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Abstract: Soil structure and its change are good indicators for soil quality and environmental stability,
and land-use change is known to be an important factor that affects soil structure. We investigated the
seasonal and temporal variability in the soil structure and evaluated soil erodibility under different
land-use and land-management practices in the Mollisols region of Northeast China. We considered
five land-use and land-management modes in the sloping land (5◦), i.e., bare land (BL), natural
vegetation restoration (NVR), artificial forest (AF), no-tillage (NT), and conventional tillage (CT). The
bulk density (BD), aggregate size distribution, and aggregate stability (AS) were determined for each
mode. Meanwhile, we estimated the runoff depth (RD) and sediment yield (SY) to assess the soil
erodibility. The lowest BD in CT occurred in May, but no seasonal change in BD was observed in
other treatments. After 15 years, the NVR and CT had increased BD values, while the BD of NT
declined significantly over time. The >2 mm size fractions and the AS of NVR, NT, and CT were the
largest in August, while those of BL decreased during the growing season. Furthermore, the >2 mm
size fractions and the AS of BL, NT, and CT decreased over the long-term study period, but NVR
and AF exhibited no significant inter-annual changes in the AS. The BD and AS in NVR and AF were
greater than those in BL. After 15 years, the BD of NT and CT were not significantly different, but
NT had a greater AS. The AS was greater in the subsurface soil than in the topsoil of NT and CT.
Moreover, the NVR and NT had significantly reduced RD and SY compared with BL and CT. These
results provide a scientific basis for choosing sustainable agriculture and land development modes to
control soil erosion in Northeast China.

Keywords: bulk density; aggregate stability; soil loss; land use; tillage measures; seasonal and
annual variability

1. Introduction

The soil structure can affect the soil porosity, water permeability, water-holding capac-
ity, and soil erosion resistance, and it is an essential factor when evaluating soil quality, as it
has been linked to the success of many ecosystem services worldwide [1,2]. Previous stud-
ies reported that different land-use and land-management practices can significantly affect
the soil structure by providing different quantities and qualities of biomass input [3–6]. It
is generally accepted that the conversion of agricultural land to grassland has a positive
effect on soil structure. Conversely, the conversion of grass or forest land to arable cropland
will result in a loss of soil nutrients and soil degradation, and can hence be expected to
deteriorate the soil structure [7,8]. Meanwhile, different land-use and land-management
practices can generate seasonal and inter-annual fluctuations in the bulk density and soil
aggregate stability, which are commonly utilized indices of the soil structure status [9–11].
Furthermore, differences in land-use patterns can also make the soil more susceptible to
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degradation. Many studies found that forests and grasslands can reduce soil erosion and im-
prove soil quality compared with agricultural land [8,12–14]. For arable land, conventional
tillage (CT) was shown to negatively affect soil productively by destroying the original
soil physio-chemical properties, resulting in severe soil degradation [15,16]. Compared
with CT, no-tillage (NT) strategies have been recognized as effective agricultural measures
for improving soil structure and reducing soil and nutrient loss, resulting in better soil
quality [15,17].

The Mollisols region of Northeast China is one of the most important commercial grain
production areas in China. Presently, ongoing soil degradation threatens sustainable crop
production and even national food security in China [18,19]. In the efforts to control land
degradation, some conservation measures have been gradually adopted [14,20]. Therefore,
understanding the impact of land-use patterns on the soil structure and soil loss is central
to determining which land-use and land-management practices can effectively curb the risk
of soil erosion from the sloping lands in Northeast China. Long-term changes in different
land-use patterns lead to a significant variation in soil structure. Meanwhile, soil structure
stability is likely to change significantly during a growing season, and thus, induce the
corresponding variation in soil erodibility. However, little or no empirical research was
conducted to assess both the seasonal and inter-annual variability among different land-use
strategies, which limits our ability to select the optimal and most rational land-use and
land-management practices.

Given the abovementioned issues, we monitored the soil bulk density and soil ag-
gregate distribution and stability in sloping lands during the crop-growing season. The
monitored lands were selected to be representative of five different land-use and land-
management practices, including bare land (BL), artificial forest (AF), natural vegetation
restoration (NVR), NT, and CT. Meanwhile, this study also quantified the effects of land-use
and land-management practices on runoff and soil erosion during the rainy season. The
specific objectives were to (1) explore the seasonal and inter-annual fluctuations in the soil
bulk density and aggregate stability, and (2) evaluate the differences in soil structure and
soil erosion among different land-use and land-management practices. The results will
serve as a valuable reference to help policymakers and land managers to select appropriate
measures to maintain soil structural stability and control soil erosion in the Mollisols region
of Northeast China.

2. Material and Methods
2.1. Study Area

This study was conducted during 2011–2020 at the Hailun Monitoring and Research
Station of Soil and Water Conservation, Chinese Academy of Sciences (47◦21′ N, 126◦50′ E).
The study area was in an area typical of the Mollisols region with rolling-hilly landforms
and an average altitude of 239 m. The study area was located in the north temperature zone,
which has cold and arid winters and hot and rainy summers. The climate of this region is
characterized as continental monsoon and sub-humid, with an average annual precipitation
of 530 mm, 65% of which occurs from June to August. The annual average temperature is
1.5 ◦C, the annual average available accumulated temperature (≥10 ◦C) is 2450 ◦C, and the
annual sunshine is approximately 2600 to 2800 h. The frost-free period is approximately
120 days. The soils are classified as Mollisols according to the US Soil Taxonomy (USST) [21]
and as black soil according to the Chinese Soil Taxonomy (CST) [22]. The soils have a silty
clay loamy texture, high clay content, high SOM content, high water-holding capacity,
high shrink-swell, and poor drainage [23,24]. Being an important grain-producing area,
Northeast China plays an important role in ensuring food security for China. More than
70% of the land has been reclaimed as sloped agricultural land, and the soil erosion is
severe within the Mollisols layer, which is approximately 30 cm deep [18,25,26].
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2.2. Experimental Design

The experimental plots were assigned using a randomized complete block design with
three replicates and the plots included five land-use and land-management practices:
artificial forest (AF), natural vegetation cover (NVR), bare land (BL), and two tillage
treatments: no tillage (NT) and conventional tillage (CT). Among these treatments, the
NVR, BL, NT, and CT plots were in the Hailun Monitoring and Research Station of Soil and
Water Conservation, CAS; these four experimental plots were built in 2006 and were 20 m
long and 4.5 m wide. Since their establishment, the NT and CT plots have been planted with
a soybean and maize rotation. The slope of these plots was 5% in the east–west direction.
The soybean and maize rotation was applied in three tillage treatments and fertilizer
was applied at 20.25 kg N·hm−2, 51.75 kg P·hm−2, and 15 kg K·hm−2 for soybean, and
138 kg N·hm−2, 51.75 kg P·hm−2, and 15 kg K·hm−2 for maize. Weeds were controlled
using the herbicides Acetochlor (1500 mL hm−2) and Thifensulfuron-methyl (120 g hm−2)
one day after planting. The AF plots were 100 m away from the monitoring station and
had an afforested area of approximately 1.2 hm−2. The specific operational parameters of
the five land-use and land-management practices are provided in Table 1.

2.3. Experimental Processes
2.3.1. Soil Sampling and Measurement

Soil samples were collected from the surface layer (0–10 cm and 10–20 cm soil depth)
in May, June, August, and October in 2011 and 2020 (Figure 1). The average values of the
bulk density (BD) and aggregate stability (AS) during the crop-growing period were used
to analyze the interannual differences in soil structure under different land-use patterns.
The BD for each plot was measured using a steel cylinder 5 cm in diameter and 5 cm high
and repeated for the up-slope, mid-slope, and down-slope areas of each plot. Soil samples
were dried at 105 ◦C for at least 48 h and weighed. The BD results from the 3–7 cm and
13–18 cm cylinders were used to represent the 10–20 cm and 20–30 cm layers, respectively.
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Table 1. Characteristics of the experimental plots using five land-use and land-management practices.

Plot Plot Photos Characteristics

BL
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For each treatment, undisturbed soil samples were collected from the up-slope, mid-
slope, and down-slope areas and then mixed and placed in a polyethylene bag. The stones,
roots, and residues were removed and the samples were air-dried before some were passed
through a 10 cm sieve for the water stable aggregate distribution measurement, and some
were passed through a 2.0 mm sieve for the soil particle size distribution measurement. The
aggregate size distribution was measured using various aggregate sizes, which depended
on the high-vacuum slow-wetting method that was applied [27]; here, three aggregate size
classes (2 mm, 1 mm, and 0.25 mm) were used in order to test the influence of the initial
aggregate size on the size distribution of breakdown fragments. The mean weight diameter
(MWD) was calculated as an index of aggregate stability (Equation (1)) [28]:

MWD =
∑n

i=1(
¯
x i·wi)

∑n
i=1wi

(1)

where wi is the proportion of the weight made up by the aggregate size fraction and xi
is the mean particle diameter (mm) of the ith size class. The mean particle diameter was
taken as the arithmetic mean of the upper and lower sieve sizes.

2.3.2. Runoff and Soil Loss

For each rainfall and runoff generation event, the water and soil loss of all the exper-
imental plots (except for AF) were measured using an inexpensive portable runoff and
sediment monitoring device requiring no external electric power (XYZ-III) [29]. Due to
great soil disturbance and the destruction of trees, the monitoring device was not installed
in the AF plots. After each rainfall event, the collected runoff and sediment samples were
weighed and then left to rest for 24 h, after which the settled water was separated from the
original runoff and sediment samples.

2.4. Statistical Analysis

Graphical works were created in Origin 2022. The analysis of variance (ANOVA),
which is appropriate for a randomized complete block design, was the procedure used
to analyze the obtained data. Significant differences between treatments were calculated
using Duncan’s test. Statistical analyses were performed using SPSS 22.0 for Windows
(SPSS Inc., Chicago, IL, USA, 2007).

3. Results
3.1. Seasonal Variation in Soil Structure
3.1.1. Bulk Density

In this study, we mainly explored the seasonal variation of the BD, aggregate size
distribution, and aggregate stability during the growing period. As shown in Figure 2,
there were significant seasonal differences in the BD of the BL and CT land-use types, but
not in the others in the 0–20 cm depth. The BD in the BL and CT land-use types increased
with time and the lowest BD occurred in May. The BD ranged within 1.19–1.24 g cm−3 for
NT, 1.12–1.20 g cm−3 for NVR, and 1.33–1.39 g cm−3 for AF.

3.1.2. Aggregate Size Distribution

Seasonal differences in the four aggregate size fractions were observed in all land-use
types (Figure 3). For BL, the >2 mm size fraction decreased with time, while the 0.25–1 mm
size fraction increased with time. The >2 mm size fractions were significantly greater in
May than in October in the 10–20 cm depth.
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For NVR, the >2 mm size fraction increased and then decreased with the growing
season in the 0–10 cm depth, and the greatest values occurred in August. However, the
opposite trend was observed in the 0.25–1 mm size fraction. In the 10–20 cm soil depth, no
significant differences were found in any treatment. Meanwhile, there were no significant
seasonal differences in aggregate size fractions in AF.

Similar seasonal trends were found in the NT and CT land-use types. The >2 mm
size fraction first decreased in the seeding stage and increased in the filling stage, then
decreased in the maturation stage during the maize-growing season. The opposite trend
was observed in the <0.25 mm size fraction in NT and CT. The >2 mm size fraction was
the largest in August for NT and CT. There were no significant seasonal differences in the
1–2 mm and <0.25 mm size fractions in any treatment.
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(Figure 4). In the 0–10 cm depth, there was a significant decline in the MWD with time in
the BL treatment, while the MWD in NVR, NT, and CT significantly increased and then
decreased from spring to autumn; the highest MWD values occurred in August. In the
10–20 cm depth, the MWD in BL and NVR decreased with time, and the MWD of the BL
treatment in October was significantly lower than in May. The MWD of the NT and CT
treatments were the highest in August and the lowest in June. No significant seasonal
differences in the MWD were observed in the AF treatment.
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Figure 4. Seasonal change in the mean weight diameter (MWD) of different land–use types
((a) 0–10 cm; (b) 10–20 cm). Notes: BL, bare land; NVR: natural vegetation restoration; AF, arti-
ficial forest; NT, no tillage; CT, conventional tillage.

3.2. Inter-Annual Variability in the Soil Structure
3.2.1. Bulk Density

This study revealed various significant inter-annual differences in the soil physical
properties in the five land-use types (Figure 5). The NVR15yr treatment had a significantly
elevated BD compared with NVR5yr, and in the 0–10 cm and 10–20 cm depth layers, the
BD values of NVR15yr were 0.15 g cm−3 and 0.17 g cm−3 higher than those of NVR5yr,
respectively. The NT15yr had a significantly lower BD than NT5yr, and the BD values
of NT15yr were 0.15 g cm−3 and 0.10 g cm−3 lower than those of NT5yr in the 0–10 cm
and 10–20 cm depths, respectively. However, the BD of CT15yr was significantly greater
than that of CT5yr, especially in the 10–20 cm depth. The BL and AF treatments had no
significant inter-annual differences in BD.

The BD of NT5yr was significantly higher than all other short-term (5 years) treatments
in the 0–10 cm depth but only significantly greater than NVR5yr and CT5yr in the 10–20 cm
depth. Interestingly, the BD in NT15yr was the lowest among all the land-use types,
especially in the 10–20 cm depth. The BD values of NT15yr were 0.06 g cm−3, 0.11 g cm−3,
0.09 g cm−3, and 0.13 g cm−3 lower than those of BL, NVR, AF, and CT, respectively.

3.2.2. Aggregate Size Distribution and Stability

As shown in Figure 4, the long-term application of different land-use types influenced
the aggregate size distribution and stability. The >2 mm size fractions of the BL, NT, and CT
treatments after 15 years were significantly lower than those at 5 years, while the opposite
was true for the <0.25 mm size fraction. Meanwhile, the BL and CT treatments exhibited de-
creases in the 0.25–1 mm size fraction over time, and there was little inter-annual variability
in the 1–2 mm aggregate size fraction in these three land-use types. Furthermore, the MWD
values of the BL5yr, NT5yr, and CT5yr treatments were significantly greater than those
of the BL15yr, NT15yr, and CT15yr treatments. The NVR and AF treatments exhibited
no significant inter-annual changes in aggregate size fraction distribution or stability. In
addition, the aggregate stability of NT and CT in the subsoil (10–20 cm) was greater than in
the topsoil (0–10 cm) throughout the study period.
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Figure 5. Inter−annual differences in the soil physical properties of different land−use types in the
0−10 cm and 10−20 cm depths. Notes: Values followed by different lowercase letters in the same
land-use type had significant differences at the 0.05 level. BL, bare land; NVR: natural vegetation
restoration; AF, artificial forest; NT, no tillage; CT, conventional tillage; MWD, mean weight diameter.

No significant differences in aggregate size distribution were observed in any of the
treatments within 5 years. However, after 15 years, the >2 mm size fractions in the NVR,
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NT, and AF treatments were significantly greater than those in the BL and CT treatments,
but the <0.25 mm size fractions in the BL and CT treatments were significantly higher than
those in other treatments. The MWD in NVR was greater than in other treatments, and the
BL treatment had the lowest MWD.

3.3. Soil and Water Loss

As shown in Table 2, the runoff and sediment generated in the BL treatment were
both higher than in land using NVR and tillage measures. The highest runoff depth was
observed in BL, which was 95.6%, 91.2%, and 63.1% greater than those in NVR, NT, and CT,
respectively. Meanwhile, compared with CT, the NVR and NT treatments had significantly
lower RDs by 88.2% and 76.1%, respectively. Furthermore, compared with BL, CT had less
soil loss by 33.4%, and the NVR and NT treatments had significantly reduced sediment
yields by more than 99%. In addition, during the monitoring period, NT reduced the runoff
depth and sediment yields by 76.1% and 99.9%, respectively, compared with CT.

Table 2. Average runoff and soil losses in different land−use types during the monitoring period.

Treatments Rainfall
(mm) Amount of Runoff Runoff Depth

(mm)
Amount of Sediment

Transported
Sediment Yields

(t hm−2)

BL 576 30 260.13 26 732.52
NVR 576 6 11.32 2 0.03
NT 576 7 23.01 4 0.32
CT 576 23 96.15 20 487.62

Notes: BL, bare land; NVR: natural vegetation restoration; NT, no tillage; CT, conventional tillage.

4. Discussion
4.1. Seasonal Dynamics of the Soil Structure

The land-use patterns and season had separate significant influences on the soil struc-
ture (Figures 2–4). Generally, these influences were attributed to (1) the morphological
characteristics of different plant roots, litter, and the plant communities associated with
various land-use patterns; (2) differences among the physical, chemical, and biological pro-
cesses within plots with different land-use types; and (3) differences in land-management
practices (e.g., NT and CT) directly caused differences in soil surface roughness and vol-
ume, leading to changes in the soil structure [30–34]. In this study, the lowest BD in the CT
treatment occurred in May due to the mechanical loosening of the soil, which temporarily
formed more macropores during the seeding period. After the seeding period, the BD
increased with time under the influence of rainfall and soil compaction caused by continued
machinery traffic [35,36]. However, no seasonal differences in BD were observed in other
treatments due to the lower soil disturbance levels [1,34,37,38].

Soil aggregates are an important component of soil that, among other things, deter-
mine the porosity of soil structures, furthermore, they are a good indicator of susceptibility
to erosion [1,9,38,39]. In the present study, soil aggregate distribution and stability showed
significant seasonal changes in plots with different land-use and land-management prac-
tices. Soil aggregate stability is greatly affected by the growth of plant root systems [40].
This was consistent with the lack of seasonal change in soil aggregate stability and size
distribution in the AF treatments, whose root systems were relatively unchanging. Similar
results were reported by other studies [5,41]. However, the >2 mm size fractions and
MWD in BL decreased over the growing season because there was no vegetation cover
or rain [40,42,43]. Furthermore, the greatest >2 mm size fractions and MWD were ob-
served in August in the NVR, NT, and CT treatments, which was likely because the soil
temperature and humidity in August facilitated elevated microbial activity and increased
root mucilage and mass density, thereby promoting the stabilization of soil water stable
macro-aggregates [44–47]. In the flat farmland, our previous studies also found that the
MWD was greatest in August for NT and CT, but the >1 mm size fraction in CT decreased
gradually with the growing season [23].
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4.2. Inter-Annual Differences in the Soil Structure

In this study, different land-use and land-management practices resulted in progressive
changes in soil structure over time. Some studies reported that soil bulk density initially
increased gradually after converting arable land to grassland/forest land and then tended
to plateau due to increased soil compaction [48,49]. Other studies observed that, with the
increasing vegetation cover (especially for artificial forests and grasslands established on
previous croplands), the soil became much drier due to decreasing water content in the
soil profile, which might lead to increased BD [50,51]. Zhang et al. (2020) [52] found that
afforestation resulted in BD decreases of 0.45% per year in the 0–10 cm depth and 0.29%
per year in the subsurface soil (10–20 cm). This was not consistent with our results in
which the BD in NVR15yr was significantly greater than that in NVR5yr. These differences
were mainly caused by differences in climate zones and soil texture types. No significant
differences in BD were observed between NVR5yr and BL5yr, which was similar to the
findings of Keller et al. (2021) [53]. The inter-annual differences in BD were small in natural
forests and grassland, that is, in areas where the eco-environmental factors were relatively
stable [6,30].

For the tillage measures, while long-term CT increased the BD due to mechanical
compaction [54,55], long-term NT reduced the BD, which agreed with many previous
studies [48,55,56]. Indeed, Reichert et al. (2016) [55] observed a decline in the BD over
14 years of NT and concluded that NT reduced soil compaction. However, many authors
reported higher BD in NT plot surface soils in the short term compared with other tillage
measures, particularly in soils with fine textures [48,57,58]. Similarly, our study also found
that NT5yr had a significantly greater BD than CT5yr, but no difference in BD in the surface
soil was observed between NT and CT after 15 years. Meanwhile, the multi-year application
of tillage measures did not affect the BD in the 10–20 cm depth. This was similar to the
findings of other studies [59,60].

The >2 mm size fraction and MWD of BL5yr were significantly greater than those in
BL15yr. However, no significant temporal differences in soil aggregate stability were found
in the NVR and AF treatments (Figure 5). Furthermore, we found that long-term NVR
and AF had significantly greater >2 mm size fractions and MWD than long-term BL. These
results confirmed that the restoration of vegetation was an effective measure for improving
soil structure and sustainably developing the ecological function of soil. Compared with BL,
soil organic carbon was higher in the vegetation restoration plots, along with total nitrogen
and underground biomass, due to the formation of macroaggregates and the increased
stability of soil aggregates [5,47]. Furthermore, the plant root systems interweave into soil
masses and strengthen soil cohesion, and the mucilage secretion of plant roots promotes
the formation of soil aggregates [61,62]. These observations clearly demonstrated that
5 years of natural recovery can effectively improve soil structure stability, as was observed
in previous studies [40,63,64].

Aggregate stability and distribution parameters varied significantly across different
tillage treatments, which also changed over time (Figure 5). In this study, long-term
NT and CT had lower >2 mm size fractions and aggregate stability, possibly due to the
comprehensive effect of topographic factors and soil loss. Additionally, our study showed
that long-term NT could improve the soil aggregate stability more than CT. Similar trends
were observed in previous studies [24,60,65,66], which may have been best explained
by Daraghmeh et al. (2009) [67], who observed that conservation tillage improved soil
structure through a combination of increased soil organic matter from straw mulch, reduced
soil bulk density, and an increased proportion of larger aggregates, compared with CT
(conventional tillage).

4.3. Effects of Land-Use and Land-Management Practices on Soil Losses

Our study clearly showed that land-use and land-management practices exerted a great
influence on water and soil loss (Table 2), which agreed with previous studies [14,68–70].
Furthermore, the BL plots had the greatest runoff and sediment yields during the experimental
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period, while NVR reduced the runoff depth and sediment yields by 95.6% and 88.2% compared
with BL, respectively. This was mainly because of the bonding and binding effect of the
vegetation, whose roots strengthened and improved the soil structure and infiltration capacity.
On the other hand, plants can also intercept raindrops and weaken rainfall kinetic energy
with their stems and leaves, which can reduce the runoff flow velocity and compaction due to
rainfall [71–73]. Moreover, NVR controlled soil erosion better than the tillage measures. We
observed that NT and CT increased the runoff depths by 50.8% and 88.2% and sediment yields by
90.6% and 99.9%, respectively, compared with NVR. These results were consistent with previous
studies [8,14,74]. Furthermore, it was reported that the conversion of natural grassland/forest
to arable land can result in rapid declines in soil quality and marked increases in soil erosion
due to more frequent soil disturbances and a sparser canopy [75–77]. Vegetation restoration has
been widely recognized as an effective measure for controlling soil erosion [8,14,78].

Additionally, our study found that NT generated smaller amounts of runoff and sedi-
ment and reduced the runoff depth and sediment yields by 76.1% and 99.9%, respectively,
compared with CT. Meanwhile, the sediment concentrations in runoff under CT were
greater than under NT at the same rainfall intensity (data not shown). In fact, the dense
straw mulch and reduced soil disturbance in the NT plot greatly controlled soil losses
compared with CT in the sloping farmland. This occurred by promoting soil structure
stability, accelerating the soil infiltration speed, altering the soil surface roughness, reducing
the raindrop splash erosion, and delaying runoff initiation [16,24,48,79,80]. These results
indicated that re-vegetation and the three tillage management strategies can greatly reduce
soil erodibility and the sensitivity of soil to runoff, especially for NVR and NT.

In this region, the abundant farmland in the sloping land commonly shows decreasing
trends in soil quality and increasing trends in soil erosion. These problems have affected
grain production and are worthy of attention so that land use and management can be
optimized to control soil loss and improve soil health. Our study suggested that vegetation
restoration is an efficient measure for maintaining soil structural stability and reducing soil
erosion compared with bare land. Meanwhile, compared with CT, NT effectively improved
soil aggregate stability and ability to resist erosion in the sloping farmland and, as such, it
should be popularized and applied in Northeast China.

5. Conclusions

Land use and management deferentially affected soil structure on both seasonal and
inter-annual scales in this study. In terms of seasonal changes, the AF, NVR, and NT
maintained a more stable soil structure than BL and CT during the growing season. The
>2 mm size fraction and AS were reduced in BL, and their highest values in the NVR,
NT, and CT plots occurred in August. Over the long term, BD in NVR and CT increased,
but the opposite result was found in NT, and BL exhibited no temporal changes in BD.
Furthermore, in the long term, BL, NT, and CT had reduced soil aggregate stability, while
NVR and AF had increased soil structure stability relative to the other treatments. For the
tillage measures, NT had a significantly greater BD than CT after 5 years, but there was
no significant difference after 15 years. Meanwhile, NT promoted the formation of the
>2 mm size fraction and improved the aggregate stability compared with CT. Moreover,
the soil structural stabilities of NT and CT were higher in the subsurface soil than in the
topsoil. Additionally, NVR and both tillage measures showed significant reductions in
soil erosion compared with BL, and the runoff depth and sediment yields in NT were
lower than CT by 76.1% and 99.9%, respectively. In conclusion, re-vegetation restoration
should be adopted to control soil erosion in abandoned bare land, while the NT strategy is
a sustainable agricultural measure for use in the black soil region of Northeast China.
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