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Abstract: Rational land use can enhance soil nutrient sequestration and control erosion, but the mech-
anisms of the ecological restoration of soil-aggregate-associated carbon and nitrogen are still not well
understood. A large-scale ecological restoration program was launched in the Loess Plateau during
the 1990s. The ecological restoration programs involved converting slope farmland to woodland,
grassland, shrub land, and terrace. We studied their effects in relation to cultivated land as control on
soil aggregate structure and stability and their associated organic carbon and total nitrogen contents
to 60 cm soil depth in the Loess Plateau. Our results indicate that the restoration practices reduced
soil aggregate fragmentation, increased soil structure stability, and transformed micro-aggregates
into small and large aggregates. Comparing with the soil aggregate >0.25 mm in cultivated land,
the amount in woodland, grassland, shrub land and terrace increased by 71%, 66%, 46%, and 35%,
respectively, which improved soil health overall. The mean weight diameter of aggregate indicates
that soil aggregate stability (SAS) increased and soil hydraulic erosion resistance improved. In
conclusion, ecological restoration directly or indirectly affected SAS through the influence of soil
organic carbon and total nitrogen in different soil layers. Results of this study provide a scientific
reference for understanding stabilization of soil aggregate and regional restoration.

Keywords: ecological restoration; soil aggregate; soil organic carbon; total nitrogen; aggregate stability

1. Introduction

Soil aggregate stability (SAS) is vital for soil fertility, soil erosion resistance, soil
aeration, and water infiltration and retention [1], while soil aggregate is the crucial indicator
of soil structure [2]. Furthermore, soil aggregates protect organic matter from mineralization
by reducing erosion [3]. The particle size distribution and SAS are affected by internal and
external factors such as soil aggregate size, land use, and various physicochemical processes
in different soil layers [4,5]. Based on the hierarchical theory of aggregate formation, these
factors may lead to an uneven distribution of different size fractions of soil aggregates,
which may lead to weakness in SAS [6].

Both the biological and chemical components of soil impact SAS in each soil layer [7],
including carbon and nitrogen content. It has even been said that soil structure (e.g.,
aggregation) is a key element in the stabilization of soil organic carbon (SOC) and total
nitrogen (TN) [8]. Their distributions have been shown to vary with soil aggregate size [9],
and they are closely related to SAS [10,11]. Vegetation restoration has proven effective in
improving SOC and TN content of soils while also improving SAS [12,13]. Zhang et al.
found that while SAS was quite low in bare fallow land, revegetation could augment

Sustainability 2022, 14, 3963. https://doi.org/10.3390/su14073963 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14073963
https://doi.org/10.3390/su14073963
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su14073963
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14073963?type=check_update&version=2


Sustainability 2022, 14, 3963 2 of 13

SOC and TN, thus also playing a positive role in enhancing SAS [14]. Jin et al. [15] have
suggested that when soil nutrient inputs decrease, SAS also decreases. Although the direct
effects on SAS have been studied all over the world [16,17], the quantitative analysis of the
interactive effects of various factors (ecological restoration measures, soil depth, organic
carbon, total nitrogen) on SAS is relatively less common.

The ecological environment of the Loess Plateau is fragile because long-term distur-
bance has accelerated local soil and water loss, resulting in one of China’s most damaged
landscapes [18,19]. In 1998, a series of ecological restoration measures successfully restored
former farmland back to natural landscapes or ecological land, such as the conversion
of farmland to forest, grassland, or terrace fields; hill/land enclosure; and afforestation,
which had crucial effects on soil aggregate. Since then, the vegetation coverage of the
Loess Plateau has improved sharply. It was found that the forest area increased by 16.5%,
the grassland area increased by 7.6%, and the bare land and desert-like area decreased
by 29.0% [20]. After restoration, the SOC and TN of different aggregate sizes in different
land use types are important indicators for gauging how susceptible soil is to erosion and
nutrient loss, because smaller aggregates are easier to lose than larger ones.

Previous studies on the Loess Plateau have focused on the SAS, the response of SOC
and TN cycles to nutrient amendment, and the SAS and soil quality under various land
uses [21,22]. However, there have been few quantitative analyses on the effects of ecological
restoration, SOC, TN, and soil depth on SAS. In this work, we studied the change of soil
aggregates after landscape restoration in the Wangmaogou Basin, a basin on the Loess
Plateau. Given the above limitations, the main objectives of this paper were as follows:
(1) To study the changes in soil aggregate structure under different restoration conditions
and the differences in organic carbon and total nitrogen content of the aggregates with
varying grain size. (2) To clarify the influencing factors of SAS and the contribution
of ecological restorations, soil depth, SOC, and TN to the stability of soil aggregates.
Investigating the quantitative effects on SAS during the ecological restoration process may
offer a theoretical foundation for improved soil management and environmental protection.

2. Materials and Methods
2.1. Overview of the Study Area

The study area (Figure 1) was located in the Wangmaogou Watershed, Suide County,
Yulin City, Shaanxi Province. The basin has an area of 5.97 km2 in the middle reaches of
the Yellow River (37◦34′13′′–37◦36′03′′ N, 110◦20′26′′–110◦22′46′′ E). In this hilly and gully
loess region, the basin is characterized by a continental monsoon climate, with an mean
annual temperature of 10.2 ◦C. The yearly average rainfall is 513.1 mm, where rainy season
precipitation accounts for 73.1% of annual rainfall. This concentration of seasonal rainfall
also contributes to serious runoff and flooding. In the 1950s, the Wangmaogou River Basin
was used as a small experimental control watershed at the Suide Scientific Experimental
Station for Soil and Water Conservation of the Huanghe Committee. Based on field survey
record, the sample plots were all bare land before the restoration. In the 1990s, the sloping
farmland in the basin was transformed into a series of swathes of woodland, grassland,
shrubs, and terraces. The soil types in the study area and the undisturbed adjoining areas
are all loessial soils developed from loess parent material.

2.2. Sample Collection

Samples were collected in late August 2016. Plots were categorized into one of the
four main types of ecological restoration in the basin: woodland (WL), grassland (GR),
shrub land (SH), and terrace (TE). The control plot in this study was sloping cultivated
land (CL). The characteristics of the sample plots before sampling are listed in Table 1.
From each land type, three plots were selected and sampled by excavating a soil profile
60 cm in-depth. A soil sampler collected three separate layers of undisturbed soil based
on profile distribution [23]: 0–20 cm, 20–40 cm, and 40–60 cm. Each sample was collected
in an “S” type pattern and then transported to the laboratory, the undisturbed soil at the
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same position was collected to test bulk density. A total of 810 samples (5 vegetation types
with 3 replications, 9 sampling points in each plot, 3 soil layers, and 2 sampling forms
for bulk density and nutrients determination, respectively) were taken and wrapped in
foam to prevent disturbance during transportation. The samples collected with cylinders
of 100 cm3 volume and 5 cm length [24] were dried at 105 ◦C and weighed to determine
soil bulk density.
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Table 1. The characteristics of sample plots.

Land Use Longitude Latitude Altitude/m Slope/◦ Plant
Family

Coverage/Crown
Density/% Slope Aspect Characteristics

Cultivated
land/CL 37◦35′38.4′′ 110◦21′30.8′′ 1066 38 Gramineae 20 Semi-shady

SF is mainly cultivated
sorghum, planting system

for sorghum—winter—
sorghum, ploughed,
extensive human

disturbance, no fertilisation.

Woodland/WL 37◦35′33.6′′ 110◦20′52.5′′ 985 25 Pinaceae 60 Semi-shady

The tree heights are more
than 6 m, artificial

cultivation, pine the main
tree species for the woodland,
≥30-y planting period since

1990s, no
human disturbance.

Grassland/GR 37◦35′24.4′′ 110◦20′22.6′′ 966 30 Gramineae 86 Semi-shady

Grass coverage >90%,
artificial cultivation, mainly
white Aegilops tauschii, 20-y

planting period, no
human disturbance.

Shrub
land/SH 37◦35′15.0′′ 110◦21′43.5′′ 1030 12 Asteraceae 68 Semi-shady

Shrub height of about 1 m,
main vegetation is Artemisia

capillaris, 20-y planting
period, no human

disturbance.

Terrace/TE 37◦35′40.1′′ 110◦21′33.2′′ 1036 4 Rosaceae 40 Semi-shady

Planted apple + jujube, 30-y
planting period, minor use

of spray fertiliser, minimum
human disturbance.
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2.3. Sample Treatment
2.3.1. Sieving of Aggregates

The collected soil was first air-dried and dry-sieved (sieve mesh 5, 2, 1, 0.5, and
0.25 mm). According to the proportion of each particle size, 200 g of each sample was
mixed together for wet sieving. Then, distilled water was used to soak soil particles by
passing through a set of sieves underwater, with an oscillation rate of 50 shakes min−1 [25].
Six aggregate sizes were obtained with multiple sizes of sieves (sieve mesh 0.25, 0.5, 1, 2,
and 5 mm) [26]. Soil water-stable aggregate fractions of 5 mm and 2–5 mm in diameter
were classified as large macro-aggregates; aggregates of 1–2 mm, 0.5–1 mm, 0.25–0.5 mm
in diameter were small macro-aggregates; and those with diameter <0.25 mm were micro-
aggregates [27]. Mass fractions, the aggregate associated organic carbon, and total nitrogen
of each fraction were determined.

2.3.2. Determination of Chemical Indexes

Soil organic carbon (SOC) measurements were executed with the Jena HT3100 robust
module. The soil total nitrogen (TN) was measured with the Foss Company’s Foss8400
Kai nitrogen meter. The air-dried samples were sieved with 2mm mesh, and the soil
particle size was measured using the Malvern Company’s laser particle size meter. Mo-
Sb colorimetry was applied to detect phosphorus, available phosphorus, ammonium
nitrogen, and nitrate nitrogen by using a discontinuous chemical analyzer, the ADA Clever
Chem200, from Germany (http://dechem-tech.de/en/offers/cleverchem-200-en, accessed
on 16 July 2018).

2.4. Data Processing

The SOC and the TN of the soil aggregates refer to the SOC and TN storage capacity
indices for the soil aggregates [28]. The formula was calculated as follows:

SOCS = SOCt ×Wt × B (1)

TNS = TNt ×Wt × B (2)

where SOCS is the amount of soil-aggregate-associated SOC (kg m−2); TNS is the amount of
soil-aggregate-associated TN stored (kg m−2); SOCt is the SOC content of the soil aggregate
(g kg−1); TNS is the content of total nitrogen (TN) in soil aggregate (g kg−1); Wt is the mass
fraction of aggregates; BD is soil bulk density (g cm−3); and H is the soil depth (m).

The mean weight diameter (MWD) of soil aggregates was used to assess the SAS
quantitatively [29]. The formula was calculated as follows:

MWD = ∑n
i xiWi (3)

where xi is the average diameter of each aggregate size (mm), Wi is the proportion of the
total soil for the aggregates that remain on each sieve, and n is the number of sieves.

Before all the statistical analysis of the data, the Shapiro–Wilk test and the Levene
test were executed for normality and homogeneity of variance, respectively. The results
show that the data were normally distributed and the variances were homogeneous. There-
fore, one-way analysis of variance (ANOVA) and LSD (least-significant difference) test at
0.05 level were performed in SPSS 18.0 to detect significant differences between the means.
In addition, the general linear models (GLM) were used to quantify the contribution of
analyzed ecological measures and soil depth to MWD, SOC, and TN. Pearson correlation
analysis was used to examine the relationships among SOC, TN, and MWD. Origin 8.0
software was used to generate graphs.

http://dechem-tech.de/en/offers/cleverchem-200-en
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3. Results
3.1. Influence of Ecological Restoration on Soil Aggregate Size Distribution

As soil layer depth increased, the mass of macro-aggregates decreased, while the mass
of micro-aggregates increased significantly (p < 0.05). These variations were consistent
for different restoration types. In the control plot, the large, small, and micro-aggregates
showed significant variations (p < 0.05) in the 0–20 cm soil layer (Figure 2). Micro-aggregates
formed the majority, followed by small and large aggregates. For GR and SH plots, the
mass of small and micro-aggregates was significantly less than that of the large aggregates
(p < 0.05). WL and TE aggregates did not differ significantly. In the second soil layer
(20–40 cm) in both CL and SH, the mass of the macro-aggregates was apparently lower than
that of the micro-aggregates (p < 0.05), and the aggregate mass did not differ significantly in
WL and GR (p > 0.05). In the 40–60 cm soil layer, CL, GR, SH, and TE all exhibited a trend
of large macro- < small macro- < micro-aggregates (p < 0.05), but no significant difference
was found in WL plots (p > 0.05).
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The data suggest that differences in ecological restoration methods significantly altered
the size distribution of soil aggregates. As shown in Figure 3, the CL 0–60 cm soil layer was
dominated by micro-aggregates of less than 0.25 mm, accounting for 59.68% of the particle
size. WL, GR, SH, and TE were mainly composed of large and small macro-aggregates,
making up more than 60% of the total particle size composition. After restoration, micro-
aggregate (<0.25 mm) mass decreased for TE, SH, GR, and WL, being 35%, 46%, 66%, and
71% lower than in CL, respectively. The most significant increase for GR and WL was the
content of large macro-aggregates.

3.2. Effect of Ecological Restoration on the Content of Soil-Aggregate-Associated SOC

Figure 4 shows the SOC content in soil aggregates under different ecological restoration
methods. In the topsoil layer (0–20 cm, Figure 4), the large-macro-aggregates-associated
SOC was WL (10.2 g kg−1) = GR (10.1 g kg−1) = SH (9.71 g kg−1) > TE (6.70 g kg−1) > CL
(4.14 g kg−1). Compared to CL, the SOC content for TE, SH, GR, and WL increased by
61%, 121%, 143%, and 146%, respectively (p < 0.05). The SOC content of the micro- and
macro-aggregates was higher in all treatments than the CL (p < 0.05). Furthermore, among
the treatment plots, the SOC content was lowest in TE. The SOC content had no significant
difference between the treatments and the control in each aggregate fraction in the 20–60 cm
soil layer (Figure 4) (p > 0.05). In the 0–60 cm soil layer, the SOC contents showed the same
trend in CL, SH, and TE plots, where micro-aggregates < large macro-aggregates < small
macro-aggregates (p < 0.05), while small = large macro- < micro-aggregates for CL and
micro- = small macro- = large macro-aggregates for WL. For all four treatments, the SOC
content was higher in the 0–20 cm soil layer than in the 20–60 cm soil layer (p < 0.05).
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Note: A lowercase letter indicates a significant difference (p < 0.05) among different ecological
restoration treatments at the same fraction size, and an uppercase letter indicates a significant
difference (p < 0.05) among different fraction sizes for the same ecological restoration treatment.

SOC differed significantly between the micro- and large macro-aggregates in all land
types except for WL (Figure 5). The SOC of CL and SH was mainly distributed in micro-
aggregates and that of GR in large aggregates. The large macro-aggregates in TE had the
lowest SOC content. The SOC storage increased significantly in soil macro-aggregates after
the ecological restoration of CL to TE, SH, GR, and WL (p < 0.05), but it did not increase
significantly from the control to the treatments in the micro-aggregates. This suggests that
macro-aggregates (particle diameter > 0.25 mm) may occlude and protect more organic
carbon during ecological restoration and that macro-aggregates are not destroyed by tillage.

3.3. Effect of Ecological Restoration on the Total Nitrogen of Soil Aggregates

Figure 6 shows the TN content in each particle size agglomeration of soil under
different ecological recovery modes. In the 0–20 cm soil layer (Figure 6), the large-
macro-aggregates (>2 mm)-associated TN was SH (1.08 g kg−1) > WL (0.86 g kg−1) >
GR (0.76 g kg−1) > TE (0.49 g kg−1) > CL (0.29 g kg−1). The TN content increased most
significantly (p < 0.05) in SH. The TN content was equivalent across the micro-aggregates
and small and large macro-aggregates in WL, GR, SH, and TE, with the highest TN content
in SH, followed by WL, GR and TE. In the 20–40 cm soil layer (Figure 6), the TN content
differed significantly in the large macro-aggregates in GR and SH (p < 0.05). TN content was
at its lowest in the small macro-aggregates of CL and GR (p < 0.05). The micro-aggregates-
associated TN was higher in WL and SH than GR, but no other treatments showed a
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significant difference. The increase in the large-macro-aggregates-associated TN was not
noticeable, and only that in the small macro-aggregates and micro-aggregates of WL did
increase significantly. In the 40–60 cm soil layer, the micro-aggregates-associated TN in CL
and SH was lowest, and in WL and TE, the small-macro-aggregates-associated TN was
highest, but TN did not differ significantly among the particle sizes in GR (p > 0.05). TN
content was greater in the 0–20 cm soil layer for all treatments than that in the 20–60 cm
soil layer (p < 0.05).

Sustainability 2022, 14, 3963 7 of 13 
 

had the lowest SOC content. The SOC storage increased significantly in soil mac-
ro-aggregates after the ecological restoration of CL to TE, SH, GR, and WL (p < 0.05), but 
it did not increase significantly from the control to the treatments in the mi-
cro-aggregates. This suggests that macro-aggregates (particle diameter > 0.25 mm) may 
occlude and protect more organic carbon during ecological restoration and that mac-
ro-aggregates are not destroyed by tillage. 

 
Figure 5. SOC storage of soil aggregates of different sizes in different ecological restoration treat-
ments. Note: An uppercase letter indicates a significant difference (p < 0.05) among different eco-
logical restoration treatments at the same fraction size, and a lowercase letter indicates a significant 
difference (p < 0.05) among different fraction sizes in the same ecological restoration treatment. 

3.3. Effect of Ecological Restoration on the Total Nitrogen of Soil Aggregates 
Figure 6 shows the TN content in each particle size agglomeration of soil under dif-

ferent ecological recovery modes. In the 0–20 cm soil layer (Figure 6), the 
large-macro-aggregates (>2 mm)-associated TN was SH (1.08 g kg−1) > WL (0.86 g kg−1) > 
GR (0.76 g kg−1) > TE (0.49 g kg−1) > CL (0.29 g kg−1). The TN content increased most sig-
nificantly (p < 0.05) in SH. The TN content was equivalent across the micro-aggregates 
and small and large macro-aggregates in WL, GR, SH, and TE, with the highest TN con-
tent in SH, followed by WL, GR and TE. In the 20–40 cm soil layer (Figure 6), the TN 
content differed significantly in the large macro-aggregates in GR and SH (p < 0.05). TN 
content was at its lowest in the small macro-aggregates of CL and GR (p < 0.05). The mi-
cro-aggregates-associated TN was higher in WL and SH than GR, but no other treatments 
showed a significant difference. The increase in the large-macro-aggregates-associated 
TN was not noticeable, and only that in the small macro-aggregates and mi-
cro-aggregates of WL did increase significantly. In the 40–60 cm soil layer, the mi-
cro-aggregates-associated TN in CL and SH was lowest, and in WL and TE, the 
small-macro-aggregates-associated TN was highest, but TN did not differ significantly 
among the particle sizes in GR (p > 0.05). TN content was greater in the 0–20 cm soil layer 
for all treatments than that in the 20–60 cm soil layer (p < 0.05). 

 

Figure 5. SOC storage of soil aggregates of different sizes in different ecological restoration treatments.
Note: An uppercase letter indicates a significant difference (p < 0.05) among different ecological
restoration treatments at the same fraction size, and a lowercase letter indicates a significant difference
(p < 0.05) among different fraction sizes in the same ecological restoration treatment.

Sustainability 2022, 14, 3963 8 of 13 
 

 
Figure 6. TN content of aggregates of different sizes with different ecological restorations. Note: A 
lowercase letter indicates a significant difference (p < 0.05) among different ecological restoration 
treatments at the same fraction size, and an uppercase letter indicates a significant difference (p < 
0.05) among different fraction sizes within the same ecological restoration treatment. 

Figure 7 shows that TN is mainly concentrated in micro-aggregates in CL, and it is 
primarily concentrated in large macro-aggregates in GR. Additionally, large mac-
ro-aggregates have the lowest TN content in TE. Conversely, the TN distribution is rela-
tively uniform in WL and SH, resulting in no noticeable difference in TN content among 
the aggregate sizes. The macro-aggregates-associated TN reserves are the largest in all 
treatments (p < 0.05). Compared to CL treatment, the small-macro-aggregates-associated 
TN in other treatments increased remarkably (p < 0.05), and the mi-
cro-aggregates-associated TN shows no statistical difference (p < 0.05), except for that in 
WL and GR plots. 

 
Figure 7. TN reserves in aggregates of different sizes with different ecological restoration treat-
ments. Note: A lowercase letter indicates a significant difference (p < 0.05) in different ecological 
restoration treatments at the same fraction size, and an uppercase letter indicates a significant dif-
ference (p < 0.05) at different fraction sizes within the same ecological restoration treatment. 

3.4. The Effect of Ecological Restoration on the Stability of Soil Aggregates 
The MWD of aggregates is an important index to infer SAS [30]. It was found that 

the greater the MWD of water stable aggregates, the better the structure and quality of 
soil, and the more resistant the soil [31]. In the different ecological restoration modes, the 
MWD values are listed in Table 2. SAS decreased gradually with the increase in soil 
depth. The SAS of WL, GR, SH, and TE at 0–20 cm depth was extremely greater than that 
in CL plots (p < 0.05), but no significant differences were found in MWD values at other 

Figure 6. TN content of aggregates of different sizes with different ecological restorations. Note: A
lowercase letter indicates a significant difference (p < 0.05) among different ecological restoration
treatments at the same fraction size, and an uppercase letter indicates a significant difference (p < 0.05)
among different fraction sizes within the same ecological restoration treatment.

Figure 7 shows that TN is mainly concentrated in micro-aggregates in CL, and it
is primarily concentrated in large macro-aggregates in GR. Additionally, large macro-
aggregates have the lowest TN content in TE. Conversely, the TN distribution is relatively
uniform in WL and SH, resulting in no noticeable difference in TN content among the ag-
gregate sizes. The macro-aggregates-associated TN reserves are the largest in all treatments
(p < 0.05). Compared to CL treatment, the small-macro-aggregates-associated TN in other
treatments increased remarkably (p < 0.05), and the micro-aggregates-associated TN shows
no statistical difference (p < 0.05), except for that in WL and GR plots.
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3.4. The Effect of Ecological Restoration on the Stability of Soil Aggregates

The MWD of aggregates is an important index to infer SAS [30]. It was found that
the greater the MWD of water stable aggregates, the better the structure and quality of
soil, and the more resistant the soil [31]. In the different ecological restoration modes,
the MWD values are listed in Table 2. SAS decreased gradually with the increase in soil
depth. The SAS of WL, GR, SH, and TE at 0–20 cm depth was extremely greater than
that in CL plots (p < 0.05), but no significant differences were found in MWD values
at other soil depths (p > 0.05). The results show that SAS in soil surface increased after
restoration treatment.

Table 2. MWD of soil aggregates with the different ecological restoration treatments.

Type
Depth (cm)

0–20 cm 20 cm–40 cm 40 cm–60 cm

Cultivated land 1.03 ± 0.39 Ca 1.44 ± 0.34 Ba 0.75 ± 0.36 Ba

Woodland 3.16 ± 0.90 Aa 2.00 ± 0.31 Ab 1.92 ± 1.11 Ab

Grassland 3.26 ± 0.56 Aa 1.56 ± 0.62 Bb 1.08 ± 0.59 Bb

Shrub land 2.68 ± 0.30 Aa 1.77 ± 0.87 Bb 1.26 ± 0.42 Bb

Terrace 1.83 ± 0.91 Ba 1.15 ± 0.51 Bb 1.04 ± 0.25 Bb

Note: small letters indicate that there are significant differences between different soil depths under the same
ecological restoration treatment (p < 0.05), and capital letters indicate that there are significant differences between
different ecological restoration treatments under the same soil depth (p < 0.05).

For the soil physical and chemical characteristics in the study area, see Table 3. No
significant difference in bulk density was observed. Ecological restoration considerably
increased soil ammonium nitrogen, while the soil in terrace had the lowest content of
nitrate nitrogen (0.35 g kg−1 in mean). WL increased the available phosphorus significantly,
while there was no remarkable difference between CL and TE. In GR plots, increases were
observed in clay and silt particle size.
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Table 3. Soil properties of the four land types and the control.

Land Use Types Bulk Density
(g·cm−3)

Ammonium
Nitrogen
(g·kg−1)

Nitrate
Nitrogen
(g·kg−1)

Available
Phosphorus

(g·kg−1)

Clay < 2 µm
(%)

Silt
2 µm–50 µm

(%)

Sand
50 µm–2 mm

(%)

Cultivated land 1.21 ± 0.11 a 8.14 ± 0.94 b 0.77 ± 0.06 a 0.13 ± 0.03 b 0.28 ± 0.03 b 27.70 ± 3.20 b 72.00 ± 3.23 a

Woodland 1.40 ± 0.13 a 9.92 ± 0.43 a 0.75 ± 0.18 a 0.17 ± 0.08 a 0.25 ± 0.04 bc 26.93 ± 3.70 b 72.81 ± 3.74 a

Grassland 1.36 ± 0.12 a 10.03 ± 0.36 a 0.59 ± 0.15 a 0.09 ± 0.02 ab 0.46 ± 0.13 a 33.60 ± 5.29 a 65.93 ± 5.42 b

Shrub land 1.22 ± 0.09 a 9.18 ± 0.22 a 0.82 ± 0.06 a 0.15 ± 0.02 ab 0.19 ± 0.01 c 26.28 ± 1.00 b 73.51 ± 1.01 a

Terrace 1.28 ± 0.09 a 9.56 ± 0.99 a 0.35 ± 0.21 b 0.09 ± 0.02 b 0.27 ± 0.04 b 28.87 ± 2.04 b 70.84 ± 2.07 a

Note: means within the same line followed by the different small letters are significantly different at 5% level.

3.5. Evaluation of the Stability Factors of Soil Aggregates

SAS was significantly affected (p < 0.01) by the ecological measures in each soil layer
listed in Table 4. Soil-aggregate-associated TN significantly affected MWD of the aggregates
(p < 0.01), contributing 21.8%. The MWD value of the aggregates did not differ significantly
between SOC and TN interactions (p > 0.05). Soil depth is a key parameter that contribute
to the aggregate-associated SOC and TN of aggregates (p < 0.01), which explained 96.80% of
the variance in SOC and 85.70% of the variance in TN, respectively. Significant correlation
between SOC and TN was explored as seen in Table 5, and MWD had a significant negative
effect on SOC and TN. As we mentioned before, a greater MWD means more stable soil
aggregate. Ecological restoration and soil depth directly affected the SOC and TN content,
and the increase in SOC and TN content resulted in accelerated SAS.

Table 4. List of the analyzed ecological measures and soil depth factors.

Type Influence Factor p-Value Contribution

MWD
Ecological restoration 0.001 28.20%

Depth 0.001 17.80%
Ecological restoration × Depth 0.490 5.90%

MWD
Total carbon 0.223 7.70%

Total nitrogen 0.001 21.80%
Total carbon × Total nitrogen 0.508 16.20%

SOC
Ecological restoration 0.001 91.20%

Depth 0.001 96.80%
Ecological restoration × Depth 0.001 92.90%

TN
Ecological restoration 0.001 84.60%

Depth 0.001 85.70%
Ecological restoration × Depth 0.001 77.30%

Table 5. Correlation analysis of SOC, TN, and MWD.

Type SOC TN MWD

SOC 1 0.73 ** −0.435 **
TN 0.730 ** 1 −0.498 **

MWD −0.435 ** −0.498 ** 1
Note: ** indicates an extremely significant correlation, p < 0.01.

4. Discussion
4.1. Analysis of the Difference in Soil-Aggregates-Associated SOC and TN under
Ecological Restoration

In this study, SOC and TN were negatively associated with soil depth under four
restoration treatments, not including the control (CL). The accumulation and protection
of soil-aggregate-associated SOC in the topsoil (0–20 cm) was effectively promoted in all
restoration treatments and helped to restore and hold soil SOC. Our results agree with
Wu et al. [32]. The CL soil was relatively unstable in terms of SOC and TN, potentially
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due to annual farming practices including ploughing and depositing SOC and TN on
the surface. Our results show that higher macro-aggregate-associated SOC and TN were
found after ecological restoration. Because WL, GR, and SH were less disturbed by field
management practices, the surface litter supplemented the soil carbon and nitrogen pools,
and so did the turnover of plant roots. TE was planted with fruit trees in our study area
and the human activities are frequent (fruit harvesting, etc.) on the land. Therefore, the soil
organic matter sources are less than those of WL, GR, and SH. Because of ploughing, the soil
is vulnerable to active water erosion, which can result in SOC and TN loss. Additionally,
crops are not returned to the soil, but harvested, and there is little carbon input to the soil.
These factors lessen levels of SOC and TN in CL [33].

After restoration, the SOC and TN reserves were lower in micro-aggregates than large
and small macro-aggregates [34]. After newly imported organic carbon enters the soil, it
first binds with small aggregates to form large aggregates, while micro-aggregates form
inside of the particle. When the organic matter decomposes, the large aggregates break
up to form micro-aggregates. The artificial disturbance (e.g., cultivation, harvest) was
larger in the control than that in the treatments, and the large- and small-macro-aggregates-
associated SOC content was also higher. Both large and small macro-aggregates with
different ecological restorations in our study increased in number along with SOC and TN
content. In this way, the soil carbon and nitrogen are better protected and retained, and the
function of the carbon and nitrogen sinks in the soil improves accordingly [35].

4.2. Analysis of Factors Influencing the Stability of Soil Aggregates under Ecological Restoration

We analyzed the aggregate size distribution and the stability index of stable water ag-
gregates selected from typical soils representing different ecological restoration treatments.
We found that without restoration (CL), the soil was mainly dominated by micro-aggregates
with varying particle size distribution at different soil depths. With increasing soil depth,
soil aggregates gradually concentrated to micro-aggregation. Therefore, greater macro-
aggregates content indicates higher soil structure stability. After restoration, the MWD
value of aggregates increased gradually. The corresponding soil SOC and TN showed the
same trend, and this played an essential role in aggregate formation [36].

Changes in land use patterns are expected to alter soil vegetation cover and shift
soil quality, as well as SAS [37]. After ecological restoration here, the soil organic matter
was also enriched [38], which increased the SAS as well. Table 4 indicates that ecological
restorations were able to explain 28.20% of the variation in SAS. Ecological restoration
measures, soil depth, and their interactions directly affect SAS via SOC and TN.

4.3. The Formation Mechanism of Soil Aggregates under Ecological Restoration

Our results indicate that aggregate composition could change under ecological restora-
tion conditions [39]. In most treatment plots of our study, soil was dominated by macro-
aggregates, while micro-aggregates dominated the CL plots. After restoration, the percent-
age of micro-aggregates was reduced, which increased soil structure and soil stability [40].
The SOC was high in most areas, which is important because organic matter is a vital
cementing agent for micro-aggregates to become large or small macro-aggregates [41].
Therefore, the presence of SOC reduced the amount of soil micro-aggregates and con-
tributed to increasing amount of large and small aggregates [42]. Additionally, the restora-
tion improved SAS and enhanced soil erosion resistance. On the Loess Plateau, carbon
and nitrogen cycling is often of crucial importance, as it allows for retaining soil fertility.
However, the nutrient efficiency depends, among other things, on the carbon and nitrogen
retention capacity. In the CL plots, this kind of capacity seems to be lower, linked to the
soil aggregates situation. With ecological restoration, there is credible evidence to suggest
that SOC and TN increased along with soil aggregates formation. In the background imple-
mentation of large-scale vegetation restoration over the Loess Plateau, there is reasonable
evidence to indicate that it has altered the SOC and TN status through aggregate formation,
especially in shrub land, which could be a basis for cost-effective soil protection.
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On the other side, there were only three sample duplicates in our study, which may
have limited the exploration of soil aggregate mechanism. In future research, more samples
from each land conversion category should be taken.

5. Conclusions

Among the three levels of aggregate size, the large and small macro-aggregates dom-
inated soil aggregate structure in the restored sites, while micro-aggregates dominated
CL. After restoration, the SAS, SOC, and TN distribution and the aggregate reserves were
significantly improved. In addition, the restoration of the vegetation promoted the re-
covery of organic matter in the soil. As aggregate formation developed, SAS improved
significantly. Ecological restoration indirectly affected SAS directly by altering the SOC
and TN content in the aggregates. Regional land managers should consider converting
farmland to improve the local soil stability and the carbon and nitrogen uptake ability.
Additionally, regional vegetation restoration, especially converting cultivated land to shrub
land, and sustainable land management can be coordinated simultaneously for continuous
vegetation renewal. Furthermore, additional control and protection measures should be
implemented to benefit SAS, to improve SOC and TN reserves, and to enhance the carbon
and nitrogen sink capacities in the region. Our results provide scientific support for the
benefits of ecological restoration in protecting soil aggregates.
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