum containers were used to collect undisturbed soil
samples after the removal of visible plant residues for the measurement
of soil aggregates. Subsequently, all the soil samples were transported
to the laboratory within 2 days. Much attention was paid to the soil
samples to maintain their structures intact during the transportation.
The composition of soil aggregates was determined with the routine dry
and wet sieving methods (Liu et al., 1996). The large soil clods, while
still moist, were gently broken along natural fracture lines by hand,
passed through a 10-mm sieve (Fu et al., 2000), and then air-dried at
room temperature for measurement. The air-dried soil samples were
sieved manually on a column of five sieves: 5, 2, 1, 0.5 and 0.25 mm,
resulting in the collection of six aggregate size fractions: 5-10 mm,
2-5mm, 1-2 mm, 0.5-1 mm, 0.25-0.5 mm and 0-0.25 mm. The weight
percentage of each aggregate-size fraction was calculated. Composite
soil samples for wet sieving were made by blending all fractions of dry
aggregates proportionally. Exactly 50g of soil integrated from the
above steps was put on the first sieve of the same set in a water bucket
containing deionized water and was gently moistened for 30 min so as
to drive entrapped air from the aggregates. The aggregates were sepa-
rated by moving the sieve vertically with a speed of 30 S min~"! for
1 min. Lastly, soil fractions remaining on the sieves were separately
collected, oven-dried and weighed to get a constant mass. The soil mean
weight diameter (MWD) was calculated as follows (Parent et al., 2012).

N
MWD = XiW

Z} 1 L (4)
where X; is the assumed diameter for ith fraction; W; is the weight
fraction remained on the ith sieve-size. N is the number of sieves.

2.5. Root parameters measurement

After each infiltration measurement, a flat, square-cornered box
(10cm X 10cm X 10cm) was used to sample soil from depth of
0-30 cm and every 10 cm intervals. The soil samples were washed with
water for the laboratory measurement of root parameters. Root dia-
meter analyses were measured using WinRHIZO (WinRHIZO Pro
2009b). WinRHIZO is an image analysis system specifically designed for
root measurement. It consists of a computer program and image ac-
quisition components, and can be used in morphology (i.e., length,
area, and volume), topology, architecture, and color analysis. Then all
roots were oven-dried at 75°C for 48h until constant weight and
weighed for belowground biomass (BGB) after root diameter analysis.
The percentage of root volume (PV) of various root diameter sizes was
calculated using Eq. (5).

Vi
=y ®)
where V is the volume of total roots; V; is the volume of roots on the ith
diameter size.

2.6. Statistical analysis

One-way analysis of variance (ANOVA) was employed to analyze
the differences of mean values among treatments. Significant differ-
ences were determined at the 0.05 level. Unary linear regression and
correlation analysis were used to analyze the relationship between
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roots, SWC, SOC, MWD, TP, and soil infiltration rate. In order to reduce
numerous correlated variables down to a smaller number of principal
components, principal components analysis (PCA) was used to further
investigate the variation in PV. Kaiser-Meyer-Olkin measure
(KMO > 0.50) and Bartlett’s test of sphericity (P < 0.05) were con-
ducted to test the sampling adequacy of individual and set variables.
The selection of main components was determined by the latent root
criterion (eigenvalues > 1.0). Kaiser-Meyer—Olkin measure
(KMO > 0.50) and Bartlett’s test of sphericity were calculated ac-
cording to Egs. (6), (7) and (8).

BB
KMO = AA + BB (6)
X2 = _[M] x In[R]
6 @]
_p-1
4= ®)

where AA is sum of squares of all partial correlation coefficient in
partial correlation coefficient matrix; BB is the sum of the squares of the
correlation coefficients between all the variables (excluding the vari-
ables themselves and themselves); n is the number of data records; p is
the number of variables in factor analysis; Ln () is the natural log
function; |R| is the value of the correlation coefficient matrix R.

Structural equation model is a statistical method to analyze the
relationship between variables based on the covariance matrix of
variables, and it is an important tool for multivariate data analysis. We
used structural equation model to explain the direct and indirect effect
of PC1 and PC2 on soil infiltration through SOC, MWD and TP. Data
were fitted to the model using the maximum-likelihood estimation
method. The model adequacy was determined by using a Pearson's chi-
Square test, Comparative Fit Index (CFI) and Goodness of Fit Index
(GFI). Pearson's chi-Square test and Goodness of Fit Index (GFI) be-
longed to absolute index. Comparative Fit Index (CFI) belonged to re-
lative index. Non-significant Chi-Square test (P > 0.05), high CFI
(> 0.9) and GFI (> 0.9) indicate an adequate model fit. All graphs were
drawn using the Cor R 3.5.1.

3. Results
3.1. Effects of SWC and other soil properties on infiltration rate

The results of regression analysis showed that the effects of SWC on
soil infiltration rate were different at various infiltration stages (Fig. 1).
SWC (0-10 cm, 10-20 cm and 20-30 cm) had a significant effect on IIR,
AIRS I and AIRS II (P < 0.01). However, SWC of different soil depth
had no significant effect on AIRS III and SIR (P > 0.05).

The correlation analysis between the TP, MWD, SOC and infiltration
rate were shown in Fig. 2. There was a significant positive correlation
between TP and infiltration rate at different infiltration stages
(P < 0.01). The correlation analysis revealed that MWD was strongly
correlated with AIRS II, AIRS III and SIR (P < 0.05), whereas MWD
was not significantly correlated with IIR and AIRSI (P > 0.05). Except
for IIR, each infiltration stage (AIRS I, AIRS II, AIRS III and SIR) was
significantly correlated with SOC (P < 0.01).

3.2. Effects of roots on infiltration rate

We used regression analysis to investigate the relationship between
total root weigh and soil infiltration rate at various infiltration stages
(Fig. 3). There was a significant negative correlation between total root
weigh and soil infiltration rate (AIRS I, AIRS II, AIRS III and SIR)
(P < 0.01), except for IIR. The results of covariance analysis showed
that grassland types had a significant effect on soil infiltration rate at
different infiltration stages (Table 1).
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Fig. 2. Correlation analysis of other soil properties (TP, SOC and MWD) and soil
infiltration rate at various infiltration stages. Note: TP represents total soil
porosity; SOC represents soil organic carbon; MWD represents soil mean weight
diameter; AIRS I, AIRS II and AIRS III represent the average infiltration rate of
stage I, stage II and stage III, respectively; IIR and SIR represent initial in-
filtration rate and steady infiltration rate, respectively; * means significant
correlation at the 0.05 level (P < 0.05); ** means significant correlation at the
0.01 level (P < 0.01); *** means significant correlation at the 0.001 level
(P < 0.001). The P value represents the probability that the original hypothesis
is true. The original hypothesis is that there is no linear correlation between the
two parameters. 0.01 < P < 0.05 indicates that there is evidence to reject the
original hypothesis. P < 0.01 indicates that there is strong evidence to reject
the original hypothesis.

There were significant differences in the PV of various root diameter
sizes among different grasslands (P < 0.05; Fig. 4). Both B. inermis and
T. repens showed the highest PV of 0-2 mm root diameter in the soil
depth of 0-30cm (Average: 81.92% and 61.01%, respectively).
Whereas M. sitiva and M. sinensis showed the highest PV of > 4.5 mm
root diameter in the soil depth of 0-30cm (Average: 76.51% and
71.08%, respectively). The PV of various root diameter sizes of P. vir-
gatum was relatively well-distributed. Based on this, we conducted a
correlation analysis to explain the PV of various root diameter sizes
effects of on soil infiltration rate at various infiltration stages (Fig. 5). In
the initial infiltration stage, the PV of various root diameter sizes was
weakly correlated with infiltration rate (P > 0.05). The PV of 0-1 mm
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Fig. 1. Regression analysis of soil water content
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and 1-2mm root diameter was positively correlated with infiltration
rate (AIRS II, AIRS III and SIR), and the correlation coefficient increased
with infiltration time (P < 0.01). In addition, the PV of 2-3 mm and
3-4.5mm root diameter was weakly correlated with infiltration rate
(AIRS I, AIRS II, AIRS III and SIR), while the PV of > 4.5mm root
diameter showed a significant negative correlation with infiltration rate
(AIRS II, AIRS III and SIR) and the correlation coefficient increased with
infiltration time (P < 0.01).

3.3. Relationships between roots, SWC, other soil properties and soil
infiltration rate

The parameters with higher weight in the first principal component
(PC1) were PV-1, PV-2, and PV-5. The highly loaded parameters in the
second principal component (PC2) were PV-3 and PV-4 (Fig. 6). B. in-
ermis and T. repens had a lower score in PC1, indicating the higher PV
(0-2 mm) and lower PV (> 4.5 mm). P. virgatum had the lowest score in
PC2, indicating the higher PV (2-4.5 mm).

We used a structural equation model to explain the direct and in-
direct effects of PC1 and PC2 on soil infiltration rate through SOC,
MWD and TP. The model taking into account all parameters showed
good fit criteria (y* = 1.53, P = 0.47; x> df ! = 0.77; GFI = 0.96;
CFI = 0.97), and 85% of variance in MWD was explained (Fig. 7a). PC1
had a direct negative effect on SOC and MWD, while PC1 had a weak
positive effect on TP. PClhad an indirect effect on TP and MWD be-
cause of its direct negative effect on SOC. Whereas PC2 had a direct
negative effect on MWD, and PC2 showed a weak effect on SOC and TP.
Referring to path coefficient, PC1 had the strongest direct or indirect
effect on SOC, TP and MWD, far greater than PC2.

The relationship of SWC, MWD, TP and soil infiltration rate were
shown in Fig. 7. The final model explained > 83% of variance in soil
infiltration rate with good fit criteria (y*= 0.84, P = 0.36; >
df~! = 0.338; GFI = 0.97; CFI = 0.98). In the initial infiltration stage,
SWC showed a significantly negative correlation with infiltration rate,
while the TP was weakly correlated with IIR. As the infiltration time
increased, the impacts of SWC on infiltration rate gradually decreased,
whereas the TP and MWD significantly affected infiltration rate. Re-
ferring to path coefficient of —0.81, SWC had the strongest direct effect
on IIR, much more than other parameters. The results revealed that the
direct effect of TP upon AIRS I and AIRS II (r = 0.74; r = 0.76) was
nearly three times that of MWD and SWC (Fig. 6¢ and d). MWD and TP
showed the similar importance on affecting SIR.

PC1 and PC2 had an indirect effect on soil infiltration rate at
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Fig. 3. Regression analysis of total root weigh and
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Table 1 relationship between roots, SOC, MWD, TP, and soil infiltration rate at

Results of covariance analysis of variables that significantly affecting soil in-
filtration rate.

df F p

Dependent variable IR

Covariate BGB 1 0.01 0.91
7

Fixed factor Grassland types 4 24.49 < 0.001
7

Dependent variable AIRS I

Covariate BGB 1 0.51 0.50
7

Fixed factor Grassland types 4 6.40 0.02
7

Dependent variable AIRS 1T

Covariate BGB 1 1.00 0.35
7

Fixed factor Grassland types 4 5.92 0.02
7

Dependent variable AIRS III

Covariate BGB 1 0.35 0.57
7

Fixed factor Grassland types 4 6.43 0.02
7

Dependent Variable SIR

Covariate BGB 1 0.22 0.65
7

Fixed factor Grassland types 4 6.56 0.02
7

Note: IIR represents initial infiltration rate; AIRS I, II and III represent the
average infiltration rate in stage I, II and III, respectively; SIR represents steady
infiltration rate. BGB represents the below-ground biomass.

different infiltration stages through its direct or indirect effect on SOC,
TP and MWD. Therefore, soil infiltration rate was influenced by PC1,
PC2 and SWC. As the increase of infiltration time, the impacts of SWC
on infiltration rate gradually weakened, while the impacts of PC1 and
PC2 on infiltration rate gradually increased. SWC was the main factor
affecting the steady infiltration rate. Referring to path coefficient, PC1
was the main factor affecting the steady infiltration rate, far exceeding
than those of SWC and PC2 on steady infiltration rate.

4. Discussion

It is well known that soil infiltration capacity is generally controlled
by both vegetation characteristics and soil physical properties (Leung
et al., 2015). Many studies have reported that below-ground biomass,
soil water content, soil organic matters, total soil porosity and soil ag-
gregate are the main factors to determine the soil infiltration capacity
(Huang et al., 2017; Wu et al., 2016). In the present study, we con-
ducted a regression and correlation analysis to determine the

various infiltration stages. The results showed that there was a sig-
nificantly positive correlation between other soil properties (SOC, MWD
and TP) and soil infiltration rate (AIRS II, AIRS III and SIR). This was
consistent with Wu et al., (2016) who found that the higher soil por-
osity increased the soil infiltration capacity in semiarid region. Huang
et al. (2017) also found that TP, SOC and soil aggregate were the vital
factor for stable change stage of infiltration rates, and the increased soil
porosity, SOC and soil aggregate would improve infiltration capacity
(Neris et al., 2012; Zhao et al., 2013; Fischer et al., 2014). Roots system
plays a most important role in soil infiltration process, and higher in-
filtration rate is related to higher BGB (Huang et al., 2017). However,
this was not consistent with our results that total root weight had a
significantly negative effect on soil infiltration rate (Fig. 3). Therefore, a
covariance analysis was conducted to explain this problem follows.

The results showed that both grassland types had a significant effect
on soil infiltration rate at various infiltration stages (P < 0.05,
Table 1). Based on this, we conducted a correlation analysis to compare
the differences in root distribution characteristics of different grassland
types (Fig. 4). These could be attributed that T. repens and B. inermis had
higher volume ratio of 0-2 mm root diameter (Average: 81.92% and
61.01%, respectively), while M. sitiva and M. sinensis had more coarse
roots (Fig. 2). Root characteristics (i.e., root diameter and root dis-
tribution) could explain the differences of infiltration capacity among
different species (Huang et al., 2017; Leung et al., 2017; Wu et al.,
2017a). The results showed that there was a significantly positive
correlation between the PV of 0-2 mm root diameter and soil infiltra-
tion rate (AIRS II, AIRS III and SIR). In addition, the PV of 2-4.5 mm
root diameter was weakly correlated with infiltration rate, while the PV
of > 4.5 mm root diameter showed a significantly negative correlation
with infiltration rate (AIRS II, AIRS III and SIR). The decomposition of
roots could increase soil infiltration capacity (Fischer et al., 2014; Luna
et al., 2017). Root diameter is a key factor determining root decom-
position, because it integrates both chemical and physical properties
associated with root development. Coarse roots differ markedly from
fine roots in decomposition rate. Zhang and Wang (2015) found that
fine roots decomposed significantly faster than coarse roots in middle
latitude areas, which could prove that our results were reasonable. Fine
roots track changes in aboveground phenology, and temperature,
moisture and nutrient in soils (Cheng and Bledsoe, 2002), with con-
sequent seasonal changes in biomass and distribution and high annual
turnover rates (Wells and Eissenstat, 2001; Eissenstat et al., 2000).
Coarse roots decayed depending on climate, especially annual tem-
perature and annual rainfall, than did fine root (Zhang and Wang
2015).

Many studies have reported that plant rooting features are closely
related to the changes in soil structure and in turn influence soil in-
filtration capacity during vegetation restoration (Neris et al., 2012;
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Fig. 4. Percentage of root volume (PV) of different
root diameter sizes in different artificial grasslands.
Note: The different lowercase letters mean the sig-
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the different capital letters mean the significant
differences at distribution of different root diameter
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Fig. 5. Correlation analysis of percentage of root volume (PV) and soil in-
filtration rate at various infiltration stages. Note: PV-1 represents PV of 0-1 mm;
PV-2 represents PV of 1-2 mm; PV-3 represents PV of 2-3 mm; PV-4 represents
PV of 3-4.5 mm; PV-5 represents PV of > 4.5 mm; AIRS I, AIRS II and AIRS III
represent the average infiltration rate of stage I, stage II and stage III, respec-
tively; IIR and SIR represent initial infiltration rate and steady infiltration rate,
respectively; * means significant correlation at the 0.05 level (P < 0.05); **
means significant correlation at the 0.01 level (P < 0.01); *** means sig-
nificant correlation at the 0.001 level (P < 0.001). The P value represents the
probability that the original hypothesis is true. The original hypothesis is that
there is no linear correlation between the two parameters. 0.01 < P < 0.05
indicates that there is evidence to reject the original hypothesis. P < 0.01 in-
dicates that there is strong evidence to reject the original hypothesis.

Huang et al., 2017; Wu et al., 2016). Roots enmesh and realign soil
particles and release exudates, which result in the modifications of soil
properties and enhancing aggregation (Bronick and Lal, 2005). Fischer
et al., (2014) indicated that decaying roots increased soil organic
matters and formed soil pores, and thus influenced infiltration capacity
due to change in burrowing activity and biomass of earthworms. In the
present study, soil water content had the strongest direct effect on IIR
(Fig. 7b). This was consistent with Alaoui (2015) who found that the
lower initial soil water content increased the potential for soil in-
filtration rate in semiarid regions. The topsoil was dry, which would
accelerate infiltration rate at the initial stage. As the increase of

* B.inermis = M. sativa = M. sinensis — P. virgatum —~ T. repens

PC2 (30.4%)

PV-4

-2- PV-3 R

2 -1 0 i 2
PCI (64.7%)
Fig. 6. The load of the principal component calculated by principal component
analysis. Two PCA components explain 95.1% of the variance in Soil physical
properties. Note: PV-1 represents PV of 0-1 mm; PV-2 represents PV of 1-2 mm;
PV-3 represents PV of 2-3mm; PV-4 represents PV of 3-4.5mm; PV-5 re-
presents PV of > 4.5 mm.

infiltration time, soil water content gradually increased, thus the in-
filtration rate was greatly affected by other factors. The results showed
that AIRS III and SIR were directly affected by both TP and MWD
(Fig. 7e and f), and the direct positive effect of TP upon AIRS III
(r = 0.72) was more than twice that of MWD (r = 0.33). Soil pores are
the channels of preferential flow, promoting vertical water movement
towards deeper horizons (Luna et al., 2017). Van Schaik (2009) re-
ported that root channels improved the soil porosity, resulting in higher
infiltration capacity than expected. The results showed that the PC1 had
an indirect effect on soil infiltration rate (AIRS II, AIRS III and SIR)
because of its direct or indirect effect on SOC, TP and MWD, which was
much more than PC2 (Fig. 7). Decomposition of mature roots increased
soil organic matters and formed soil pores, which promoted vertical
water movement towards deeper horizons and thus influenced
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Fig. 7. Structural equation models demonstrating the effects of plant roots on other soil properties (a), the effects of other soil properties (TP, SOC and MWD) and soil
water content on soil infiltration rate at various infiltration stages (b-f). The rectangles and single-headed arrows represent indicators and causal effects, respectively.
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soil mean weight diameter; SWC represents the soil water content; AIRS I, AIRS II and AIRS III represent the average infiltration rate of stage I, stage II and stage III,
respectively; IIR and SIR represent initial infiltration rate and steady infiltration rate, respectively.

infiltration capacity (Fischer et al., 2014; Luna et al., 2017). Many
studies have reported that root decomposition represents a large carbon
cost to plants, and serves as a potential soil organic matter source (John
et al., 2002; Zhang and Wang, 2015; Redelstein et al., 2018). Fine roots
have the high decomposition rate, increasing soil porosity and soil or-
ganic matters, thus enhanced soil infiltration capacity. In semiarid areas
where dry and rainless, non-perishable coarse roots can compact soil
and block water flow, thereby decreasing soil infiltration rate. This
negative effect masked the positive effect of fine root to a certain extent,
leading to the result that total root weigh was negative correlated with
soil infiltration rate differing from previous studies (Fig. 3).

In conclusion, our results show that soil infiltration rate was af-
fected by both soil water content and PV. SWC was the main factor
affecting the initial infiltration rate, far exceeding those of PV on initial
infiltration rate. As the increase of infiltration time, the impacts of SWC
on infiltration rate gradually weakened, while the impacts of PV on
infiltration rate gradually increased. PV of 0-2 mm and > 4.5 mm was
the main factor affecting the steady infiltration rate, far exceeding than
those of SWC and PV of 2-4.5 mm on steady infiltration rate. Although
our results determined the effects of PV and soil water content on soil
infiltration during the whole process, there are still some limitations.
The results of the relationship between PV and infiltration capacity,
which are based on short-term experiment in semiarid regions, should
be treated with great caution: the factors that best correlate with rates
of early root decomposition are often not the same as those related to
long-term root decomposition. Consequently, further research is needed
to clarify the relationship between root diameter and infiltration re-
sponse during long-term vegetation restoration in semiarid regions.

5. Conclusion

In conclusion, our results show that soil infiltration rate is affected
by both SWC and PV during infiltration process. Fine roots (0-2 mm of
root diameter) were positively correlated with infiltration rate, while
coarse roots (> 4.5mm of root diameter) were negatively correlated
with infiltration rate. Soil water content is negatively related to soil
infiltration rate, but the impacts of soil water content on soil infiltration
gradually weaken as the increase of infiltration time. PV is the main
factor influencing infiltration rate with the increasing infiltration time.
The results contribute to clarify the relative importance of PV and soil
water content during infiltration process and provide new insights into
soil infiltration for vegetation restoration in semiarid region.
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