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Soil aggregate stability is a feasible and effective factor to understand the complex interactions between phys-
icochemical properties and soil structure. To reveal the distributions of soil aggregate stability and its influential
factors following land use change from apple orchards abandonment and development in the Nangou watershed
of the Loess Plateau, China, this study selected five ages of apple orchards and their planting years were 1 year, 3
years, 6 years, 8 years and 10 years, one 15-year grassland developed from an apple orchard, one 15- year
grassland developed from farmland, one natural grassland and one 15-year locust. Results showed that restored
vegetation had better soil aggregate stability, soil organic carbon (SOC), and nitrogen (N) than apple orchards,
and the composition of soil particles with the best aggregate stability was clay 6%, silt 8%, and sand 86%. At a
0-10 cm soil depth, soil aggregate stability had a significant positive correlation with SOC and soil total nitrogen
(STN), and a negative correlation with NO3 and NHj. In addition, vegetation diversity and coverage only
affected the soil aggregate stability of the 0-10 cm soil depth; however, soil pH, bulk density, and soil aggregate-
associated inorganic nitrogen were the main influential factors that drove the soil aggregate stability of the 0-30
cm soil depth. Further research discovered that macro-aggregate associated NO3 and micro-aggregate associated
NH{ may be the key factors affecting the soil aggregate stability. Therefore, it is essential to further explore the
effect of soil aggregate-associated inorganic nitrogen on soil aggregate stability.

1. Introduction

Soil structure, widely used as an indicator of soil aggregate stability,
depends on the arrangement of pores and aggregate water content,
which are controlled by the dynamics of the biological activity and
physicochemical properties facilitating the formation of soil aggregate
(Six et al., 2000). Soil aggregates and there stability, which is regarded
as one of the key influential factors, can affect soil water storage, soil
carbon storage, soil porosity, interflow, bioactivity (Gallardo-Carrera
et al., 2007), soil erosion, and soil quality (Barthes & Roose, 2002;
Algayer et al., 2014a; Elhaja et al., 2014). A good and normal soil
structure can create a significant improvement in the structure and
biodiversity of soil bacterial and fungal communities, nutrient recycling,
water availability and vegetation diversity while reducing soil erosion
and the rate of increase in CO2 (Bronick & Lal, 2005; Caplan et al.,
2017). During raindrop impact on the soil, aggregates break down and

produce finer, more transportable particles and micro-aggregates (Yan
et al., 2008). “The Loess Plateau” is the most severe soil erosion area in
the world, and unlimited human activities have significantly shifted its
landscape, hydro geography and geomorphic conditions (Zhao et al.,
2013). Therefore, soil aggregate stability is a feasible and effective
method to evaluate the soil structure, and to understand the complex
interactions between the physicochemical properties and soil structure
in this region.

According to the hierarchical theory of aggregate formation, soil
aggregation is mediated by soil organic matter, the clay content, roots,
soil fauna, carbonates, and physical processes, and these materials may
be distributed unevenly in different size fractions of soil aggregates (Six
et al., 2004; Bronick & Lal, 2005). Based on this, numerous studies have
focused on the interactions of aggregate stability with clay (Huang et al.,
2016; Medina et al., 2017), soil organic carbon (SOC) (Meersmans et al.,
2011; Burrell et al.,, 2016), vegetation biodiversity and root traits
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Fig. 1. Location of study site in the Xiaonangou watershed of the Loess Plateau,
China. Note: AO 1, 1 year apple orchard; AO 3, 3 years apple orchard; AO 6, 6
years apple orchard; AO 8, 8 years apple orchard; AO-15G, grassland for 15
years abandoned apple orchard; AO-15R, black locust (Robinia pseudoacacia)
for 15 years abandoned apple orchard; NG, natural grassland.

(Leifheit et al., 2014; Gould et al., 2016; Vergani & Graf, 2016), earth-
worms (Kohler-Milleret et al., 2013), exchangeable Ca®" and Mg2+
(Amézketa, 1999; Lehtinen et al., 2014), and soil erosion rates (Erktan
et al., 2016; Le Bissonnais, 2016; Schweizer et al., 2017) in different land
use types. Ecological restoration improves soil biodiversity and

Table 1
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vegetation productivity, and the increase in litter input led to the
improvement of soil function (Zhang et al., 2018; Zhong et al., 2018).
Generally, the clay content adhered to more organic carbon and humus
(Caravaca et al., 2001), and nitrogen and carbon showed a very signif-
icant positive correlation, therefore, soil clay and nitrogen also have an
important effect on soil aggregates. Numerous indices can be adopted
for evaluating soil aggregate stability such as the structural stability
index (SI) (Pieri, 2012), fractal dimension (D) (Perfect et al., 1992),
mean weight diameter (MWD), geometric mean diameter (GMD),water-
stable aggregation (Kemper & Rosenau, 1986), normalized stability
index (Six et al., 2004) and whole soil stability index (Nichols & Toro,
2011). Until now, many studies on soil aggregate formation mecha-
nisms, aggregate stability, and aggregate-associated carbon stocks
concentrated on land use changes, for instance, other ecosystems to
farmland (Eynard et al., 2004; Spohn & Giani, 2011; Sun et al., 2017),
farmland to grassland (Wang et al., 2017; Zhao et al., 2017a), and
farmland to man-made or natural forest (Qiu et al., 2015; Deng &
Shangguan, 2017). However, few researchers have investigated the
distributions and influential factors of soil aggregate stability and its
relationship with soil properties following land use changes from apple
orchard development and abandonment.

In order to consolidate the previous results and further promote
ecological construction, the second round of the “Green for Green”
Program was launched in China in 2014. However, as the conversion of
cropland to forest and grassland is less beneficial than the conversion to
another cropland type, some economically viable ecological vegetation
conversion has been taken seriously. In China, the Loess Plateau is the
main producing area of apple, but limited water resources, a poor soil
structure, and nutrient loss have greatly restricted the development of
the apple industry in this region. With the purpose of protecting the
health of the soil structure in apple orchards and contributing to the top-
level design of the conversion of old apple orchards to other ecosystems,
the aims of this research were to: (a) estimate the differences in soil
aggregate stability indices (SI, D, MWD, GMD); (b) explore the re-
lationships between soil aggregate stability indices and soil properties;
and (c) clearly identify the influential factors that affect aggregate sta-
bility following land use change from apple orchards abandonment and
development. We assumed that the management measures of each apple
orchard were basically the same because apple orchards in this area are
distributed very close to each other.

The general geographical and vegetative features of the investigated sites. Due to the accidental weed interference, AO 3, AO 8 and AO 10 were lack of biological

information on the ground.

Sites Longitude Latitude Altitude R E Coverage Height Land use details
(E) (N) (m) (%) (cm)
Apple AO1 109.302 36.604 1214.8 2.67 + 0.56 + 0.56 + 7.66 + 1.45 13.66 + New terrace, 1 year
orchards 0.33d 0.15¢ 0.09¢ 1.20
AO 3 109.301 36.589 1272.1 - - - - - 7 years terrace, 3 years apple
orchard
AO6 109.282 36.595 1280.6 4.00 + 1.28 + 0.93 + 21.67 £ 33.67 £ 9 years terrace,, 6 years
0.00d 0.02b 0.01a 1,67¢ 1.86ab
AO8 109.294 36.581 1334.6 - - - - - 12 years terrace, 8 years
AO 109.294 36.586 1300.8 - - - - - 15 years terrace, 10 years
10
locust AO- 109.291 36.586 1254.3 9.00 + 1.41 + 0.65 + 73.33 £ 44.00 + 30 years apple orchard to 15
15R 1.16b 0.07b 0.03bc 1,67a 2.65ab years Robinia pseudoacacia
Grassland AO- 109.290 36.586 1250.4 9.00 + 1.32 + 0.60 + 71.67 + 44.00 + 30 years apple orchard to 15
15G 0.00b 0.05b 0.02bc 4.41ab 4.58ab years grassland
F- 109.306 36.610 1183.5 10.33 + 1.22 + 0.52 + 60.00 £ 44.33 £ 45 years farmland to 15 years
15G 0.33b 0.21b 0.08¢c 8.66b 5.36ab Grassland
Natural NG 109.291 36.587 1240.8 13.00 + 1.83 + 0.71 + 75.00 + 65.00 + 80 years natural grassland
grassland 1.00a 0.16a 0.05b 2.89a 2.89a

Note: Values are in the form of the Mean + SE, and the sample size n = 30. Different lower-case letters mean significant differences in the same soil layers at the

different sites (P < 0.05). R: Species richness, H: Shannon-Wiener diversity index, E: Evenness index.
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Table 2
Soil basic physiochemical properties in the nine sites. Values are in the form of
the Mean =+ SE, and the sample size n = 6.

Soil depths Sites pH BD SwW

0-10 cm AO1 8.59 £ 0.02a 1.43 £ 0.00a 0.16 + 0.00b
AO 3 8.53 + 0.08a 1.39 + 0.00b 0.15 + 0.01b
AO 6 8.53 + 0.00a 1.37 + 0.00b 0.12 4 0.01b
AO 8 8.403 + 0.04a 1.40 + 0.01b 0.19 + 0.01a
AO 10 8.50 + 0.02a 1.38 + 0.02b 0.15 + 0.03b
AO-15R 8.36 + 0.00a 1.39 + 0.03b 0.19 + 0.01a
AO-15G 8.45 + 0.02a 1.38 + 0.00b 0.20 + 0.02a
F-15G 8.39 + 0.25a 1.38 + 0.00b 0.19 + 0.01a
NG 7.69 + 0.26b 1.37 + 0.01b 0.20 + 0.01a

10-20 cm AO1 8.64 + 0.03a 1.47 + 0.00a 0.18 + 0.01ab
AO 3 8.64 £+ 0.02a 1.42 + 0.00b 0.17 + 0.01bc
AO 6 8.63 + 0.01a 1.36 + 0.01d 0.13 + 0.00c
AO 8 8.47 + 0.05bc 1.41 + 0.01bc 0.19 + 0.01ab
AO 10 8.58 + 0.05ab 1.38 + 0.02bcd 0.15 £+ 0.02¢
AO-15R 8.43 + 0.026¢ 1.38 + 0.02bcd 0.20 + 0.01a
AO-15G 8.44 + 0.026¢ 1.38 +0.01 cd 0.20 + 0.01a
F-15G 8.41 + 0.021c 1.37 £ 0.01d 0.18 + 0.01ab
NG 8.29 + 0.08d 1.37 +0.01d 0.19 + 0.00ab

20-30 cm AO1 8.61 + 0.03ab 1.48 + 0.00a 0.18 + 0.01ab
AO 3 8.71 £+ 0.01a 1.43 + 0.02b 0.18 + 0.02ab
AO 6 8.63 + 0.02ab 1.39 + 0.02¢c 0.15 + 0.02ab
AO 8 8.49 + 0.06bc 1.40 + 0.01bc 0.19 + 0.01a
AO 10 8.65 + 0.03a 1.39 +0.01c 0.14 + 0.02b
AO-15R 8.45 £+ 0.10c 1.40 + 0.02bc 0.18 + 0.03ab
AO-15G 8.49 4 0.06bc 1.40 + 0.02bc 0.17 + 0.02ab
F-15G 8.45 + 0.04bc 1.38 + 0.01c 0.17 + 0.00ab
NG 8.41 £ 0.07c 1.37 £ 0.01c 0.18 + 0.01ab

Note: Different lower-case letters mean significant differences in the same soil
layers at the different sites (P < 0.05).

2. Materials and methods
2.1. Sites

The study site was selected in the Nangou watershed of the Loess
Plateau, which has a semi-arid continental climate, covering a total area
of 27 km? near Ansai County in Shaanxi Province, China
(109°17'3.3432"- 109°18'27.7488" E, 36°34'27.66"- 36°37'22.62" N)
(Fig. 1). The elevations of this hilly-gully region range from 1067.4 to
1334.6 m a.s.l. the mean annual rainfall in this area is 501 mm, the mean
annual temperature is 8.8 °C, and the annual sunshine duration is
2397.3 h (1960-2010). The area’s soils are classified as Calcic Cambisols
(IUSS working Group WRB, 2015). In this region, the artificial vegeta-
tion types are Robinia pseudoacacia, Hippophae rhamnoides, Amygdalus
davidiana, Malus domestica, and Zea mays, and the natural vegetation
types are Artemisia gmelinii, Artemisia scoparia, Roegneria kamoji, Stipa
bungeana, Sophora viciifolia and so on.

Due to the launching of the “Grain for Green” Program and the
senescence of apple orchards, the watershed had introduced locust
(Robinia pseudoacacia) was introduced on abandoned apple orchards;
some of the orchards that were not afforested became grasslands
through natural succession. After ~ 15 years of vegetation restoration,
the undergrowth of locust (Robinia pseudoacacia) consisted mainly of
Bothriochloa ischaemum, Rubus corchorifolius, Plantago depressa, Artemisia
capillaries, and so on. The undergrowth of apple orchards was mainly
Cleistogenes caespitosa, Setaria viridis, Portulaca oleracea, and so on.

2.2. Samplings and measurements

2.2.1. Experimental design and sampling

Consistent with Zhu et al. (2018), in August 2016, soil samples were
obtained when biomass had reached its peak. Nine study sites totaling
>1 ha were selected based on the land use change from apple orchard
development and abandonment. In the development stage of apple or-
chards, we chose five ages of apple orchards, 1 year, 3 years, 6 years, 8
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Fig. 2. Relationships between SI and soil aggregate stability indices in 0-30 cm
soil depths (n = 162). Note: SI indicates accuracy of dry aggregate stability; D,
fractal dimension; MWD, mean weight diameter; GMD, geometric
mean diameter.

years, and 10 years (AO 1, AO 3, AO 6, AO 8, AO 10); among the
abandoned apple orchards, we chose one 15-years grassland developed
from an apple orchard (AO-15G), one 15-year grassland developed from
farmland (F-15G), one natural grassland and one 15-year locust (AO-
15R). Each site has similar geographic and geomorphic conditions.
Table 1 shows the detailed information of the nine selected study sites;
some plots lack biological information due to accidental interference.
At each site, six 20 m x 20 m plots were randomly selected to sample
soils, and each plot was separated by about 20 m. Five 1 m x 1 m
quadrats, distributed in the center and four corners of each plot, were
used to analyze the vegetation community composition, biodiversity,
height, and coverage. In total, there were 30 quadrats for each site. This
information was used to calculate species richness (R) (Stirling &
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Table 3
SOC, STN, NN, and AN content of the different soil depths nine sites. Values are in the form of the Mean =+ SE, and the sample size n = 6.

Soil depths Sites SOC (gkg™) STN (g kg™ ") NN (mg kg™") AN (mg kg™")

0-10 cm AO1 2.60 + 0.65f 0.28 + 0.01f 21.34 + 6.27d 7.43 + 1.60ab
AO 3 2.18 + 0.21f 0.29 + 0.01f 52.07 + 3.67 cd 9.62 + 2.43ab
AO 6 3.31 £ 0.20ef 0.37 £ 0.02e 45.33 + 5.41 cd 7.41 + 0.32ab
AO 8 3.30 £ 0.19def 0.47 £+ 0.02d 46.04 + 2.67 cd 12.71 + 3.67a
AO 10 3.63 + 0.18de 0.50 4+ 0.03d 123.13 + 42.97b 10.41 + 2.16ab
AO-15R 6.25 + 0.18¢ 0.61 £+ 0.01c 39.67 + 2.18 cd 6.21 + 0.70b
AO-15G 5.58 £+ 0.16¢ 0.59 £ 0.03c 14.10 + 0.54d 7.42 + 1.03ab
F-15G 12.50 + 0.68a 1.82 + 0.01a 196.67 + 22.28a 12.43 £+ 0.42a
NG 10.96 + 0.42b 1.05 + 0.03b 73.83 + 4.06¢ 6.84 + 1.92b

10-20 cm AO1 2.40 + 0.11d 0.27 + 0.01f 15.33 + 3.13ab 3.82 + 0.56¢
AO 3 2.97 £ 0.14 cd 0.31 + 0.02f 19.31 4+ 0.92ab 6.64 + 0.60bc
AO 6 2.35 + 0.22d 0.27 + 0.01f 17.85 + 1.11ab 7.62 + 0.60bc
AO 8 3.04 £ 0.22 cd 0.38 + 0.02 cd 22.33 + 2.99ab 6.23 + 1.41bc
AO 10 3.50 + 0.18bc 0.44 4+ 0.02 cd 105.43 £+ 18.05a 12.92 + 1.83a
AO-15R 3.48 + 0.23bc 0.38 4+ 0.00 cd 20.78 + 3.41ab 4.87 + 0.80c
AO-15G 4.07 + 0.22b 0.45 + 0.02c 11.21 + 0.52b 8.77 + 2.25b
F-15G 7.09 £ 0.29a 0.97 £ 0.06a 97.83 +£17.88a 10.63 + 1.27ab
NG 5.54 + 0.29a 0.60 + 0.02b 30.20 + 1.23ab 4.75 + 1.45¢

20-30 cm AO1 2.66 + 0.17¢ 0.29 + 0.01c 13.97 + 4.42b 4.97 + 1.39¢
AO 3 2.41 £0.15¢ 0.28 + 0.02d 12.56 + 2.79b 8.23 + 2.34bc
AO 6 2.23 £ 0.15¢ 0.26 + 0.02d 9.77 4+ 0.51b 9.54 + 1.45bc
AO 8 2.21 £ 0.16¢ 0.31 £+ 0.03c 8.58 + 1.55b 6.71 + 1.70bc
AO 10 2.89 + 0.10c 0.38 & 0.01bc 68.67 + 20.92a 16.52 + 3.84a
AO-15R 3.09 £ 0.18¢ 0.31 £ 0.01c 10.87 + 0.66b 5.04 £ 1.07¢
AO-15G 3.01 £ 0.18¢ 0.34 £ 0.01c 7.05 4+ 0.33b 10.30 + 2.83b
F-15G 5.42 + 0.60a 0.71 £ 0.07a 56.16 + 9.62a 12.32 + 2.89ab
NG 4.10 £+ 0.38b 0.46 + 0.05b 21.68 + 4.27b 3.72 £1.35¢

Note: Different lower-case letters mean significant differences in the same soil layers at the different sites (P < 0.05).

Wilsey, 2001), the Shannon-Wiener diversity index (H), and evenness
index (E) (Zhu et al., 2016).

There was a total of 6 plots per site to collect 0-30 cm soil samples,
and each plot had three replicates. Soil bulk density was obtained using
a 5 cm diameter and a 5 cm high stainless steel cutting ring. The soils
were dried at 105 °C, and bulk density was calculated when the soil
reached a constant weight. Undisturbed soil samples were sealed in
lunch boxes and then air dried at laboratory temperature. The air-dried
undisturbed soil samples were used to calculate the soil aggregate sta-
bility indices, and other physicochemical properties were determined
using the remaining soil.

2.2.2. Soil physicochemical properties

Soil pH was measured using a PHS-3C pH acidometer after mixing a
1:5 soil-water ration suspension for 30 min. The SOC content was
assayed by the KyCrp07-H2SO4 oxidation method (Nelson & Sommers,
1996). The TN content was assayed using the Kjeldahl method
(Bremner, 1996). Soil NO3 (AN) and NH4 (NN) were measured using the
method of Bremner & Keeney (1966) to collect the filtrate, and then the
filtrate was analyzed for NHJ-N (Crooke & Simpson, 1971) and NO3-N
(Best, 1976) with a Continuous Flowing Analyzer (SAN++, SKALAR,
Holland). Clay, silt and sand content were determined using a laser
particle analyzer (Mastersizer 2000 particle size analyzer, Malvern In-
struments, Ltd., UK). Soil BD was calculated by dividing the oven-dried
weight by the known volume. The soil water content was measured by
oven-drying samples at 105 °C. Table 2 shows the soil pH, soil BD and
soil water content of the nine sites.

The > 2.0 mm, 0.25-2 mm and < 0.25 mm soil aggregates were
obtained by dry sieving, and SI was used to examine the accuracy of dry
sieve method. Macro-aggregates (>2mm), middle aggregates (0.25-2
mm) and micro-aggregates (<0.25 mm) were classified to chemically
analyze the soil properties. D, GMD and MWD were calculated based on
the results of the soil aggregate size fractions. In this study, because of
the very significant linear relationship between SI and soil aggregate
stability, dry sieving was an accurate method to estimate D, MWD and
GMD (Fig. 2).

Equations as follows:

MWD = i WiX;

i=1

GMD = exp[(ZW;logXi)/(Zwi)}

Wi, the proportion of each aggregate class in relation to the bulk soil.
Xj, the mean diameter of the aggregate class (mm).

M(r < Ri)/MT: (Ri/RmAX)%Dm

M, the cumulative mass of aggregates of it size r less than R;.
Mr, the total mass.

R;, the mean aggregate diameter (mm) of the it size class.
Rumax, the mean diameter of the largest aggregate.

_ 1.274 x SOC

- x 100
silt + clay

SI, soil quality indices; SOC, soil organic carbon; Silt, silt content;
Clay, clay content.

2.3. Statistical analysis

One-way ANOVA was used to test the differences in vegetation
biodiversity and soil physicochemical properties of the nine sites. Two-
way ANOVA was used to test the differences among different stages, soil
depths, and their interactions. Stepwise multiple regressions were used
to create a model of the changes of the influential factors that affected
soil aggregate stability following land use change from apple orchards
abonnement. Curve fitting was performed, and all images were plotted
using the SigmaPlot software program, ver. 12.5. Significant differences
were evaluated at the 0.05 level.
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Fig. 3. Effect of nine sites on soil particle composition in 0-30 cm soil depths
(n = 6). Note: The values are Mean + SE. Different lower-case letters mean
significant differences in the same soil layers at the different sites (P < 0.05).

3. Results
3.1. Soil properties

Generally, following land use change from apple orchards aban-
donment, STC, STN, NN and AN in restored vegetation were signifi-
cantly greater than in apple orchards. The increase in the number of
apple orchard planting years leads to an increase in STC, STN, NN, and
AN, and NG and F-15G were significantly higher than AO-15R and AO-
15G (Table 3). The nine sites had the same distribution of STC, STN, AN,
and NN at the 10-30 cm soil depths (Table 3).

The clay content (<0.002 mm), silt content (0.002-0.02 mm), and
sand content (0.02-2 mm) of the 0-30 cm soil depths varied signifi-
cantly among the nine sites (Fig. 3). Generally, restored vegetation had a
lower sand content than apple orchards, and AO 6 and AO 8 had the
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highest sand content at the 0-30 cm soil depth (Fig. 3). The increase in
the number of apple orchard planting years led to an increase in the sand
content, but the difference in soil particles between restored vegetation
was not significant (Fig. 3).

3.2. Soil aggregate composition and soil aggregate stability indices

In general, the most aggregates > 1 mm for the three soil depths were
found in AO 1, whereas the fewest were found in AO-15R, AO 10 and F-
15G at soil depths of 0-10 cm and 10-30 cm, respectively (Fig. 3 A, B
and C). Compared with C-15G, all land use types had significantly more
0.25-1 mm soil aggregates in the soil depths from 0 to 20 cm (Fig. 3, A
and B); AO 3 and AO 10 had the most , and AO 1, which had the second
lowest recovery of vegetation recovery, had the fewest (Fig. 3, C). In soil
depths from O to 20 cm, the < 0.25 mm soil aggregates in AO 6 were
significantly greater than those in AO 1, AO-15R and C-15G (Fig. 3, A
and B). At 20-30 cm soil depths, these aggregates were the highest in AO
10, followed by C-15G and NG, and the fewest were in AO 1and AO-15R
(Fig. 3, C).

In addition, for D at all soil depths, the lowest values were for AO 1
and NG, with the opposite trend for MWD and GMD; AO-15R had the
second lowest value and the other treatments were not different (Fig. 3,
D). MWD and GMD decreased significantly during the growth of apple
orchards at all soil depths (Fig. 3, E and F). However, MWD and GMD in
AO-15G, AP-15R and C-15G were not different (Fig. 3, D, E and F).

3.3. Relationships between soil aggregate stability and soil properties

In general, soil aggregate stability had a positive relationship with
SOC and TN at the 0-10 cm soil depth (Fig. 5). D showed a negative
correlation with SOC and TN (Fig. 5, a and d). MWD and GMD showed a
positive relationship with SOC and TN (Fig. 5, b and c¢). However, the
relationship between soil aggregate stability indices and AN and NN had
the opposite results (Fig. 6). D showed a positive correlation with AN
and NN (Fig. 6, a and d), while MWD and GMD had a negative rela-
tionship with AN and NN. Soil particle size fractions had a quadratic
parabolic relationship with the soil aggregate stability indices (Fig. 7). D
showed no significant correlation with the soil particle size fractions,
while MWD and GMD had a downward opening parabolic correlation
with the soil particle size fractions. The best soil aggregate stability
resulted from 87.5% sand content, 7% silt content and 5.5% clay
content.

4. Discussion

4.1. Effects of land use type, soil depths and their interaction on soil
properties

In this study, the results showed that the clay content, silt content,
sand content and AN were not influenced by soil depth and the inter-
action of land use change and soil depth, but the rest of the soil prop-
erties were significantly influenced by land use change, soil depths and
their interactions (Table 4). The previous study of Zhu et al. (2016)
demonstrated SOC, STN, AN and NN were consistent with our results,
but their results for soil particles were inconsistent. This is mainly
because the improvement of soil physical properties will take a long
time, and severe soil erosion will interfere with the ecological restora-
tion process (Wang et al., 2018). In addition, Zhu et al. (2017) found that
the clay content was not significantly affected by land use change,
perhaps because the low plant diversity influenced the bacterial com-
munity structure (Lange et al., 2015; Zhang et al., 2015), thereby
resulting in clay-organic matter complexes that were not protected from
microbial decomposition (Rabbi et al., 2015). Moreover, AN transported
with percolating water to the depth cannot be moved back to the soil
surface (Aulakh, 1996), and the results showed an even AN distribution
in the surface soil (Table 3). Soil aggregate stability indices were
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Table 4

Silt content (%)

Two-way ANOVA results for the effects of land use type, soil depth and their
interaction on soil general properties.

Factor Variable df F Sig.
Land use type SOC 7 179.672 0.000%*
STN 7 356.750 0.000%*
AN 7 7.873 0.000%*
NN 7 33.486 0.000%*
Clay 7 164.962 0.000%*
Silt 7 148.875 0.000%*
Sand 7 163.499 0.000%*
Soil depth SOC 2 209.564 0.000%*
STN 2 321.968 0.000%*
AN 2 2.344 0.100
NN 2 34.984 0.000%**
Clay 2 1.332 0.267
Silt 2 0.383 0.683
Sand 2 0.361 0.697
Land use type x Soil depths SOC 14 27.941 0.000%**
STN 14 49.104 0.000%*
AN 14 1.228 0.263
NN 14 3.123 0.000%**
Clay 14 0.910 0.550
Silt 14 0.797 0.671
Sand 14 0.758 0.712
Soil depths D 2 21.836 0.000%*
MWD 2 32.957 0.000%*
GMD 2 25.329 0.000%*
Land use type D 7 41.956 0.000%*
MWD 7 20.310 0.000%*
GMD 7 46.775 0.000%*
Soil depths x Land use type D 14 3.767 0.000%*
MWD 14 3.225 0.000%**
GMD 14 9.187 0.000%*

Note: Significant differences are indicated by symbols as follows: at * P < 0.05
and at **P < 0.01. AN, ammonium nitrogen; NN, nitrate nitrogen; D, fractal
dimension; MWD, mean weight diameter; GMD, geometric mean diameter.

Sand content (%)

MWD, mean weight

significantly affected by land use change, soil depth and their in-
teractions (Table 4). Demenois et al. (2017) also found that soil aggre-
gate stability was influenced by land use change, and plant composition,
root traits, and fungal characteristics might explain this result (Faucon
et al., 2017). In this study, R and coverage were also important factors
that influenced the soil aggregate stability (Table 5). Therefore, a good
vegetation environment can stabilize the soil structure. Due to the lack
of artificial disturbance after recovery, coupled with the effects of severe
soil erosion in an area and root density, the soil aggregate stability of
different soil depths can also change (Demenois et al., 2018).

4.2. Distributions of soil properties and aggregate stability

Along with the restoration age since cultivation increased, the soil
aggregate stability demonstrated a steeper decrease, and then showed a
slowly rising even more than before in all soil depths (Fig. 8). In general,
tillage disturbs the soil structure and soil fertility (Nicolas, 2017), and
no-tillage cropland or revegetation results in better soil aggregate sta-
bility (Nath and Rattan, 2017). For soil tillage in farming, these agri-
cultural activities can increase soil compaction, limiting root frequency,
which causes the delamination of soil organic matter and nutrients in the
topsoil (Peigné et al., 2018). However, due to the erodible environment,
soil nutrients did not stratify in this study (Table 2 and 3). Restored
vegetation improved the plant composition and microstructure of soil
aggregates (Zhao et al., 2017a). Litter residue of restored vegetation can
increase soil organic matter input and improve soil aggregate stability
(Fig. 4), especially in the arid and seasonally-dry ecosystems. In total,
restored sites had better plant diversity (Table 1) and soil properties (i.
e., SOC, N, AN, NN, plant diversity, and coverage) than apple orchards
(Table 2 and 3), and these results can provide a basis for controlling soil
properties and soil structure by fertilizing and mulching (Mulumba and
Lal, 2008).



G.-y. Zhu et al.

Table 5
Multiple-regression relations between soil aggregate stability indices and soil
properties.

Soil dependent Formula R?
depths variable
(cm)
0-10 D y = 2.663 + 0.086pH-1.821BD + 0.636**
0.002MACA(NN)-0.009R
MWD y = 6.564-0.855pH + 7.446BD + 0.687**
0.526E-0.050MACA(NN)
GMD y = -1.324 4 5.964BD-0.015AN- 0.774%*
0.004MACA(NN) + 0.153S0C-0.123pH
10-20 D y = 3.284-1.754BD + 0.002MICA(NN)- ~ 0.821**
0.016R + 0.001Coverage + MICA(N)
MWD y = -6.852 4 5.346BD + 0.056R- 0.684*
0.038MICA(NN) + 0.831pH -+
0.024MIA(NN)
GMD y = -1.101-0.008MICA(NN) + 0.838*
5.997BD + 0.082R-0.005Coverage-
1.224MICA(N)
20-30 D y =3.251-1.101BD-6.433E-5-0.842SW  0.494**
MWD y = -0.854 + 6.898BD + 0.114Silt + 0.593**
0.040MICA(AN)
GMD y =-2.209 + 7.311BD-0.093Sand + 0.637**
0.034MICA(AN)
0-30 D y = 2.511-1.821BD-0.011R + 0.616**
0.002MACA(NN) + 0.097pH +
0.003AN + 0.001Coverage
MWD y =-0.658 + 7.717BD + 0.063R- 0.557**
0.013MACA(NN)-0.004Coverage +
0.006 MICA(NN)
GMD y = 2.478 + 7.430BD + 0.053R- 0.624**

0.006MACA(NN)-0.491pH-
0.004Coverage-0.008AN

Note: Best fits obtained by stepwise multiple-regression. Significant at * P < 0.05
and at **P < 0.01 and the coefficients of the included variables are significant at
p < 0.05. MACA (NN), macroaggregate associated nitrate nitrogen; MICA(NN),
middle aggregate associated nitrate nitrogen; MIA(NN), microaggregate asso-
ciated nitrate nitrogen; R, richness; E, evenness; AN, ammonium nitrogen; NN,
nitrate nitrogen.
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4.3. Correlation of soil properties with soil aggregate stability

Due to the relatively short period of land use change, biophysical and
chemical activities were mainly concentrated on the surface soil; thus,
we only showed the relationships between soil properties and soil
aggregate stability indices for the 0-10 cm soil depth (Figs. 5, 6 and 7).
Plenty of studies found significant positive relationships between the
SOC and soil aggregate stability (Blanco-Canqui and Lal, 2007; D’ Acqui
et al., 2017; Zhao et al., 2017b), consistent with ours (Fig. 5), because
SOC is an important material component of soil aggregate formation
(Eynard et al., 2005). SOC and STN had a similar tendency as soil
aggregate stability due to the coupling effects of SOC and STN (Tong
et al., 2009). However, AN and NN had a negative correlation with soil
aggregate stability (Fig. 6), and Table 5 shows that macro-aggregate-
associated nitrate nitrogen MACA (NN) was the main factor that
affected soil aggregate stability. A soluble N in soil is closely related to a
decrease in bacterial abundance, it can suppress microbes that carry
nitrogen-fixing genes (Pereg et al., 2018), and biological aggregating
agents associated with the microbial population have an effect on soil
aggregate stability (Tang et al., 2011).

Several studies indicated that there were no relationships between
soil particles and soil aggregate stability indices (Algayer et al., 2014b;
Lu et al., 2014); some studies found a linear correlation (Regelink et al.,
2015). However, this study showed a downward opening parabolic
relationship (Fig. 7), probably because swelling clay began to improve
when clay reaches the peak which can disrupt aggregates (Bronick & Lal,
2005). In addition, duo to the concentrated rainfall and erosion of the
Loess Plateau, litter and soil nutrients are also prone to loss, which also
leads to this result.

Stepwise regression revealed that BD was the main factor affecting
the soil aggregate stability indices at all soil depths (Table 5). Soil BD
may include the enrichment in labile organic fractions that are hygro-
scopic and can bind soil particles into temporary aggregates (Mora &
Lazaro, 2014), meanwhile, low soil BD can increase root proliferation,
water retention capacity and soil porosity (Tayyab et al., 2018). In
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addition, inconsistent with the research of Bronick and Lal (2005), soil
aggregate stability was only affected by soil pH in 0-10 cm in this study
(Table 5). Mainly because soil pH can stabilize soil through lots of litter
residue in the surface, thereby promoting microbial activity and
improving soil aggregate stability (Egan et al., 2018).

In total, it is feasible to control the stability of orchard soil aggregates
through management measures such as applying nitrogen fertilizer,
planting green manure, and little or no tillage, because soil carbon to
nitrogen ratio, soil bulk density, soil pH and so on are changed. Addi-
tionally, Combined with Fig. 8, we believe that from the perspective of
soil erosion, apple tree planting here is feasible.

5. Conclusions

Land use change and soil physical and chemical properties had an
impact on soil aggregate stability, and the soil aggregate stability of
restored vegetation was higher than that of artificial vegetation. The
composition of the soil particles with the best aggregation stability in the
loess hilly area was clay 6%, silt 8% and sand 86%. However, the sand
content of the Loess Plateau exceeds 90%, so it is also important to
control soil erosion through vegetation restoration. The results showed
that soil structure will recovery in a short time after the return of apple
orchards to forest and grassland, so apple plantation is worth promoting
in the loess hilly region. In addition, SOC, STN, NO3, and NHj had
respective positive, positive, negative, and negative correlations with
soil aggregate stability in the surface soil. NO3 and NH4 may be the key
factors affecting the soil aggregate stability in this semi-arid area,
especially the macro-aggregate associated NO3 and micro-aggregate
associated NH7. Thus, it is essential to further explore the effect of soil
aggregate-associated inorganic nitrogen on soil aggregate stability to
maintain the balance of soil properties and the soil structure.
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