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Abstract: Sloping farmland is prevalent in hilly red soil areas of South China. Improper tillage
patterns induce decreased soil organic matter, soil aggregate breakdown, and nutrient imbalance,
thereby restricting crop production. However, the stoichiometric characteristics could reflect the
nutrient availability which was mostly studied on bulk soil. The stoichiometric characteristics of
soil aggregates with multiple functions in farmlands has rarely been studied. The study was to
reveal the impact of tillage patterns on the size distribution, nutrient levels, and stoichiometric
ratios of soil aggregates after 20 years’ cultivation. Soil samples of 0–20 cm and 20–40 cm from
five tillage patterns, bare-land control (BL), longitudinal-ridge tillage (LR), conventional tillage +
straw mulching (CS), cross-ridge tillage (CR), and longitudinal-ridge tillage + hedgerows (LH) were
collected. The elemental content (C, N and P) and soil aggregate size distribution were determined,
and the stoichiometric ratios were subsequently calculated. Through our analysis and study, it was
found that the nutrient content of >2 mm soil aggregates in all plots was the highest. In the hedgerow
plots, >2 mm water-stable soil aggregate content was increased. Therefore, LH plots have the highest
content of organic matter and nutrients. After 20 years of cultivation, stoichiometric ratio of each
plot showed different changes on soil aggregates at different levels. the C:N, C:P, and N:P ratios are
lower than the national average of cultivated land. Among of them, the stoichiometric ratio in the
LH plot is closer to the mean and showed better water-stable aggregate enhancement. Therefore,
longitudinal-ridge tillage + hedgerows can be recommended as a cultivation measure. This study
provides a reference for determining appropriate tillage measures, balancing nutrient ratios, and
implementing rational fertilization.

Keywords: sloping farmland; soil aggregates; particle size; stoichiometric ratios; 20 years

1. Introduction

Sloping farmland is the main type of cultivated land in hilly red soil areas in South
China. Unreasonable tillage leads to serious soil erosion, nutrient losses [1], and nutrient
cycle imbalances in agricultural ecosystems [2,3]. These processes aggravate nutrient
deficiencies and fertility attenuation processes in sloping farmland. Therefore, farmers
have pursued higher yields by adjusting planting systems and applying excessive fertilizer
inputs to achieve the maximum use efficiency from cultivated land [4]. Land use and
related management practices, such as crop planting, fertilization and soil improvement,
can directly affect soil structure and properties through the destruction and aggregation
of aggregates [5]. Aggregates are the basic unit of soil structure [6]. The formation of soil
aggregates is the result of bio-physical-chemical processes controlled by environmental
factors [7]. Soil particle size distribution and nutrient levels directly affect soil structure and
soil quality. Tillage measures lead to differences in soil structure, aggregate particle size,
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and levels of carbon, nitrogen, phosphorus and other nutrients [8,9]. Therefore, it is of great
significance to understand the composition and distribution of cultivated soil aggregates
and to clarify the carbon and nutrients contents and distribution in aggregates of each
particle size. It could provide a microcosmic explanation for the coupling equilibrium
mechanism between nutrient elements at the aggregate level [10].

Ecological stoichiometry is an important indicator to illustrate the regulation of ecosys-
tem functions and the circulation of biogeochemical elements; it can be used to track
changes in ecosystem structure and nutrient circulation [11,12]. Therefore, ecological
stoichiometric ratios provide the most suitable approach for investigating the contents,
proportional relationships and change trends of chemical elements in the ecological pro-
cesses of sloping farmland soil [13]. As an important part of ecosystems, soil plays a
key role in the growth of crops. The study of soil ecological chemometrics can reveal
nutrient availability and restriction conditions [14], which are of great significance for
understanding the cycling of C, N and P and the role of soil in the biogeochemical cycle of
nutrient elements [12,15]. At present, studies have mainly focused on the global or national
scales [16,17], different ecosystems [18–20], different vegetation types [21,22] and the effects
of human interference [23,24], as well as the ecological stoichiometric characteristics of soil
C, N and P. And studies on soil carbon, nitrogen and phosphorus dynamics in agricultural
ecosystems has become a hot topic. In recent years, land use [25], farming systems [26],
fertilization methods [27] and returning plant residues to fields [28] have been studied.
Studies on soil stoichiometric characteristics have also achieved some good results [29].

However, there have been few studies on the changes in soil aggregate particle size
and the stoichiometry of soil aggregate nutrients under different long-term tillage mea-
sures. Therefore, this study selected several typical tillage measures applied in similar site
conditions as the research objects, analyzed the distribution trends of soil aggregates, and
studied the mass fractions and stoichiometric ratios of soil C, N and P under the different
tillage treatments. The study revealed the effects of tillage measures on the distribution
of soil aggregates, nutrient changes and stoichiometric characteristics, clarified the effect
of nutrient restrictions in sloping farmland soil, and provides a reference for determin-
ing appropriate tillage measures, balancing nutrient ratios, and implementing rational
fertilization in sloping farmland in hilly red soil areas.

2. Materials and Methods
2.1. Study Area

The study area is located in northern Jiangxi Province in the De’an Yan gully wa-
tershed, on the west bank of the Poyang Lake ecosystem at 115◦42′38”~115◦43′06” E,
29◦16′37”~29◦17′40” N, with a total area of approximately 80 hm2 (Figure 1). This region is
located in the subtropical monsoon climate zone, which experiences abundant rainfall (an-
nual average rainfall of 1350.9 mm), an annual average temperature of 16.7 ◦C, an annual
sunshine duration of 1650–2100 h, and an annual average frost-free period of 249 days. The
geomorphology is shallow, with an elevation of 30–100 m and a slope of 5–25◦.

The parent material of the soil is mainly quaternary red clay, and the zonal vegetation is
a subtropical evergreen broad-leaved forest. According to WRB soil classification standard,
the soil in this study area belongs to Ferralsols. Table 1 shows the soil physical and chemical
properties of this study area.
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Table 1. Study area soil physical and chemical properties.

SOC
(g.kg−1)

TN
(g.kg−1)

TP
(g.kg−1)

TK
(g.kg−1) pH Sand

(0.05–2 mm)
Silt

(0.002–0.05 mm)
Clay

(<0.002 mm)

8.64 0.55 0.31 15.87 6.73 29.68% 45.56% 24.76%

2.2. Experimental Plot Design

In this study, the field plot experiments were conducted in the Jiangxi Soil and Water
Conservation Ecological Science and Technology Park. The plots were randomly arranged.
Ten standard runoff plots with slopes of 10◦ and uniform soil thickness and physical and
chemical properties were established. The horizontal width of each plot was 5 m, the
horizontal length was 20 m, and ridges with a thickness of 12 cm were established all
around each plot. The ridges were built with clay red brick to 20 cm above the ground
and 30 cm deep. A rectangular water catch tank and a circular collection bucket were set
below the plot to intercept the runoff and sediment from the plot. Five treatments were
designed, including bare land (BL), longitudinal-ridge tillage (LR), conventional tillage +
straw mulching (CS), cross-ridge tillage (CR), and longitudinal-ridge tillage + hedgerow
(LH) (Figure 2). Each measure was repeated twice (Table 2). The bare land was plowed
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and fertilized as in the other sloping farmland plots but did not have ridges. The chemical
fertilizer applied in the plot was a combination of urea (3.0 kg/100 m2), superphosphate
(6.0 kg/100 m2) and potassium chloride (2.3 kg/100 m2). Table 2 shows the details of the
treatments in the experiment.
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Table 2. Details of tillage treatment plots.

Tillage Measure Slope Plot Size Replicates Treatment Details

Bare land (BL) 10◦ 5 × 20 m 2 Pure soil that nothing grows, Plowed and
fertilized in the same way as the other plots.

Longitudinal-ridge tillage (LR) 10◦ 5 × 20 m 2 Ridges (70 cm wide) and furrows
(30 cm wide).

Conventional tillage + straw
mulching (CS) 10◦ 5 × 20 m 2 Flat-plowed without ridging and covered

with straw (1 kg/m2).

Cross-ridge tillage (CR) 10◦ 5 × 20 m 2 Ridges (70 cm wide) and furrows
(30 cm wide).

Longitudinal-ridge tillage +
hedgerows (LH) 10◦ 5 × 20 m 2

Ridges (70 cm wide) and furrows (30 cm
wide). Two daylily hedgerows (50 cm wide)
were planted at the bottom and 10 m from

the bottom the plot.

Planting system: Peanuts were planted in mid-May in every year (after the rape was
harvested). All plots except the no-till plots were plowed to a depth of 20 cm. At the
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end of August, the peanuts were harvested after ripening, and the peanut straw was not
returned to the field. Rapeseed planting was completed before October 1 in mid- to late
September in every year. Rapeseed harvesting was performed in the first or second half of
May according to grain maturity and weather conditions.

Soil sampling method: In this study, the S-type sampling method was used to sample
the soil from the upper and lower soil layers (0–20 cm and 20–40 cm). In the ridge plots
and plots with hedgerows, soil samples of the same amount were taken from on and off
the ridges and mixed evenly. Finally, all soil samples from each plot were mixed, and
approximately 1 kg of soil samples was obtained from each plot by the quartering method.
Detailed sampling scheme is shown in Figure 3.
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2.3. Soil Sample Treatment and Determination Methods

The soil physical and chemical indexes were determined by referring to the soil
Agricultural Chemical Analysis Method [30]. The contents of aggregates of different
particle sizes were determined by dry and wet sieving. The soil organic carbon (SOC)
contents of the soil and the wet-sieved aggregates were determined by the potassium
dichromate oxidation method. The total nitrogen (TN) contents in the soil and the wet-
sieved aggregates of different particle sizes were determined by the sulfuric acid-perchloric
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acid-sodium salicylate colorimetric method. The sulfuric acid-perchloric acid digestion-
molybdenum-antimony resistance colorimetry method was used to determine the total
phosphorus (TP) contents of the soil and the wet-sieved aggregates.

According to the aggregate composition determination method in the agricultural
testing standards of the People’s Republic of China [31], after wet sieving, the soil ag-
gregates of various sizes were categorized into >2 mm, 1–2 mm, 0.5–1 mm, 0.25–0.5 mm,
0.106–0.25 mm and <0.106 mm size classes and then dried in an oven at 60 ◦C for the
determination of their nutrient (C, N, and P) contents.

2.4. Data Processing Methods

The regression analysis was conducted with SPSS software (SPSS 11.0 for Windows;
SPSS Inc., Chicago, IL, USA), and the graphs were drawn with OriginPro and Excel
software. Multiple comparisons were performed, and one sample T-test was adopted for
the significance comparison between among different tillage practices.The least significant
difference (LSD) method was used for the multiple comparison and binary analysis of
variance at the 0.05 level.

3. Results
3.1. Aggregate Particle-Size Proportions in the Tillage Plots
3.1.1. Dry-Sieved Aggregates

As shown in Figure 4, large, >0.25 mm aggregates accounted for more than 98% of the
total aggregates in the dry-sieved soil from 0–20 cm under the different tillage measures.
The large aggregates of >0.25 mm were mainly in the >10 mm, 5–10 mm and 2–5 mm size
classes, and the sum of the three aggregate size classes (namely, the >2 mm aggregates)
accounted for more than 80% of the total aggregates. The trends of aggregates in the
20–40 cm dry-sieved soil were similar to those in the 0–20 cm dry-sieved soil. In the same
tillage treatment, the proportion of aggregates in the >2 mm and >0.25 mm size classes
between the dry-sieved 0–20 cm and 20–40 cm soils were not significantly different.
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Compared with those in the dry-sieved soil in BL (0–20 cm), the >2 mm aggregates in
CS and LH were slightly more abundant, with proportions of 1.5% and 2.2%, respectively.
Compared with those in the dry-sieved soil at 20–40 cm in BL, the >2 mm aggregates in
CS and LH were slightly more abundant, with proportions of 5.1% and 4.8%, respectively.
However, there was no significant increase or decrease in the aggregate ratio of >0.25 mm
in the treatments compared with that in BL.

3.1.2. Wet-Sieved Aggregates

As shown in Figure 5, the large aggregates of >0.25 mm dominated in the wet-sieved
soils from 0–20 cm under the different tillage measures, accounting for more than 80% of the
total aggregates. The >2 mm and 0.25–0.5 mm aggregates made up the main proportion of
the large aggregates, accounting for more than 50% of the total aggregates. Compared that
in the with 0–20 cm wet-sieved soil, the proportion of >0.25 mm and > 2 mm wet-sieved
aggregates in the 20–40 cm soil was slightly higher. The proportion of >0.25 mm wet-sieved
aggregates in the soil in the LR plot was 7.0% than that in BL, while the proportion of 2 mm
wet-sieved aggregates in the LH plot was 12.6% higher.
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Figure 5. Distribution of wet-sieved aggregates under different tillage measures.

Compared with those in the 0–20 cm wet-sieved soil in BL, the proportions of >0.25 mm
and >2 mm aggregates in LH were 6.1% and 60.5% higher, respectively; those in the
remaining plots were lower than those in BL to different extents. Compared with that in
the 20–40 cm wet-sieved soil in BL, the proportions of >0.25 mm aggregates in the other
tillage plots were not substantially different. The proportion of >2 mm aggregates in the
20–40 cm soil in the LH plot increased the most, by 103.3%, compared with that in BL. The
results showed that CR and LH increased the proportion of large, >2 mm aggregates in the
0–20 cm and 20–40 cm soil layers.
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3.2. Soil and Aggregate Nutrient Contents under Tillage Measures
3.2.1. Soil Nutrient Content

Figure 6 shows that the 0–20 cm SOC content increased significantly only in LH
(p < 0.01), by 36.2%, compared with that in BL. In the 20–40 cm soil, the SOC content in LH
was still significantly higher than that in BL (p < 0.01), by 17.1%, while the SOC content in
the other plots was lower than that in BL.

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 21 
 

 

    
(a) (b) 

 

Figure 6. (a) 0–20 cm soil nutrient contents under the different tillage treatments. (b) 20–40 cm soil nutrient contents under 
the different tillage treatments. Significant differences between treatments are indicated with uppercase letters, while sig-
nificant differences between soil layers are indicated with lowercase letters. 

Compared with that in BL, the 0–20 cm soil TN contents in the other tillage measure 
plots were significantly higher, and the soil TN content in LH was significantly higher 
than that in the other plots (p < 0.01), by 19.3%. Compared with that in BL, there was no 
significant difference in the 20–40 cm soil TN contents in the other tillage measure plots. 
The TN content decreased throughout the experiment in all tillage measure plots except 
the LH plot. 

Compared with that in the 0–20 cm soil in BL, the TP content in LH was significantly 
higher p < 0.01), by 103.8%. Compared with that in the 20–40 cm soil in BL, the TP content 
of CR was significantly higher (p < 0.01), by 9.3%. 

Except in BL, the contents of SOC and TN in the 0–20 cm soil layer were higher than 
those in the 20–40 cm soil layer. The SOC content in the BL, LR, CS, CR and LH plots 
changed by −10.3%, 58.2%, −0.1%, 9.8% and 4.3% between layers, respectively, and the TN 
content changed by −4.3%, 24.2%, 1.8%, 12.1% and 10.6%. However, there was a significant 
difference between the two soil layers only in LR (p < 0.01). The TP content in the 0–20 cm 
soil layer was higher than that in the 20–40 cm soil layer. Compared with the TP content 
in the 20–40 cm soil, the TP content in the BL, LR, CS, CR and LH plots in the 0–20 cm soil 
was 7.4%, 35.8%, 10.0%, 7.8% and 122.6% higher, respectively. However, there was a sig-
nificant difference between the two soil layers only in LH (p < 0.01). 

3.2.2. Aggregate Nutrient Content 
As shown in Table 3, the >2 mm aggregates had the highest SOC content in the 0–20 

cm soil within the same tillage plot, and the SOC content decreased with aggregate size. 
The trend of organic carbon content in the 20–40 cm soil was the same as that in the 0–20 
cm soil. The SOC content of the 0–20 cm soil aggregates was higher than that of the 20–40 
cm soil aggregates of the same size under the same tillage measure. However, this trend 
was more obvious in larger aggregates, especially in the >2 mm soil aggregates. As the 
size of the aggregates decreased, the gap in aggregate SOC content between the two soil 
layers gradually decreased, and the values tended to be similar. 

As shown in Table 4, the TN content of the >2 mm aggregates was the highest of the 
0–20 cm soil aggregates and decreased with aggregate size. The trend of TN content in the 
20–40 cm soil was the same as that in the 0–20 cm soil. The trend of TN content for the 
same aggregate size in different soil layers under the same tillage method was the same 
as that of SOC. 

As shown in Table 5, the TP content of the aggregates in the 0–20 cm and 20–40 cm 
soil layers showed an inverted “S”-shaped trend. It decreased first, then increased, then 

Figure 6. (a) 0–20 cm soil nutrient contents under the different tillage treatments. (b) 20–40 cm soil nutrient contents under
the different tillage treatments. Significant differences between treatments are indicated with uppercase letters, while
significant differences between soil layers are indicated with lowercase letters.

Compared with that in BL, the 0–20 cm soil TN contents in the other tillage measure
plots were significantly higher, and the soil TN content in LH was significantly higher
than that in the other plots (p < 0.01), by 19.3%. Compared with that in BL, there was no
significant difference in the 20–40 cm soil TN contents in the other tillage measure plots.
The TN content decreased throughout the experiment in all tillage measure plots except
the LH plot.

Compared with that in the 0–20 cm soil in BL, the TP content in LH was significantly
higher p < 0.01), by 103.8%. Compared with that in the 20–40 cm soil in BL, the TP content
of CR was significantly higher (p < 0.01), by 9.3%.

Except in BL, the contents of SOC and TN in the 0–20 cm soil layer were higher than
those in the 20–40 cm soil layer. The SOC content in the BL, LR, CS, CR and LH plots
changed by −10.3%, 58.2%, −0.1%, 9.8% and 4.3% between layers, respectively, and the TN
content changed by−4.3%, 24.2%, 1.8%, 12.1% and 10.6%. However, there was a significant
difference between the two soil layers only in LR (p < 0.01). The TP content in the 0–20 cm
soil layer was higher than that in the 20–40 cm soil layer. Compared with the TP content
in the 20–40 cm soil, the TP content in the BL, LR, CS, CR and LH plots in the 0–20 cm
soil was 7.4%, 35.8%, 10.0%, 7.8% and 122.6% higher, respectively. However, there was a
significant difference between the two soil layers only in LH (p < 0.01).

3.2.2. Aggregate Nutrient Content

As shown in Table 3, the >2 mm aggregates had the highest SOC content in the 0–20 cm
soil within the same tillage plot, and the SOC content decreased with aggregate size. The
trend of organic carbon content in the 20–40 cm soil was the same as that in the 0–20 cm
soil. The SOC content of the 0–20 cm soil aggregates was higher than that of the 20–40 cm
soil aggregates of the same size under the same tillage measure. However, this trend was
more obvious in larger aggregates, especially in the >2 mm soil aggregates. As the size of
the aggregates decreased, the gap in aggregate SOC content between the two soil layers
gradually decreased, and the values tended to be similar.
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Table 3. SOC content of aggregates of different particle sizes.

Aggregates of
Different Grain

Sizes

0–20 cm 20–40 cm

BL LR CS CR LH BL LR CS CR LH

>2 5.16 ± 0.20 6.57 ± 0.16 4.90 ± 0.07 3.86 ± 0.00 7.61 ± 0.15 5.40 ± 0.18 4.67 ± 0.15 5.08 ± 0.27 4.15 ± 0.11 5.22 ± 0.18
2–1 4.24 ± 0.30 5.01 ± 0.11 4.23 ± 0.04 3.98 ± 0.08 6.33 ± 0.04 4.60 ± 0.27 3.41 ± 0.02 4.13 ± 0.29 3.35 ± 0.07 4.87 ± 0.07

0.5–1 4.15 ± 0.28 3.91 ± 0.07 3.68 ± 0.06 3.86 ± 0.03 5.96 ± 0.03 4.41 ± 0.27 3.11 ± 0.05 3.88 ± 0.27 3.90 ± 0.08 4.45 ± 0.12
0.25–0.5 3.73 ± 0.27 2.99 ± 0.11 3.68 ± 0.06 3.86 ± 0.06 5.38 ± 0.10 3.99 ± 0.23 2.77 ± 0.00 3.88 ± 0.27 3.18 ± 0.04 4.17 ± 0.07

0.0016–0.25 3.43 ± 0.25 3.32 ± 0.17 3.34 ± 0.08 3.21 ± 0.01 4.74 ± 0.05 4.06 ± 0.09 2.52 ± 0.03 3.79 ± 0.29 2.94 ± 0.03 3.70 ± 0.03
<0.0016 3.06 ± 0.18 3.40 ± 0.10 3.05 ± 0.07 2.98 ± 0.01 4.04 ± 0.01 3.23 ± 0.12 3.28 ± 0.16 3.00 ± 0.18 2.85 ± 0.02 3.06 ± 0.10

As shown in Table 4, the TN content of the >2 mm aggregates was the highest of the
0–20 cm soil aggregates and decreased with aggregate size. The trend of TN content in the
20–40 cm soil was the same as that in the 0–20 cm soil. The trend of TN content for the
same aggregate size in different soil layers under the same tillage method was the same as
that of SOC.

Table 4. TN contents of aggregates of different particle sizes.

Aggregates of
Different Grain

Sizes

0–20 cm 20–40 cm

BL LR CS CR LH BL LR CS CR LH

>2 0.73 ± 0.06 0.88 ± 0.06 0.73 ± 0.03 0.70 ± 0.06 0.89 ± 0.02 0.73 ± 0.06 0.75 ± 0.11 0.71 ± 0.06 0.66 ± 0.04 0.71 ± 0.08
2–1 0.70 ± 0.09 0.70 ± 0.03 0.64 ± 0.02 0.69 ± 0.01 0.79 ± 0.06 0.67 ± 0.09 0.60 ± 0.01 0.63 ± 0.12 0.66 ± 0.01 0.72 ± 0.01

0.5–1 0.66 ± 0.07 0.66 ± 0.04 0.57 ± 0.07 0.66 ± 0.01 0.77 ± 0.07 0.66 ± 0.07 0.59 ± 0.00 0.60 ± 0.09 0.61 ± 0.00 0.66 ± 0.01
0.25–0.5 0.64 ± 0.09 0.63 ± 0.04 0.59 ± 0.02 0.61 ± 0.00 0.72 ± 0.07 0.61 ± 0.09 0.56 ± 0.00 0.58 ± 0.09 0.59 ± 0.00 0.61 ± 0.03

0.0016–0.25 0.63 ± 0.07 0.60 ± 0.02 0.54 ± 0.04 0.58 ± 0.03 0.66 ± 0.07 0.63 ± 0.07 0.54 ± 0.02 0.56 ± 0.08 0.57 ± 0.01 0.61 ± 0.00
<0.0016 0.60 ± 0.07 0.59 ± 0.00 0.47 ± 0.05 0.56 ± 0.03 0.60 ± 0.04 0.58 ± 0.06 0.50 ± 0.00 0.53 ± 0.05 0.53 ± 0.00 0.57 ± 0.01

As shown in Table 5, the TP content of the aggregates in the 0–20 cm and 20–40 cm
soil layers showed an inverted “S”-shaped trend. It decreased first, then increased, then
decreased again with decreasing aggregate particle size. The TP content of the >2 mm
aggregates was still the highest of that in all aggregate sizes. The TP content in the 0–20 cm
soil was greater than that in the 20–40 cm soil for the same aggregate size under the same
tillage measures.

Table 5. TP content of aggregates of different particle sizes.

Aggregates of
Different Grain

Sizes

0–20 cm 20–40 cm

BL LR CS CR LH BL LR CS CR LH

>2 0.27 ± 0.04 0.46 ± 0.12 0.33 ± 0.02 0.31 ± 0.00 0.41 ± 0.04 0.26 ± 0.03 0.32 ± 0.08 0.43 ± 0.12 0.29 ± 0.04 0.27 ± 0.00
2–1 0.29 ± 0.03 0.35 ± 0.07 0.33 ± 0.06 0.31 ± 0.00 0.37 ± 0.03 0.27 ± 0.02 0.26 ± 0.04 0.31 ± 0.00 0.27 ± 0.01 0.28 ± 0.00

0.5–1 0.30 ± 0.04 0.34 ± 0.06 0.31 ± 0.05 0.32 ± 0.01 0.36 ± 0.03 0.27 ± 0.02 0.27 ± 0.00 0.31 ± 0.03 0.26 ± 0.01 0.29 ± 0.00
0.25–0.5 0.30 ± 0.03 0.36 ± 0.06 0.30 ± 0.05 0.29 ± 0.01 0.33 ± 0.04 0.28 ± 0.02 0.27 ± 0.01 0.34 ± 0.05 0.28 ± 0.03 0.28 ± 0.00

0.0016–0.25 0.33 ± 0.04 0.39 ± 0.06 0.32 ± 0.06 0.31 ± 0.03 0.36 ± 0.06 0.30 ± 0.02 0.31 ± 0.04 0.36 ± 0.05 0.28 ± 0.03 0.26 ± 0.01
<0.0016 0.32 ± 0.02 0.37 ± 0.05 0.29 ± 0.05 0.29 ± 0.03 0.32 ± 0.04 0.29 ± 0.00 0.28 ± 0.05 0.32 ± 0.05 0.27 ± 0.03 0.23 ± 0.00

3.3. Soil Stoichiometric Ratios under Different Tillage Measures
3.3.1. Soil Stoichiometric Ratios

As shown in Figure 7, the C:N ratio value range of the 0–20 cm soil was 6.17–8.28. The
soil C:N ratio value of LH was significantly higher than that of the other tillage plots (p <
0.01). The soil C:N ratio value of CR was significantly lower than that of the other plots
(p < 0.01). The range of C:P ratio value in the 0–20 cm soil was 9.11 to 14.85. The soil C:P
ratio value of LH was significantly higher than that of the other tillage plots (p < 0.01). The
soil C:P ratio value of LR was significantly lower than that of the other plots (p < 0.01).
The N:P ratio value range in the 0–20 cm soil was 1.39–1.88. The soil N:P ratio value of LR
was significantly lower than that of the other plots. There were no significant differences
among the soil N:P ratios value in the other tillage plots.
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The range of C:N ratio value inthe 20–40 cm soil was 5.10–8.78. The soil C:N ratio
value of LH was significantly higher than that of the other tillage plots (p < 0.01). The
soil C:N ratio value of LR was significantly lower than that of the other plots (p < 0.01).
The range of C:P ratio value in the 20–40 cm soil was 8.93–20.83. The soil C:P ratio value
of LH was significantly higher than that of the other tillage plots (p < 0.01). The soil C:P
ratio value of LR was significantly lower than that of the other plots (p < 0.01). The range
of N:P ratio value inthe 20–40 cm soil was 1.75–2.35. The soil N:P ratio value of LH was
significantly higher than that of the other tillage plots. There were no significant differences
in soil N:P among the other tillage plots.

The soil C:N and C:P ratios value in 0–20 cm were both lower than those in 20–40 cm,
except in the LR plot. The N:P ratio value of the 0–20 cm soil layer was lower than that of
the 20–40 cm soil layer, except in the CR plot. However, the differences between the two
soil layers were not significant.

3.3.2. Aggregate Stoichiometric Ratios

Figure 8 shows that the soil C:N ratio decreased with particle size in BL and LH. The
soil C:N ratio first decreased and then increased with decreasing grain size in LR. In CS,
the differences among aggregates with different grain sizes and between soil layers were
not obvious. The soil C:N ratio first increased and then decreased with decreasing grain
size in CR. The average C:N ratio for all particle sizes in the 0–20 cm soil was higher than
in the 20–40 cm soil, except in BL.

Figure 9 shows that the soil C:P ratios decreased with decreasing particle size in BL
and LH. The soil C:P ratio first decreased and then increased with decreasing grain size
in LR. The soil C:P ratio decreased with decreasing particle size in CS. The soil C:P ratio
first increased and then decreased with decreasing particle size in CR. The 0–20 cm soil C:P
ratio was lower than the 20–40 cm soil C:P ratio in BL. The soil C:P ratio in the other plots
did not show clear trends.
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Figure 10 shows that the soil N:P ratios decreased with decreasing particle size in BL
and CS. The soil N:P ratio decreased first and then increased with decreasing grain size
in LR. The soil N:P ratio first increased and then decreased with decreasing particle size
in CR. The soil N:P ratio showed different trends between the 0–20 cm and 20–40 cm soil
layers in LH.
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com-parisons between soil layers are marked with lowercase letters.



Sustainability 2021, 13, 890 14 of 19

The 0–20 cm soil N:P ratios was lower than that at 20–40 cm in BL, LR, CR and LH.
There was no clear difference between the N:P ratios in the two soil layers in CS.

4. Discussion
4.1. Effects of Long-Term Tillage Practices on Soil Aggregates

Soil structure is the basis of sustained soil fertility, and tillage practices have a great
impact on the formation of soil aggregates [32]. The particle size of soil aggregates will
change in different ways because of the impact of different long-term tillage measures. A
>0.25 mm aggregate size is considered to be the best structure for soil and a good basis
for maintaining the stability of the soil structure. The higher the proportion of this size
class is, the better the soil stability is [33]. In this study, the contents of C, N and P in the
>2 mm aggregates were the highest under all tillage measures (Figures 6–8). Therefore,
the proportions and nutrient contents of >2 mm aggregates were analyzed and compared.
However, the conclusion of this study is different from that of studies in the same parent
soil [34]. The main reasons for this discrepancy are the different planting patterns and the
different grades of the dry-sieved aggregates. In this study, all >2 mm aggregate ratios
and nutrient levels were calculated for a peanut-rape rotation system. In the other studies,
only peanuts were planted, and the >2 mm aggregates were analyzed within a 2–8 mm
aggregate size class.

Tillage was performed in all plots, so there was little difference in the mechanical
stability of the dry-sieved soil aggregates between plots or between soil layers under
the different tillage measures. The proportion of >0.25 mm aggregates in the 0–20 cm
and 20–40 cm soil layers increased only in LH under wet sieving. The main reason for
this difference was that the SOC content in LH was significantly higher than that in the
other plots (Figure 5). The >2 mm soil aggregate proportion increased only in CS and LH.
The <0.25 mm aggregate proportion increased in the 0–20 cm soil layer in LR and in the
20–40 cm soil layer in CR. These findings are similar to those in other relevant studies [35]
and indicate that different tillage measures have little influence on soil mechanical stability
but have a great influence on soil water stability. Improper tillage practices, such as leaving
fields bare, will reduce the stability of soil water and increase the risk of soil erosion.

4.2. Effects of Long-Term Tillage Measures on Soil Nutrients

C, N and P are essential elements for plant growth that directly affect crop growth and
soil nutrient cycling [36]. Soil nutrient availability is affected by the positive and negative
impacts of crop tillage measures on soil nutrient retention and absorption and on soil
particle size [37].

The nutrient content of the upper layer was higher than that of the lower layer (Figure 5),
indicating that the tillage measures effectively increased the nutrient content of the surface
soil. Nutrients accumulated first in the upper layer of the soil due to the direct effects of
fertilization and tillage activities on the surface layer as well as the increasing input of
exogenous nutrients to the soil during tillage and the influence of crop plant residues [27].
The SOC contents at 0–20 cm and 20–40 cm in the tillage measure plots (except LH) were
lower than those in BL. This occurred because crops take up some soil organic matter
and because cultivation accelerates the mineralization of soil organic matter. If there is no
exogenous supplementation or a change in tillage methods according to the cultivated soil
conditions, soil organic matter will not accumulate over the tillage period [38]. Therefore,
in combination with hedgerow practices implemented on the basis of traditional tillage
methods, soil organic matter accumulation can be increased [35]. Compared with that in
the same soil layer in BL, the 0–20 cm soil TN content increased in the plots under the other
tillage measures. This occurred mainly because all plots were fertilized during cultivation;
there was no plant protection for the soil in the BL plot, and fertilizer was lost through
runoff and sediment loss. However, compared with that in BL at 20–40 cm, the soil TN
increased only in the LH plot; the remaining plots had lower soil TN contents than the BL
plot. The main reason for this result is that 20–40 cm is the main distribution range of the
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crop root system. Crop absorption and the deep leaching of nitrogen [39] resulted in a lower
TN content in the plots planted with crops than in the bare control plots without crops.
The soil phosphorus content is affected mainly by the soil parent material, soil formation
process, tillage and fertilization practices [40] and soil and water loss. Compared with that
in BL, the TP in the 0–20 cm soil in the other tillage plots was slightly higher [41], and that
in the LH plot was much higher. This occurred because TP is lost mainly with sediment
loss, but hedgerows can intercept sediment and effectively reduce phosphorus losses [42].
The SOC and TN of the soil aggregates the in different plots decreased with decreasing
particle size, which was consistent with the conclusions of relevant studies [43]. The
nutrient content of aggregates in the 0–20 cm layer was greater than that in the 20–40 cm
layer, especially in the >2 mm aggregates, which had the highest nutrient content. Studies
have shown that organic carbon in the 0–5 cm soil layer is mainly stored in 0.25–2 mm
aggregates [44]. However, studies have also shown that large aggregates with the highest
particle size (> 2 mm) are the main source of SOC reserves in the 0–30 cm layer [45]. This
difference is caused by the influence of various factors, such as the soil parent material and
land use type. The contents of SOC and TN in the soil aggregates of different particle sizes
in LH were higher than those in the aggregates in the other tillage plots. Interception by
hedgerows may have increased nutrient contact with the soil aggregates. Other studies
have also found that hedgerows can increase the organic carbon content of >2 mm soil
aggregates, which is in line with trends observed in relevant research [35].

4.3. Effects of Long-Term Tillage Measures on Soil Stoichiometric Ratios

Soil C:N, C:P and N:P ratios are important indexes reflecting soil nutrient composition
and quality. The soil C:N ratio affects the circulation of C and N in soil and is a sensitive
indicator of soil quality [46]. The global mean soil C:N ratio is 14.3 [47]; the Chinese mean
soil C:N ratio is 11.9 [48]; and the Chinese cultivated soil mean C:N ratio is 11.8 [12]. In
this study, the C:N range of the sloping farmland at 0–20 cm was 6.17–8.28, far lower than
the national average C:N ratio of cultivated land and far lower than those of the other
types of soil. Constant artificial fertilization is the main reason that the nitrogen content of
cultivated land is much higher than the amount required by crops. This suggests that the
cultivated soil in the study area is restricted by carbon. The soil C:P ratio is an important
index of the potential for phosphorus release or phosphorus retention by the mineralization
of soil organic matter [49]. The global mean soil C:P ratio is 186 [47]; the Chinese mean
soil C:P ratio is 61 [48]; and the Chinese cultivated mean soil C:P ratio is 38.1 [12]. In this
study, the C:P range of the 0–20 cm soil was from 9.11 to 14.85, which is lower than the
national average C:P for cultivated soil and far lower than the average C:P of Chinese soil
and the global average C:P of cultivated soil. Moreover, the phosphorus content of the
soil in the test area is much higher than that of a nutrient-rich rice cultivation soil [26].
This further suggests that the cultivated soil in the study area is restricted by carbon. The
main reason for the C restriction is that crops have been harvested for many years without
returning organic matter to the soils, which has led to a low soil organic matter content.
The C:N ratio is generally inversely proportional to the decomposition rate of organic
matter [50]. C:N was low in this study, indicating that soil organic matter was mainly in
a state of mineralization or decomposition. This explains why, under natural conditions,
the soil stoichiometric ratio decreases with soil depth, but the soil stoichiometric ratio at
0–20 cm in this study was less than that at 20–40 cm. Therefore, organic matter should be
returned to the sloping farmland in the study area, or organic fertilizer should be applied
to provide enough organic matter. However, the soil C:P was still low even in the CS
treatment, indicating that simply applying the straw on the ground does not increase the
soil organic matter content. Increasing the soil organic matter content can be achieved only
by plowing to mix the straw with the soil [51]. N:P is often used to diagnose soil nutrient
limiting factors and to determine nutrient limitation thresholds [50]. The global mean soil
N:P ratio is 13.1 [47]; the Chinese mean soil N:P ratio is 5.2 [48]; and the Chinese cultivated
mean soil N:P ratio is 3.4 [12]. In this study, the N:P in the 0–20 cm soil on sloping land
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ranged from 1.39–1.88, which is lower than the national average N:P of cultivated land and
far lower than the average Chinese soil N:P and global soil N:P. Thus, nitrogen is presumed
to be a limiting factor. On the one hand, nitrogen in the upper soil layer may be more prone
to loss and leaching because it exists in a dissolved state. However, P is mostly bound
to sediments and is lost. Except for BL and LR, the plots included water conservation
measures that resulted in less phosphorus loss, so the N loss was comparatively higher.
On the other hand, as previously noted, due to the artificial application of a compound
fertilizer with a fixed element ratio, both N and P are overabundant, and P is overabundant
compared with N. Therefore, the proportion of fertilizer suitable for this study area should
be redetermined in the later stage of crop growth according to the amount and specific
gravity of the soil nutrients.

Because each plot was located on the same slope, the nutrient levels in aggregates of
each particle size were assumed to be relatively similar in the early stage of soil utilization.
The current changes in aggregate nutrient levels and size class proportions have mainly
been caused by the influence of the different tillage measures applied in the past 20 years.
The proportions of the different soil particle sizes in each tillage plot were similar to the
total size class range observed in the soil. The soil C:N, C:P and N:P ratios in the exposed
control plot decreased with decreasing particle size. The soil C:N, C:P, and N:P ratios in
LR decreased first and then increased with decreasing particle size, and the turning point
was at 0.25 mm. Soil nutrients with particle sizes <0.25 mm were more abundant in LR
than in BL. C:N did not change much among particle sizes in CS; C:P and N:P decreased
with decreasing particle size, but the decrease was not large compared with that in BL. This
result indicates that straw mulching increased the content of nutrients in the soil aggregates
with small particle sizes and resulted in a uniform nutrient distribution on the aggregates
of different particle sizes. The soil C:N, C:P and N:P ratios in CR first increased and then
decreased with decreasing particle size, which was similar to the conclusion in a related
study [9]. The maximum values of C:N, C:P and N:P occurred in soil aggregates of different
particle sizes in CR. The previous calculation of the soil nutrient contents of aggregates
of various particle sizes revealed that the contents of C and N were higher in aggregates
with larger particle sizes and lower in aggregates with smaller particle sizes. Therefore, the
CR measure increased the nitrogen content in the >2 mm and 1–2 mm aggregates, and the
C:N ratio of these two particle sizes were less than that of the 0.25–0.5 mm particle size.
Therefore, the C:N ratio was the highest in particle sizes between 0.25 and 0.5 mm. The
phosphorus content of the aggregates with 0.5–1 mm particle sizes was lower than that
of the two adjacent size-class aggregates, and the C:P ratio in the aggregates with 0.5–1
mm particle sizes was the highest, which is similar to the findings of a related study [9].
The soil in CR showed increased nitrogen content in the 1–2 mm aggregates, while the
phosphorus content in this particle size was relatively low. Therefore, the ratio of N:P in
the 1–2 mm aggregates was the maximum. The N:P ratio under LH was similar to that
under LR. Therefore, stoichiometric ratio trends by aggregate size in LH were similar to
those in LR. However, due to the influence of hedgerows on the microtopography of the
plot, the nutrient contents of <0.25 mm particles did not increase, so the stoichiometric
ratio of the plot decreased with decreasing particle size. Compared to BL, the other tillage
measures exhibited smaller differences in stoichiometric ratios between soil layers.

4.4. Comprehensive Analysis of the Influence of Various Factors on Soil Nutrients and
Stoichiometric Ratios in Sloping Farmland

As shown in Table 6,the binary variance analysis of soil particle size, soil depth,
tillage measures and the three factors’ mutual influences on soil C, N, and P contents and
stoichiometric ratios showed that the single factors had stronger influences on nutrient
content and stoichiometric ratios than the interactions between factors. Soil particle size
contributed the most to the variation in soil nitrogen content, at 46.9%. Depth contributed
the most to the variation in soil phosphorus content, with a contribution rate of 57.5%.
Tillage measures contributed the most to the variation in soil carbon content, with a
contribution rate of 25.4%. Depth contributed the most to the variation in the C:N ratio



Sustainability 2021, 13, 890 17 of 19

(39.4%). Tillage measures and soil particle size contributed the most to the variation
in the C:P ratio (37.1% and 43.0%, respectively). The contribution rates of soil particle
size, soil depth and tillage measures to the N:P ratio were similar, at 29.7%, 29.0%, and
27.4%, respectively.

Table 6. Bivariate analysis of soil nutrients and stoichiometric ratio in sloping farmland by various factors.

C N P C:N C:P N:P

G p <0.001 0.000 <0.378 <0.267 0.000 0.000
Contribution(%) 37.01 46.86 4.60 10.71 43.01 29.65

D p <0.067 <0.004 <0.001 <0.031 <0.343 <0.011
Contribution(%) 18.09 25.60 57.47 39.43 6.45 28.98

M p <0.002 <0.001 <0.001 <0.092 <0.001 0.000
Contribution(%) 25.37 15.46 15.46 17.05 37.14 27.41

GxD p <0.974 <0.867 <0.994 <0.997 <0.998 <0.938
Contribution(%) 0.86 0.97 0.00 0.53 0.37 1.06

GxM p <0.994 <0.980 <0.975 <0.999 <0.994 <0.994
Contribution(%) 1.83 1.45 2.30 2.14 2.48 1.45

DxM p <0.088 <0.091 <0.003 <0.047 <0.812 <0.207
Contribution(%) 11.02 6.28 18.39 20.89 2.79 6.35

GxDxM p 1 1 1 1 1 1
Contribution(%) 0.63 0.48 1.15 1.14 0.71 0.94

G is short for grade of aggregate; D is short for depth of soil; M is short for tillage measure.

5. Conclusions

Our study found that the nutrient level peaked in >2 mm soil aggregate across tillage
patterns after 20 years. It also led to the difference of nutrient contents in soil aggregates
under different tillage practices. LH increased the >2 mm aggregate proportion compared
with other plots. So LH has the highest C, N, P content. LH is the optimal tillage pattern
regarding to soil structure, nutrient level and balance. Moreover, the C:N, C:P, and N:P
ratios are lower than the national average of cultivated land. This indicate carbon is
the limiting factor for soil fertility in sloping farmland in this study area. Therefore,
increased organic fertilization to replenish organic matter is suggested in this area. It
is more appropriate to apply compound fertilizers with specific nutrient proportions
determined on the basis of the current soil nutrient status than to apply fertilizers with
fixed nutrient proportions. Among all the tillage measures, LH showed better water-
stable aggregate enhancement and nutrient interception as well as suitable stoichiometric
ratios. Therefore, LH can be recommended as a cultivation measure. The focus of this
manuscript is to discuss the effects of different tillage measures to the changes in nutrient
and stoichiometric characteristics. The authors hope that optimal C:N:P ratio value research
can be further carried out in subsequent studies based on crop yield.
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