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Changes in soil properties and resistance
to concentrated flow across a 25-year passive
restoration chronosequence of grasslands
on the Chinese Loess Plateau
Ming-Ming Guo1 , Wen-Long Wang1,2,3, Hong-Liang Kang1, Bo Yang1, Jian-Ming Li2,4

Revegetation represents an effective measure for preventing soil erosion on the Loess Plateau. However, the effects of
revegetation-induced changes in soil and root properties on soil resistance to concentrated flow erosion (SRC) remain unclear.
This study sampled soils and roots across a 25-year chronosequence from farmland to grasslands of different ages (3, 7, 10, 18,
and 25 years) to quantify variations in soil and root properties (soil bulk density, SBD; soil disintegration rate, SDR; saturated
hydraulic conductivity, SHC; organic matter content, OMC; water-stable aggregate, WSA; mean weight diameter, MWD; root
mass density, RMD; root length density, RLD; and root surface area density, RSAD) and their effects on SRC. Farmland and
grassland SRCs were obtained using a hydraulic flume. Soil properties and root density gradually improved with restoration
time. In terms of the comprehensive soil property index calculated via principal component analysis, grassland values were
0.66 to 1.94 times greater than farmland values. Grassland SRCs increased and gradually stabilized (>18 years) over time and
were 1.60 to 8.26 times greater than farmland SRC. SRC improvement was significantly related to increases in OMC, SHC,
WSA, and MWD and decreases in SBD and SDR over time. SRC was effectively simulated by the Hill curve of RMD, RLD,
and RSAD. SDR, SHC, and RMD (0.5–1.0 mm) affected SRC the most. This study scientifically describes how revegetation
improves soil quality and soil resistance to flow erosion, and suggests that vegetations rich in 0.5–1.0 mm roots should be
preferred during revegetation.
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Implications for Practice

• Revegetation should be considered an effective and impor-
tant approach for improving soil quality and soil erosion
resistance on the Loess Plateau.

• Plants with more fine roots and high root density should
be used in restoration.

• Within the first 18 years following passive restoration, the
soil quality and soil resistance of grasslands gradually
stabilize.

• Restoration practices need to pay attention to two points:
first, an appropriate grass root density can greatly improve
soil quality and resistance; second, reduced water con-
sumption of grasses may be preferred due to the lack of
soil moisture on the Loess Plateau.

Introduction

The Chinese Loess Plateau is widely acknowledged to have
some of the most severe soil and water loss worldwide (Li &
Shao 2006), with mean annual soil erosion rates ranging from
5,000 to 10,000 t km−2 yr−1 (Wang et al. 2014). To control soil
erosion and restore ecosystems, China launched the “Grain for
Green” project in 1999, which aims to restore degraded cropland

to forest and grassland (Fu et al. 2000). Since the project was
implemented, soil loss rates on slopes of 8∘–35∘ have decreased
from 5,000–8,500 to 3,600–5,500 t km−2 yr−1 in 2010 (Fu et al.
2011). Vegetation restoration has been proven to be an effective
approach for reducing soil erosion because of its importance in
improving soil erosion resistance (Fu et al. 2011; Wang et al.
2014).

Previous studies documented that the improvement in soil
resistance to concentrated flow erosion is closely related to root
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system and its effect on soil properties (Gyssels & Poesen 2010;
Vannoppen et al. 2015; Wang et al. 2015). Roots embed in the
soil body and form a soil–root matrix, thereby reinforcing soil
ability to resist erosion (Li et al. 2017; Wang & Zhang 2017).
In addition, diverse root exudates adhere to soil particles and
enhance the bonding power between soil particles and roots
(Zhu et al. 2010; Zhao et al. 2013). Wang et al. (2015) deter-
mined that root bonding can account for greater than 25% of
the soil loss reduction caused by roots. Moreover, many studies
have investigated the relationships between soil resistance and
root characteristics. Li et al. (1992) reported that the enhance-
ment of soil anti-scourability is positively related to the number
of fine roots (diameter< 1 mm). However, Mamo and Bubenzer
(2001) noted that root length density (RLD) had a closer rela-
tionship with soil resistance to concentrated flow. Additionally,
soil resistance also has a close relationship with root morphol-
ogy and structure (De Baets et al. 2007; Wang & Zhang 2017).
Wang and Zhang (2017) revealed that soil detachment capacity
of grasslands with tap roots was 14.7 times greater than that of
grasslands dominated by species with fibrous roots.

Root exudates also influence soil properties and further
change soil resistance to concentrated flow erosion. Previous
studies have shown that root systems can optimize soil porosity
structure (Li & Shao 2006; Wu et al. 2016), improve soil infil-
tration capacity (Hu et al. 2009; Zhao et al. 2013), strengthen
water-stable aggregate (WSA) stability and soil cohesion (Li &
Shao 2006; Wang et al. 2014), and increase soil organic mat-
ter (Wang et al. 2014; Guo et al. 2018), nutrients (Peichl et al.
2012), and soil microorganism species (Zhu et al. 2010). More-
over, the improvement of soil properties induced by revegetation
has been linked to improved soil resistance (Li et al. 2017; Guo
et al. 2018). For example, Zhou et al. (2010) and Li et al. (2015,
2017) reported that soil resistance to concentrated flow was neg-
atively correlated with soil bulk density (SBD) and soil disinte-
gration rate (SDR) and positively correlated with soil infiltration
rate and WSAs.

In the past several decades, significant advances have been
made in quantifying the relationship between soil resistance to
concentrated flow erosion and soil and root properties. How-
ever, the effects of changes in soil properties caused by veg-
etation succession on soil resistance remain unclear. During
revegetation, different vegetation communities cause different
changes in soil properties, albeit in the same region with similar
growth environments (Jiao et al. 2010; Guo et al. 2018; Wang
et al. 2018). Since the 1970s, a series of ecological restoration
projects have been conducted to control soil and water loss on
the Loess Plateau. Slope farmland (SF) areas diminished by
43% between 1984 and 1996, whereas forest and grassland areas
increased by 36 and 5%, respectively (Fu et al. 2000). With the
implementation of the Grain for Green Project in 1999, grass-
land area (2.6× 105 km2) accounted for 41.7% of the Loess
Plateau in 2010 (Li et al. 2016). Grassland plays an important
role in soil and water conservation in this region, while the grass-
land succession process and its corresponding dominant com-
munity have differed greatly in different regions due to large
differences in climate, seed bank source, and topographic con-
ditions, etc. (Jiao et al. 2008; Kou et al. 2016). Thus, soil and

root properties greatly change with successional time, and the
varied soil and root properties are also expected to influence soil
resistance to concentrated flow erosion.

Therefore, to better evaluate the impacts of revegetation on
soil properties and resistance to concentrated flow erosion over
time, we assumed that soils from five farmlands before restora-
tion had similar spatial textural homogeneity and followed sim-
ilar underlying mechanisms during restoration. The objective
of this study was to (1) explore how soil and root properties
and soil resistance to concentrated flow change with succes-
sional time; (2) determine how soil and root properties affect
soil resistance to concentrated flow erosion; and (3) identify
which root diameters have the optimal effect on improving soil
resistance.

Methods

Study Area and Sampling Site Selection

This study was conducted in the Nanxiaohegou watershed
(35∘41′N to 35∘44′N, 107∘30′E to 107∘37′E; 1,050–1,423 m
elevation; 36.3 km2; Fig. 1), Qingyang City, China. The study
area is a typical loess tableland-gully region and is charac-
terized by a temperate continental semiarid climate (Liang
et al. 2010). The annual mean temperature is 10∘C, and the
frost-free period is 160–180 days. Annual precipitation is
approximately 523 mm, with 58.8% of the total precipitation
occurring between July and September in the form of short
heavy rain storms (Guo et al. 2018). Major soil types are
loessial soils. Since the 1970s, soil and water losses have been
controlled effectively by a series of soil and water conservation
projects, such as the Three Protection Belts Model, the Four
Eco-economical Belts Model, and the Grain for Green Project
(Zhao 1994; Li et al. 2016). The vegetation communities
contain mainly planted trees and shrubs and native secondary
herbaceous plants.

Based on a detailed field survey and previous research out-
comes on passive vegetation successional patterns in the study
area (Liang et al. 2010), grasslands with five restoration ages
(3, 7, 10, 18, and 25 years) across a chronosequence of passive
succession were selected in this watershed (Fig. 1). The five
farmlands before restoration were planted with the same crop
types and experienced similar tillage and fertilization practices.
Thus, soils of the five farmlands had similar spatial textural
homogeneity and followed similar underlying mechanisms dur-
ing restoration. In addition, slope aspect and gradient, elevation,
and soil type of the five selected sites were similar to minimize
the effects of these factors. For comparison, one corn-planted
sloping farmland site, with topography similar to that of the
grasslands, was selected as a control. Basic characteristics of
the six selected sites are summarized in Table 1.

Soil Sampling and Laboratory Analysis

This study was conducted from July to September 2018,
when vegetation growth and biomass are at their maximum
over the course of a year. Moreover, soil erosion is the most
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Figure 1. Location of the study area in the Loess Plateau, position of sampling sites in the Nanxiaohegou watershed, and photographs of the plants and soil
profiles (0–50 cm) at each sampling site. SF refers to slope farmland. NR3, NR7, NR10, NR18, and NR25 represent 3, 7, 10, 18, and 25 years, respectively, of
passive restoration.

Table 1. Basic characteristics of the six selected sampling sites. SF represents slope farmland. NR3, NR7, NR10, NR18, and NR25 represent 3, 7, 10, 18, and
25 years of passive restoration, respectively.

Site Code

SF NR3 NR7 NR10 NR18 NR25

Restoration time (yr) 0 3 7 10 18 25
Slope (%) 25.86 25.30 30.19 29.24 25.56 24.74
Vegetation cover (%) — 62.3 72.1 80.8 83.4 91.2
Altitude (m) 1,270 1,255 1,260 1,261 1,240 1,232
Vegetation-dominant

species
Zea mays Artemisia

scoparia
Agropyron
cristatum

Artemisia
sacrorum

Artemisia
sacrorum

Bothriochloa
ischaemum

Sand (>0.02 mm) (%) 14.86 15.65 15.88 16.14 15.17 16.63
Silt (0.02–0.002 mm) (%) 73.17 74.04 73.08 72.87 73.82 73.02
Clay (<0.002 mm) (%) 11.97 10.31 11.05 10.99 11.02 10.35

serious during this period. Therefore, studying soil resistance
to concentrated flow erosion in this period is the most realis-
tic. Four replicated quadrats (5 m× 5 m) were set from top to
bottom along the hillslope of each site for sampling. Soil sam-
ples were collected from topsoil (0–20 cm) with the litter layer
removed because grass roots are mainly distributed in topsoil (Li
et al. 2005). In each quadrat, five samples were collected using
steel rings (200 cm3) in random sampling method to form a com-
posite sample, and a total of 24 composite samples were used to
determine soil organic matter content (OMC), particle size dis-
tribution (PSD), and WSA greater than 0.25 mm. The potassium
dichromate external heating method was used to measure OMC
(Zhu et al. 2010). Soil PSD was measured with a Master-Sizer

2000 laser sizer (Malvern Instruments Ltd., Malvern, U.K.).
Sieves with apertures (0.25, 0.5, 1.0, 2.5, and 5.0 mm) were used
to determine WSA (Wang et al. 2014). Six soil samples were
obtained in each quadrat with a steel cutting ring (200 cm3),
and a total of 144 samples (six sites × four quadrats × six sam-
ples) were analyzed to determine SBD using an oven-drying
method at 105∘C for 24 hours and saturated hydraulic conduc-
tivity (SHC) using the constant water head test (Guo et al. 2018).
SDR represents the weight of soil particles dissipated in static
water per unit time, and three samples were collected with a
square steel box (5 cm× 5 cm× 5 cm) in each quadrat to obtain
SDR using a soil disintegrator (Jiang et al. 1995; Li et al. 2015;
Guo et al. 2018).
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Figure 2. Schematic diagram of hydraulic scouring flume.

Undisturbed soils were sampled to determine soil resistance
to concentrated flow erosion (Li et al. 2015; Zhang et al. 2017).
First, the surface withered leaves were removed, and random
sampling method was used to take the undisturbed soil sam-
ple with a steel sampling box (10 cm× 10 cm× 25 cm, depth ×
width × length). Then, the top and bottom ends of the undis-
turbed soil in the sampler were flattened, and both ends were
covered with cotton cushions and lids to avoid disturbance dur-
ing sample transport (Zhou et al. 2010; Li et al. 2017). A total
of 72 samples (6 sites × 4 quadrats × 3 samples) were collected.

Test for Soil Resistance to Concentrated Flow Erosion

The 72 undisturbed soil samples were saturated for 12 hours in
a container with a water level of 1 cm below topsoil surface and
then drained for 12 hours (Zhang et al. 2017). Soil resistance
to concentrated flow erosion was tested in a hydraulic flume
that was 4 m long, 0.35 m wide, and 0.17 m deep (Fig. 2). The
flume was long enough for water to steadily flow along the soil
surface and wide enough to weaken the flume boundary effect
on flow (Zhang 2017). A thin layer of paint was sprayed on
the flume surface and sidewall to increase hydraulic roughness.
Sand particles passed through a 1 mm sieve were pasted to
the wet paint as evenly as possible (Zhang et al. 2017). A
rectangular opening with same size as the sampling box was
set as a 0.5 m section from flume bottom to ensure that the
soil surface of the sampling box was at the same level as
the flume surface. The flow rate and scouring time were set
to 16 L/minutes and 15 minutes, respectively, according to the
maximum runoff discharge and time frequency caused by a
typical rainstorm on standard runoff plots (20 m× 5 m) in the
study area (Li et al. 2015; Zhang et al. 2017). For each test,
runoff and sediment samples were collected with sampling tanks
at 1-minute intervals, and the sampling time was recorded.
These sediment samples were oven-dried at 105∘C for 24 hours
to determine soil loss.

After the scouring test, roots were immediately separated
from the sampling box by the washing method (De Baets et al.
2006; Yu et al. 2014). First, soil samples in the box were soaked
in tap water for 1 hour to increase soil dispersion and then were
placed on a 0.25 mm sieve and washed with tap water using a
low-pressure head. The living roots, plant debris, and some peb-
bles were left on the sieve. Only the living roots were removed
individually using tweezers (Yu et al. 2014). Washed roots

were divided into four root diameter classes (0–0.5, 0.5–1.0,
1.0–2.0, and 2.0–5.0 mm) using Vernier calipers. These roots
were scanned using an Epson V700 scanner (Seiko Epson
Corporation, Bandung, Indonesia) at a resolution of 300 dpi.
Root characteristics were measured using Win RHIZO image
analysis software (version 2007 pro) to obtain RLD (cm/cm3)
and root surface area density (RSAD, cm2/cm3). Then, the
scanned roots were oven-dried for 24 hours at 65∘C and weighed
to calculate root mass density (RMD, kg/m3).

Parameter Calculation and Statistical Analysis

Aggregate Mean Weight Diameter. WSA stability can be
characterized by the value of the mean weight diameter (MWD),
which was calculated as follows:

MWD =
∑n

1(Riwi)∑n
1 wi

(1)

where Ri and wi are the mean diameter of the i-class aggregate
and the mass percent of i class, respectively.

Comprehensive Soil Property Index. Using a single soil
property indicator to evaluate soil quality at different restora-
tion times can lead to one-sided results. Therefore, the com-
prehensive soil property index (SPI), a comprehensive param-
eter based on principal component analysis (PCA) that com-
prehensively integrates various soil properties, was employed to
evaluate the quality of soil properties. The SPI was calculated
as follows:

⎛
⎜⎜⎜⎝

SPI1
SPI2
⋮

SPIm

⎞
⎟⎟⎟⎠
= Z ·

⎛
⎜⎜⎜⎝

F1
F2
⋮

Fp

⎞
⎟⎟⎟⎠

(2)

Z = X · Y =

⎛
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X1,1 X1,2 … … X1,n

X2,1 X2,2 · · · · · · X2,n

· · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · ·

Xm,1 Xm,2 · · · · · · Xm,n

⎞
⎟⎟⎟⎟⎟⎠

·

⎛
⎜⎜⎜⎜⎜⎝

𝜆1,1 𝜆1,2 … … 𝜆1,p

𝜆2,1 𝜆2,2 · · · · · · 𝜆2,p

· · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · ·
𝜆n,1 𝜆m,2 · · · · · · 𝜆n,p

⎞
⎟⎟⎟⎟⎟⎠

(3)

where SPIm is the SPI value of the m sample site, m = 1, 2,
3, … , 24; Fp is the weight of the p principal component,
p = 1, 2, 3 and n = 1, 2, 3, … , 9; X is the standardized soil
properties matrix; and Y is the eigenvector matrix of principal
components. A higher SPI correlates to higher quality soil
properties.

Soil Resistance Coefficient. Previous studies suggested that
the soil resistance coefficient (SRC, L/g) can represent the soil
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Figure 3. Variation in soil properties with restoration time. (A) Soil bulk density, (B) soil disintegration rate, (C) saturated hydraulic conductivity, (D) organic
matter content, (E) water-stable aggregate, and (F) mean weight diameter. SF refers to slope farmland. NR3, NR7, NR10, NR18, and NR25 represent 3, 7, 10,
18, and 25 years, respectively, of passive restoration. Different lowercase letters in a figure indicate a significant difference among different restoration times
(p< 0.05). Error bars represent ±SE.

resistance to concentrated flow erosion (Li et al. 2015; Zhang
et al. 2017). The SRC is calculated as follows:

SRC =
q · T

M
(4)

where q is the flow rate (L/minutes), T is the experimental period
(minutes), and M is the sediment dry weight of each test (g).
A greater SRC value indicates a higher soil resistance.

Relationship Between SRC and Root Density. Theoretically,
SRC could be considered zero when root density is infinitely
close to zero and reaches a maximum value when root den-
sity reaches infinity. The Hill curve satisfies the change trend
and was also widely employed to determine the relationships
between soil resistance to concentrated flow and root density
(De Baets et al. 2006; Vannoppen et al. 2015). Therefore, the
Hill curve was selected to simulate the relationships between
SRC and the root density of different root diameters and is
expressed as follows:

SRC = K
Xa

r

Xa
r + b

(K > 0, a > 0, b > 0) (5)

where Xr represents root density parameters and K, a, and b
are constants. K is the maximum value of SRC for infinite Xr.
Additionally, the Hill curve can be used to evaluate the ability
of roots to increase the resistance to concentrated flow based on
the value of b^(1/a). When the value of Xr is b^(1/a), the SRC
is improved by 50% (Li et al. 1991). In this study, b^(1/a) can
be used as an index to compare the effectiveness of different
root diameters in improving soil SRC: a lower b^(1/a) value
corresponds to more effective roots.

Statistical Analyses and Figure Plotting. A one-way analysis
of variance was performed to analyze differences in soil prop-
erties, root characteristics, and SRC among different restora-
tion times. A PCA was performed to determine the overall dif-
ferentiation of soil properties among six restoration times. A
simple regression analysis was employed to analyze the rela-
tionships between SRC and soil properties. A stepwise regres-
sion analysis and path analysis were used to examine the
effects of soil and root properties on the SRC (Wang et al.
2017). All statistical analyses were carried out with SPSS
16.0, and all figures were processed in R version 3.5.1 and
Origin 8.5.
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Results

Soil Properties

Soil properties significantly changed during vegetation succes-
sion (p< 0.05, Fig. 3). SBD did not change in the first 3 years
and then significantly increased by 10.5–13.9% (7–25 years)
compared with SF. Overall, the SBD linearly increased with
restoration time (Fig. 3A, p< 0.001). SDR showed a signif-
icant decrease in the first 10 years (p< 0.05) and gradually
stabilized (>18 years) (Fig. 3B). The SDRs in grasslands were
29.1–65.1% less than that in SF and exponentially decreased
with increasing restoration time (p< 0.001). Soil SHC did not
change in the first 7 years. However, after a 7-year restora-
tion, the SHC of grasslands significantly increased (p< 0.05,
Fig. 3C), and a linear function can describe the trend of
SHC with restoration time (p = 0.002). With an increase in
restoration time, plant roots and litter accumulated in soil and
transformed gradually into organic matter. As a result, soil
OMC in restored grasslands was significantly greater than
that in SF by 0.34–2.23 times (p< 0.05, Fig. 3D) and linearly
increased with restoration time (p< 0.001). Soil WSA greater
than 0.25 mm and MWD significantly increased in the first
7 years, and then did not change over 10–18 years, while the
WSA and MWD of 25-year grassland increased significantly
by 9.4 and 19.5%, respectively (Fig. 3E & 3F). Furthermore,
WSA and MWD increased as power functions with increasing
restoration time (p< 0.05).

Linkages Between Vegetation Restoration and Soil Properties

A PCA was performed to study the effect of restoration time
on soil properties. The ordination of the PCA (Fig. 4A) showed
clear differences in soil properties among different restoration
times. Sampling sites for soil properties were clustered into
five groups differentiated by restoration time. The first group
only contained SF, the second group included NR3, the third
group included NR7 and NR10, the fourth included NR18,
and the fifth group included NR25. The PCA revealed that the
first two and first three principal components explained 76.4
and 89.9% (PC1 = 59.6%, PC2 = 16.8%, PC3 = 13.5%) of the
total variance, respectively (Table 2), indicating that the first
three principal components could express most of soil property

(A)

(B)

Figure 4. Results of principal component analysis (PCA) (A) and the
comprehensive soil property index (B). SF refers to slope farmland. NR3,
NR7, NR10, NR18, and NR25 represent 3, 7, 10, 18, and 25 years,
respectively, of passive restoration. SBD, SDR, SHC, OMC, WSA, and
MWD represent soil bulk density, soil disintegration rate, saturated
hydraulic conductivity, organic matter content, water-stable aggregate, and
mean weight diameter. Different lowercase letters indicate a significant
difference among different restoration times (p< 0.05). Error bars
represent ±SE.

information. The SHC, OMC, MWD, WSA, and clay content
had positive weights on PC1, whereas SBD and SDR had
negative weights (Fig. 4A), and the contributions of SDR, SHC,

Table 2. Total variance explained and principal component matrix of the principal component analysis.

Component Matrix

Component
Eigen-
value

Variance
(%)

Cumulative
variance

(%)
Soil bulk
density

Soil
disintegration

rate

Saturated
hydraulic

conductivity

Organic
matter
content

Water-stable
aggregate

Mean
weight

diameter
Clay

content
Silt

content
Sand

content

First principal
component

5.37 59.62 59.66 −0.74 −0.92 0.90 0.94 0.93 0.95 0.53 −0.09 −0.48

Second
principal
component

1.51 16.81 76.44 0.12 −0.14 −0.14 0.14 0.10 0.02 −0.51 0.99 −0.43

Third principal
component

1.21 13.46 89.89 0.32 0.21 0.06 −0.13 −0.08 −0.15 0.67 0.04 −0.76
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Figure 5. Changes in root characteristics at different sites. (A) Root mass density, (B) root length density, and (C) root surface area density. SF refers to slope
farmland. NR3, NR7, NR10, NR18, and NR25 represent 3, 7, 10, 18, and 25 years, respectively, of passive restoration. Different lowercase letters in the same
color column indicate a significant difference in root characteristics among different restoration times (p< 0.05). Error bars represent ±SE.

OMC, WSA, and MWD were larger than those of the other
four variables (Table 2). The silt content had positive weights on
PC2, whereas the clay and sand contents had negative weights,
and the contribution rates of sand, silt, and clay to PC2 were
much larger than that of other variables (Table 2).

Figure 4B shows that the SPI significantly increased with
increasing restoration time (p< 0.05). However, no differences
were found between NR10 and NR18 and between NR3 and
NR10. The SPIs of five grasslands were 0.66, 0.82, 1.15, 1.41,
and 1.94 times greater than that of SF, which further confirmed
the effectiveness of vegetation restoration in improving soil
properties.

Root Characteristics

Significant differences were observed in RMD, RLD, and
RSAD among five grasslands (Fig. 5). For RMD, we found
that RMDs of four root diameters showed no changes in
the first 10 years and then increased significantly (Fig. 5A).
The RLDs of 0.5–1.0, 1.0–2.0, and 2.0–5.0 mm showed a
gradual increasing trend with restoration time. However, the
RLD of 0–0.5 mm rapidly increased after 3-year restoration,
and the RLD of 0–0.5 mm in NR7, NR10, NR18 and NR25
was 1.81–2.78, 2.99–4.33, 4.17–5.17, and 4.15–5.81 times
greater than those of the other three root diameters, respectively
(Fig. 5B). The RSADs of four root diameters did not change
in the first 10 years (Fig. 5C). The roots of 2.0–5.0 mm had the
maximum RSAD, and were 2.93–8.38, 2.93–5.28, 2.57–7.06,
2.95–7.25, and 2.26–5.81 times greater than that of the other
three root diameters.

Soil Resistance to Concentrated Flow Erosion

Figure 6 shows that SRC significantly increased in the first
18 years (p< 0.05) and then gradually stabilized. Significant
difference in SRC was not observed between NR18 and NR25.
The SRCs of five restored grasslands were 1.60, 3.22, 4.68, 7.28,
and 8.26 times greater than that of SF, respectively. Regression
analysis indicated that change in SRC with restoration time can

Figure 6. Variation in soil resistance coefficient (SRC) in grasslands with
passive restoration time. SF refers to slope farmland. NR3, NR7, NR10,
NR18, and NR25 represent 3, 7, 10, 18, and 25 years, respectively, of
passive restoration. Different lowercase letters indicate a significant
difference in SRC among different restoration times (p< 0.05). Error bars
represent ±SE.

be described by an exponential function (p = 0.000). The results
confirmed the importance of vegetation restoration in improving
soil resistance to concentrated flow erosion.

Relationships Between Soil Resistance and Influencing Factors

Correlation analysis showed that SRC was positively corre-
lated with SHC, OMC, WAS, and MWD and negatively corre-
lated with SBD and SDR (p< 0.01, Fig. S1), wherein OMC had
the highest correlation with SRC. Furthermore, SRC decreased
by a linear and logarithmical function with SBD and SDR
(Fig. S2A & S2B), respectively, while SRC increased logarith-
mically with SHC (Fig. S2C), increased linearly with OMC
(Fig. S2D), increased exponentially with WSA (Fig. S2E), and
increased by a power function with MWD (Fig. S2F).
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Table 3. Fitted parameters of the hill curve for simulating the relationships between soil resistance coefficient and root density.

Fitted Parameters Determination Coefficient

Root characteristic parameter Root diameter (mm) K a b b^(1/a) r2

Root mass density (kg/m3) 0–0.5 1.527 2.279 0.079 0.328 0.922
0.5–1.0 1.470 2.231 0.057 0.277 0.970
1.0–2.0 1.708 1.368 1.609 1.416 0.937
2.0–5.0 1.711 1.588 1.785 1.440 0.949

Root length density (cm/cm3) 0–0.5 1.975 0.742 0.416 0.307 0.922
0.5–1.0 1.752 1.600 0.013 0.066 0.924
1.0–2.0 1.511 2.444 0.002 0.079 0.936
2.0–5.0 1.555 2.305 0.003 0.080 0.857

Root surface area density (cm2/cm3) 0–0.5 2.030 0.903 0.062 0.046 0.899
0.5–1.0 1.794 1.407 0.003 0.016 0.891
1.0–2.0 1.655 1.726 0.003 0.035 0.846
2.0–5.0 1.658 1.779 0.017 0.101 0.912

Table 4. Path analysis of the response variable (soil resistance coefficient, SRC) and explanatory variables (soil disintegration rate, SDR; saturated hydraulic
conductivity, SHC; and root mass density of 0.5–1.0 mm, RMD of 0.5–1.0 mm) with unfolding of phenotypic correlations into components of direct and
indirect effects. ** Significant at p< 0.01.

Indirect Path Coefficient

Explanatory variable

Correlation
between SRC and

explanatory variable
Direct path
coefficient SDR SHC

RMD of
0.5–1.0 mm

Integrated
indirect path

coefficient

Integrated
path

coefficient

SDR −0.898** −0.400 — −0.166 −0.332 −0.498 −0.898
SHC 0.817** 0.232 0.287 — 0.347 0.643 0.875
RMD of 0.5–1.0 mm 0.900** 0.431 0.308 0.187 — 0.495 0.926

The relationships between SRC and RMD, RLD and RSAD
of four root diameters fitted by the Hill curve (Eq. (5)) are shown
in Table 3 and Fig. S3. The Hill curve simulated SRC relatively
well with high determination coefficient (r2 = 0.846–0.970,
Table 3). SRC rapidly increased when the RMD, RLD, and
RSAD of the four root diameters were lower in the initial
restoration stage and generally stabilized with increasing
root density (Fig. S3). Furthermore, SRC can increase by
50% when the b^(1/a) values (i.e. RMD) at diameters of
0–0.5, 0.5–1.0, 1.0–2.0, and 2.0–5.0 mm increase from 0
to 0.328, 0.277, 1.416, 1.440 kg/m3, respectively (Table 3;
Fig. S3A). Roots of 0.5–1.0 mm correspond to the lowest
b^(1/a) value, indicating that the low RMD of 0.5–1.0 mm
can achieve a targeted increase in SRC (50%) better than the
other three root diameters. For RLD and RSAD, the minimum
b^(1/a) values were 0.066 cm/cm3 and 0.016 cm2/cm3, respec-
tively, which also correspond to the 0.5–1.0 mm diameter
(Table 3).

A stepwise regression (forward) was performed to determine
the optimal soil and root factors influencing SRC. The results
showed that the multiple regression model (Eq. (6)) had the
highest efficiency when SDR, SHC, and RMD of 0.5–1.0 mm
were included.

SRC = 0.554RMD + 1.512SHC − 0.365SDR

+ 0.725 (r2 = 0.937,N = 20, p < 0.001) (6)

Pearson correlation analysis showed significant correlations
among RMD, SDR, and SHC (Table 4), and changes in any one
of the three variables would cause changes in the other two
variables. Therefore, path coefficients were used to determine
the direct and indirect effects of the three variables on SRC.
Table 4 shows that RMD had the greatest direct effects (0.431)
followed by SDR (−0.40) and SHC (0.232). In terms of indi-
rect effects, SDR exerted a higher indirect effect (−0.332) on
SRC via RMD than SHC (−0.166), and the indirect effects
of SHC on SRC via SDR or RMD were 0.287 and 0.347,
respectively. Overall, SHC had the highest integrated indirect
effects (0.643) followed by SDR (−0.498) and RMD (0.495),
and the three explanatory variables contributed to higher
indirect effects than direct effects. Finally, the highest inte-
grated effect was found for RMD (0.926), SDR (−0.898), and
SHC (0.875).

Discussion

Effect of Vegetation Restoration on Soil Properties

Temporal changes in soil properties reflect the effectiveness of
vegetation restoration (Jiao et al. 2010; Ashwood et al. 2019).
Our results show that soil particle distribution did not change
with vegetation succession, indicating that soil texture was
mainly inherited from parent materials and difficult to change
(Li & Shao 2006). Our results also show that SBD, SHC, OMC,
WSA, and MWD increased while SDR decreased with increas-
ing duration of restoration, which is consistent with previous
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findings (Li & Shao 2006; Zhao et al. 2013). During revegeta-
tion, the varied plant species along successional time inevitably
affect soil properties because of the differences in plant above-
ground biomass and root biological functions (Hok et al. 2015).
In this study, SHC and soil resistance to disintegration signif-
icantly increased with increasing restoration time, which was
mainly due to the improvement in root physical binding and
bonding effects (Li et al. 2015). Specifically, soil WSAs tend
towards stability after a 7-year restoration timeframe, which
is basically consistent with the finding of Zhao et al. (2013),
who reported WSA greater than 0.25 mm did not change after
6-year restoration. This finding further demonstrates the effec-
tiveness of vegetation restoration and its ability to quickly sta-
bilize soil structure. There are two essential reasons for the
above results. First, fresh plant residues and root exudates in
soil and root surface and decomposed root residues in subsur-
face soil can be directly transformed into soil organic matter
(Zhu et al. 2010; Zhao et al. 2013), can provide energy/carbon
sources and nutrients for soil microorganisms (Zhu et al. 2010),
and can promote the formation of WSAs (Six et al. 2004). Sec-
ond, significant improvements in root density during reveg-
etation can cause an increase in organic matter inputs, such
as litter and dead roots in the soil (Peichl et al. 2012; Priet-
zel & Bachmann 2012), and thus improve the OMC. How-
ever, for SF, the cultivation and harvest of crops restricts the
return of nutrients to soil, which is not conducive to the for-
mation of better soil properties (Wang et al. 2017). Thus, the
increase in soil nutrition following the conversion of SF to
restored grasslands was confirmed to have positive effects on
soil properties. Moreover, the SPI significantly increased with
increasing restoration time, further indicating the important role
of vegetation restoration in improving soil quality. From the
above discussion, the changes in soil properties with restora-
tion time suggest that revegetation is an effective approach to
improve soil properties and restore soil ecology (Jiao et al. 2010;
Wortley et al. 2013).

Response of Soil Resistance to Soil Properties

The ultimate goal of vegetation restoration is to improve the
soil resistance to concentrated flow erosion (SRC) of the
Loess Plateau. Our study revealed that SRC was significantly
improved by revegetation and was positively correlated with
SBD, SHC, OMC, WAS, and MWD and negatively correlated
with SDR (p< 0.01). This result indicated that the increase of
SRC with restoration time was strongly related to the improve-
ment in soil properties induced by revegetation (Li et al. 2017;
Zhang et al. 2017). As the restoration time increased, more
roots became interwoven into soil body, which improved soil
OMC, promoted soil microorganism activity and the forma-
tion of WSAs, thereby increasing soil permeability (Wu et al.
2000). Thus, a higher OMC and more stable aggregate struc-
ture can reinforce soil resistance to concentrated flow erosion
(Li et al. 2017; Zhang et al. 2017). In addition, more roots can
enhance the root binding and bonding effects that can increase
soil resistance to water disintegration (Li et al. 2015; Guo et al.
2018), which is also the reason why the SRC decreases with

increasing SDR (Li et al. 2017; Wang & Zhang 2017). How-
ever, Wang et al. (2014, 2018) reported that OMC and WSA
had no significant effect on soil detachment by overland flow.
On the one hand, this pattern is probably due to the relatively
small variations in OMC and WSA among different restoration
models and/or SBD and soil cohesion having much stronger
effects on soil detachment (Wang et al. 2014, 2018). On the
other hand, differences in vegetation types between this study
and their studies induced by different succession processes can
result in distinctly different effects on soil resistance to concen-
trated flow erosion (Feng et al. 2018; Wang et al. 2018). From
the above discussion, the positive relationships between soil
resistance and soil properties indicate that passive vegetation
restoration can be confirmed as a meaningful measure to con-
trol soil erosion and improve the ecological environment on the
Loess Plateau.

Response of Soil Resistance to Root Characteristics

Our results revealed that the relationships between SRC and
root density of different diameters were well simulated by the
Hill curve. The improvement in SRC is clearly enhanced by
roots of different diameters, as supported by previous studies
(De Baets et al. 2006; Wang et al. 2014; Li et al. 2015; Wang
et al. 2018). We found that SRC rapidly increased when root
density was low, indicating the vital role of root systems in
improving soil SRC, although root density was low in the
initial stage of vegetation restoration (Li et al. 1992). However,
SRC generally stabilized with increasing root density, which
suggests that a greater root density was not necessary and a
proper and low root density could optimally improve SRC
in view of the lack of water resources in the Loess Plateau
(Feng et al. 2012).

Furthermore, the value of b^(1/a) was used to evaluate which
diameter roots have higher effectiveness in improving soil ero-
sion resistance (Li et al. 1991). Our results showed that for
RMD, RLD, and RSAD, the minimum b^(1/a) values were
0.277 kg/m3, 0.066 cm/cm3, and 0.016 cm2/cm3, respectively,
which all correspond to the 0.5–1.0 mm diameter roots. This
result further indicated that fine roots had a stronger effect on
flow erosion than roots with greater diameters, as supported
by Li et al. (1991, 1992) and Wu et al. (2000), who reported
that fine roots had the greatest effect on SRC in the Loess
Plateau and in the red soil region of southern China, respec-
tively. However, De Baets et al. (2006) reported b^(1/a) values
for RMD of 0.79 kg/m3, and the value was greater than those
of this study. This difference is mainly due to the difference
in plant species and root architectures causing different ero-
sion control benefits (De Baets et al. 2007; Wang et al. 2014;
Feng et al. 2018). Considering that the minimum b^(1/a) value
was found at the same root diameter (0.5–1.0 mm) for RMD,
RLD, and RSAD, to determine which root index had the high-
est effect on SRC, the optimal relationships among the RMD,
RLD, and RSAD are fitted and shown as Eqs. (7) and (8).
Based on the two equations, when the RMD of 0.5–1.0 mm
is 0.277 kg/m3, the RLD and RSAD are 0.0512 cm/cm3 and
0.0132 cm2/cm3, respectively, and were lower than the b^(1/a)
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values of 0.066 cm/cm3 and 0.016 cm2/cm3. This result indi-
cated that an RMD of 0.5–1.0 mm is the most effective root
diameter for improving soil SRC:

RLD0.5–1.0 mm = 0.166RMD0.917
0.5–1.0 mm

(r2 = 0.932,N = 20, p < 0.001) (7)

RSAD0.5–1.0 mm = 0.044RMD0.5–1.0 mm + 0.001

(r2 = 0.938,N = 20, p < 0.001) (8)

In addition, our results revealed that SDR, SHC, and RMD of
0.5–1.0 mm were the key factors influencing SRC. Moreover,
the RMD of 0.5–1.0 mm had the greater direct effects on SRC
than SDR and SHC based on the path analysis, which further
highlights that roots had a relatively strong influence on SRC
and suggests that vegetations rich in 0.5–1.0 mm roots should
be preferred in vegetation restoration practice.

In conclusion, our study reveals that soil properties and root
density gradually improved and that the SRC increased signif-
icantly by 1.60–8.26 times along a 25-year passive succession
from farmland to grasslands. The enhancement of SRC was pos-
itively related to the improvement of soil properties induced
by revegetation, and the roots with diameters of 0.5–1.0 mm
present a better ability to improve SRC than roots with other
diameters. The RMD of 0.5–1.0 mm, SHC, and SDR are the
most critical factors influencing SRC. This study suggests that
vegetations rich in 0.5–1.0 mm roots should be preferred during
revegetation practice, and an appropriate and low root density
should also be considered in view of the water shortage on the
Loess Plateau.
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