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Abstract: Soil aggregation plays a critical role in the maintenance of soil structure and crop produc-
tivity. Fertilization influences soil aggregation, especially by regulating soil organic carbon (SOC) and
total nitrogen (TN) contents in aggregate fractions. Here, we conducted a fixed-site field experiment
to quantify the effect of five N application rates: 0, 75, 150, 225, and 300 kg·N·ha−1, denoted as N0,
N75, N150, N225, and N300, respectively, on soil aggregate stability, aggregate-associated SOC and
TN sequestration and crop productivity. Soil aggregates were divided into >0.25 (>5, 5–2, 2–1, 1–0.5,
0.5–0.25) and <0.25 mm through wet and dry sieving methods. The results showed that long-term
fertilization increased the proportion of macro-aggregates (>0.25 mm), decreased the proportion
of micro-aggregates (<0.25 mm), and improved the aggregates stability. Compared with N0, the
proportion of micro-aggregates in N225 was significantly decreased by 66.45% under wet sieving,
while the proportion of >5 mm macro-aggregates in N225 was significantly increased by 19.24% under
dry sieving (p < 0.05). With the increase in N application rate, the bulk SOC and TN contents first
increased and then decreased, and the SOC and TN of N225 were significantly increased by 17.75%
and 72.33% compared with N0 (p < 0.05). More specifically, fertilization promoted the distribution
and enrichment of SOC and TN in macro-aggregates and reduced the C/N of the micro-aggregates
and the contribution of SOC and TN in the micro-aggregates. Compared with N0, the contribution
rate of macro-aggregates to SOC and TN of N225 under wet sieving was significantly increased
by 84.13 and 17.18%, respectively, while the C/N of micro-aggregates of N225 under wet and dry
sieving methods was significantly decreased by 45.95 and 31.74%, respectively (p < 0.05). Moreover,
fertilization improved the yield, and N225 significantly increased the total yield by 80.68% compared
with N0 (p < 0.05). In conclusion, N225 was the suitable N application for improving soil aggregate
stability, carbon and nitrogen sequestration, and crop productivity on the Loess Plateau, China.

Keywords: fertilization; soil aggregate stability; soil organic carbon; total nitrogen; aggregate-
associated carbon and nitrogen; yield

1. Introduction

Soil aggregates are the basic unit of soil structure. The distribution and structure
of soil aggregates play an important role in maintaining good physical properties, main-
taining fertilizer, and reducing soil erosion [1]. According to their various formation pro-
cesses, they are mainly separated into micro-aggregates (<0.25 mm) and macro-aggregates
(>0.25 mm) [2]. Soil aggregates and SOC are closely correlated [1,3,4]. Since soil aggregates
provide physical protection for soil organic matter (SOM), increase organic carbon stabil-
ity, and protect internal organic carbon from microbial deterioration [5]. Therefore, the
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structure and dynamics of soil aggregates could be crucial in regulating C and N sequestra-
tion. In addition, SOC is an essential cementitious material that can improve soil particle
agglomeration and improve the soil aggregate structure [1,3]. As a result, characterizing
the soil aggregates distribution and aggregate stability and the distribution of carbon and
nitrogen can assist in determining if farmland soils are a source or sink of carbon in the
global carbon cycle and how the OM cycle alters following fertilizer application.

The Loess Plateau has contributed considerably to the country’s food supply in North-
west China [6]. However, soil problems caused by over-fertilization are endless and
extensive. Under intensive agricultural cropping systems, farmers overuse mineral fertil-
izers for maximum yield, leading to heavy native SOC mineralization [7]. The poor soil
caused by severe soil erosion and excessive SOC mineralization has become one of the
factors limiting sustainable agricultural development in this region [8]. As a result, improv-
ing soil carbon sequestration through sensible agricultural management strategies holds
great potential. Numerous innovations in N management have been suggested to assure
food security and lessen environmental effects. For example, reducing fertilizer applica-
tion promoted N utilization rate [9], combining the application of organic and inorganic
fertilizers, and adding straw to fertilizers [10]. Previous research has demonstrated that
these improved N fertilization methods have significantly increased carbon and nitrogen
sequestration [11] while decreasing negative environmental effects [12]. There needs to be
more information on the effects of improved N management on SOC and TN sequestration
and aggregate-associated C and N in fields with multi-year straw returning in this region.

It is difficult to identify the influence of N input on soil aggregates due to the complex-
ity of soil structure and the decomposition of each aggregate size fraction [13]. N addition
may indirectly affect soil structure by simultaneously changing biological factors (mainly
roots and fungal mycelium), but it may also affect soil structure by affecting abiotic soil
properties [14]. Zhou et al. (2013) studied the influence of organic and inorganic fertiliza-
tion on soil agglomeration using X-ray scanning aggregate technology. They pointed out
that organic fertilizer could promote soil agglomeration, while inorganic fertilizer had no
effect after 25 years [15]. According to Guo et al. (2022) 12-year fertilization experiment, N
application can degrade soil agglomeration by increasing ammonium ions and reducing
biological binding agents. Especially when N application exceeds a certain threshold,
soil agglomeration decreases. However, straw returning can significantly increase the
content of aggregate agents (SOC, GRSP, and MBC) and promote soil aggregation [16].
Mustafa et al. (2020) pointed out that long-term application of NPK fertilizer and combined
application of organic and inorganic fertilizers can improve soil agglomeration, stability,
and the associated OC and TN stocks in aggregates, as well as the associated OC mineral-
ization, which is controlled by the aggregate size [17]. Yan et al. (2021) studied the effects
of different N application rates on aggregate-related carbon and nitrogen, indicating that
120 kg N ha−1 could effectively increase SOC and TN under a wheat–soybean planting
system and increase the content of water-stable macro-aggregates [18]. In addition, due
to soil heterogeneity and different management measures, previous studies on the effects
of fertilization on soil aggregate carbon and nitrogen sequestration were inconsistent. For
example, Zou et al. (2018) reported that SOC and TN contents declined as particle size
increased [19]. Gelaw A M. et al. (2015) also noted that soil clay particles were primarily re-
sponsible for higher SOC and TN contents [3]. On the contrary, Zheng et al. (2018) pointed
out that SOC and TN are mainly distributed in the >1 mm size fraction aggregate [20].
Studies also demonstrated that macro-aggregate dynamics influence SOM stabilization [21].
However, the effects of improved N management on soil aggregates stability, carbon and
nitrogen sequestration, and SOC and TN concentration of aggregate fractions in this region
still need to be clarified.

The aggregate size fraction distribution and the SOC and TN distributions of aggre-
gates are affected by the choice of the aggregate sieving process [22]. Wet sieving aggregates
analysis is more suitable for evaluating and predicting erosion due to rainfall [23]. There-
fore, the wet sieving method is frequently used to examine the turnover and stability of
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SOC, the C and N distributions of aggregate fractions, soil fertility status, water retention
capacity, corrosion resistance, and other features [4,24]. Nevertheless, it is unavoidable
that the usage of water, osmotic expansion pressures, and cementing chemicals will cause
aggregates to disintegrate and lose their soluble and microbial carbon contents [23]. On
the other hand, dry sieving aggregates analysis understandably relates to wind erosion
effects, which profoundly influence soil fertility, resistance to degradative forces, and soil
erosion [25]. However, numerous studies have evaluated aggregate stability and size
distribution, emphasizing the wet sieving method or dry sieving only [23,24]. Only very
few studies have focused on both wet and dry sieving methods simultaneously for aggre-
gate distribution [25], and there are even fewer records of such studies in this study area.
Considering the climatic conditions and the characteristics of farmland soil in the Loess
Plateau, it is essential to explore further the fertilization management measures for soil
resistance to wind erosion and water erosion.

However, SOC and TN accumulation and dynamics are lengthy, and long-term exper-
iments can produce convincing results. The goals were to: (i) determine how long-term
N fertilization would affect the aggregate size distribution pattern and aggregate stability
using both wet and dry sieving methods; (ii) measure the SOC and TN distribution pattern;
(iii) analyze the potential sequestration or depletion of SOC and TN in various aggregate
size fractions and the impact of soil aggregation on the storage of SOC and TN; (iv) the
impact of N fertilization on C/N ratio of aggregate fractions; (v) and the effect of N fertil-
ization on crop yield. We hypothesized that appropriate N application would benefit soil
aggregate stability, carbon and nitrogen sequestration, and crop productivity. In addition,
we aim to provide farmers in the area with suitable fertilization management options for
sustainable agricultural development on the Loess Plateau, China.

2. Materials and Methods
2.1. Site Description

The experiment was carried out at the Institute of Water-saving Agriculture in arid
areas of China (IWSA) (108◦04′ E, 35◦20′ N). The experimental site is located 524 m above
sea level. The annual average temperature is 13.5 ◦C, the average annual rainfall is about
550–660 mm, and the annual mean evaporation is 993.2 mm. The site belongs to the warm
temperate semi-humid monsoon climate, and the precipitation is mainly concentrated
from July to September each year. The soil was classified as Eum-orthic Anthrosol (Udic
Haplustalf in the USDA system). Soil physical and chemical properties (0–60 cm) at the
experiment’s beginning are listed in Table 1.

Table 1. Soil physical and chemical properties of different soil layer depths before sowing.

Soil Depth (cm) 0–10 10–20 20–40 40–60

Bulk density (g·cm−3) 1.22 ± 0.56 1.25 ± 0.48 1.29 ± 0.25 1.31 ± 0.17
SOC (g·kg−1) 9.12 ± 0.32 8.11 ± 0.27 4.21 ± 0.18 3.97 ± 1.55
TN (g·kg−1) 0.94 ± 0.03 0.90 ± 0.04 0.51 ± 0.05 0.36 ± 0.02

Available P (mg·kg−1) 12.51 ± 0.59 11.57 ± 0.33 6.05 ± 0.27 5.84 ± 0.43
Available K (mg·kg−1) 93.74 ± 3.08 86.70 ± 5.34 74.26 ± 4.85 62.85 ± 3.58

pH 7.89 ± 0.47 7.80 ± 0.58 7.21 ± 0.38 7.04 ± 0.29
Sand (%) 5 ± 0.17 4 ± 0.21 2 ± 0.08 2 ± 0.18
Silt (%) 68 ± 1.58 65 ± 2.37 58 ± 3.01 56 ± 2.44

Clay (%) 27 ± 0.88 31 ± 0.75 42 ± 0.98 44 ± 0.67
Textural class (USDA) Silty clay loam Silty clay loam Silty clay Silty clay

CaCO3 (g·kg−1) 46 ± 1.14 48 ± 1.20 50 ± 1.25 53 ± 1.35

2.2. Experimental Design and Management

A fixed-site field experiment was carried out for consecutive years (2010–2020). The
planting system is a wheat–maize cropping system. A single-factor randomized complete
block design was used in the experiment with five N application rates with three replicates:
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0, 75, 150, 225, 300 kg·N·ha−1 (N0, N75, N150, N225, and N300). The planting area of
the plot was 18 m2 (3 m × 6 m). The winter wheat (Xinong-979) was sown in mid to late
October, planted with a 20 cm inter-row spacing, sowing amount of 225 kg·ha−1, and
harvested in early June next year. Summer maize (Zhengdan-958) was sown in mid of June,
planted with a 60 cm inter-row spacing, sowing 83,333 plants·ha−1, and harvested in early
October. All P and K fertilizers were uniformly spread as base fertilizers at 150 kg·ha−1

(calcium phosphate) P2O5 and 60 kg·ha−1 K2O (potassium chloride). N fertilizer in the
wheat season was used as base fertilizer, and N fertilizer in the maize season was applied
according to a topdressing ratio of 4:6. Topdressing was carried out at the jointing stage.
Before wheat sowing, the soil was prepared by straw powder, tilling, and rotary tillage.
Maize is sown with hard stubble. The straw returning method was wheat straw with high
stubble returning to the field and maize straw with total pulverized returning to the field,
and the amount of returning to the field was wheat straw (4500 kg·ha−1) and maize straw
(9000 kg·ha−1). The crop was grown as rainfed with no irrigation for all experimental
years. In addition, pesticide and insecticide management was carried out according to
local practices.

2.3. Soil Sampling

After the wheat harvest, samples were collected from four soil layers (0–10, 10–20,
20–40, and 40–60 cm) in June 2020, with three random sampling points in each plot.
The soil samples from three sampling points in each soil layer of each plot were thor-
oughly mixed into one composite soil sample weighing about 2 kg. Sixty soil samples
(15 plots × 4 depths) were packed in hard plastic cassettes and taken to the laboratory for
further processing. Each sample was mixed thoroughly and gently, breaking the soil clods,
and avoiding soil deformation from mechanical compression. Pebbles, plant residues, and
creatures were removed, and the soil was air-dried at room temperature. After natural air
drying, samples were divided into fractions of >5 mm, 5–2 mm, and <2 mm through dry
sieving. Then, according to the ratio of the three soils to the undisturbed soil, three samples
of 200 g mixed soil samples were collected for dry sieving analysis, and three samples of
100 g mixed soil were collected for wet sieving analysis.

2.4. Aggregate Separation

Classification of aggregates by the Savinov method. Mechanical stability aggregates
were obtained by the dry sieving method, and water-stable aggregates were obtained by the
sieving method. The wet sieving method uses an agglomerate analyzer (TPF-100). Firstly,
four 100 g air-dried soil samples were placed into a 5 mm sieve and slowly immersed
with 5 mL of deionized water for 5 min before sieving. Then, the samples were placed
into a shaker of 5 sieves (5, 2, 1, 0.5, and 0.25 mm) in series and vertically shaken with
a stroke length of 13 mm and a frequency of 45 strokes min−1. Precautionary measures
were taken to ensure the soil aggregates on the topmost sieve were consistently below the
water surface during each oscillation. After sieving, aggregates remaining in each sieve
were flushed into separate glass evaporating dishes. Those remaining in the bucket were
<0.25 mm size fractions aggregate, and a total of six aggregate size fractions were collected
(>5, 5–2, 2–1, 1–0.5, 0.5–0.25, and <0.25 mm). The aggregate retained in the respective sieve
was transferred to an evaporating glass dish, and the weight of each part was measured
after drying at 40 ◦C for 2–3 days. Each aggregate sample was ground to pass through
a 0.25 mm sieve and used to determine SOC and TN content. The dry sieving method
uses a vibration mechanical sieving instrument (DM185, Shanghai Decode Information
Technology Co., LTD., Shanghai, CN). Firstly, 200 g air-dried soil samples were placed into
a shaker consisting of five sieves (5, 2, 1, 0.5, and 0.25 mm) in series and shaken 5 min
with a rotation speed of 270 times min−1. After sieving, the remaining aggregates in each
sieve were collected separately, and six aggregate size fractions were collected (>5, 5–2, 2–1,
1–0.5, 0.5–0.25, and <0.25 mm). Then, the aggregates were weighed and stored at room
temperature. Each aggregate sample was ground to pass through a 0.25 mm sieve and used
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to determine SOC and TN content. We did three repetitions for each sample for both dry
and wet sieving. The sand correction was performed for each aggregate-size class in two
sieving methods because sand was not considered part of the aggregates.

2.5. Determination of Soil Aggregate Stability

The mean weight diameter (MWD), the geometric mean diameter (GMD), the fractal
dimension (D), the aggregate destruction rate (PAD), and unstable aggregate index (ELT)
were calculated by the following formula [22]:

MWD(mm) =
n

∑
i=1

xiwi (1)

GMD(mm) = Exp
[

∑n
i=1 wiInxi

∑n
i=1 wi

]
(2)

where xi is the average diameter of aggregates in any size fractions; wi is the proportion of
aggregates corresponding to xi.

log
[

M(r < xi)

MT

]
= (3−D)log

(
xi

xmax

)
(3)

where xi is the average diameter of each aggregate size fractions (mm); M(r < xi) is the
weight of the aggregates < xi (g); xmax is the maximum diameter of the aggregates (mm);
MT is the total weight of aggregates.

PAD(%) =
DR0.25 −WR0.25

DR0.25
× 100% (4)

ELT(%) =
(WT −WR0.25)

WT
× 100% (5)

where DR0.25 and WR0.25 are the proportion of >0.25 mm aggregate fractions in wet sieving
and dry sieving; MT is the total weight of aggregates.

2.6. Determination of Soil Organic Carbon and Total Nitrogen in Each Size Fraction

SOC and TN were determined by K2Cr2O7–H2SO4 oxidation method and the semi-
micro Kjeldahl method [26]. The samples of bulk soil and different aggregate size fractions
were analyzed.

The contribution rate of aggregate fractions to SOC and TN (PC-AS and PN-As) was
calculated as follows:

PC−As(%) =
C−AS

(
g·kg−1

)
×AS(%)

SOC
(

g·kg−1
) × 100% (6)

PN−As(%) =
N−AS

(
g·kg−1

)
×AS(%)

TN
(

g·kg−1
) × 100% (7)

where PC-As and PN-As are the contributing rates of aggregate fractions to SOC and TN;
C-As and N-As are the SOC and TN contents in each aggregate size fraction.

2.7. Crop Yield

At maturity in each experimental year, three central rows were harvested from each
plot. The harvested plants were threshed using a mini thresher to separate the grains. The
grains were weighed to record the crop yield.
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2.8. Statistical Analysis

Microsoft Excel 2010 software (Microsoft Corp., Redmond, WA, USA) was used for
data processing and chart drawing. SPSS-19.0 software (IBM Corp., Armonk, NY, USA) was
used for single-factor variance statistical analysis of the test data, and the least significant
range method (LSD-t method) was used for multiple comparisons. The significance level
was set as p < 0.05. Analysis of variance (ANOVA) was conducted following the general
linear model (GLM) procedure to evaluate single-factor effects and interaction effects.
Aggregate size, soil layer depth, fertilization, and interactions were treated as fixed effects.
Values presented in the tables are mean values (n = 3). Origin 2021 (OriginLab Corp.,
Northampton, MA, USA) was used for principal component analysis, correlation analysis,
and graphical presentation. Spearman’s correlation was used to establish a relationship
among the studied parameters. The Smart PLS 3 (SmartPLS GmbH Corp., Oststeinbek,
Schleswig-Holstein, GER) was used for the partial least squares path models (PLS-PM).

3. Results

Three-way ANOVA analyses showed that soil aggregates distribution and the con-
tributing rate of aggregate fractions to SOC and TN were significantly influenced by
aggregate size fractions (S), and the interaction between aggregate size fractions (S) and
soil depth (D) and fertilization treatment (T), but not significantly affected by D and T.
Three-way ANOVA analyses indicated that T, D, and S and their interactions significantly
affected the SOC and TN contents in aggregate size fractions and C/N of aggregate size
fractions (Table S1). Two-way ANOVA analyses showed that water-stable stability and
mechanical stability, and SOC and TN were significantly influenced by T, D, and their
interaction (Table S2).

3.1. Aggregate Size Distribution

The proportion of <0.25 mm aggregate fractions in wet sieving and >0.25 mm aggregate
fractions in dry sieving accounted for the most significant proportion (74.88 and 95.53%),
and the proportion of >5 mm aggregate fractions in macro-aggregates in dry sieving was
the largest (56.43%) (Table 2). The difference in aggregate size fractions was <0.25, >5,
0.5–0.25, 1–0.5, 5–2, 2–1 mm in descending order in wet sieving; >5, 5–2, 2–1, 1–0.5, <0.25,
0.5–0.25 mm in descending order in dry sieving. With the deepening of soil depth, the
proportion of macro-aggregates (>5, 5–2, 2–1, 1–0.5, and 0.5–0.25 mm) decreased gradually,
while the corresponding micro-aggregates (<0.25 mm) showed an increasing trend under
two sieving methods. With the increase in N application, the proportion of >5, 5–2, 2–1,
1–0.5, and 0.5–0.25 mm aggregates obtained by wet sieving showed a “Λ” shape and was
the highest at N225, while the proportion of <0.25 mm aggregates showed a “V” shape
and was the lowest at N225. Compared with N0, the proportion of >5, 5–2, 2–1, 1–0.5,
and 0.5–0.25 mm aggregates in N225 were significantly increased by 13.30, 3.55, 3.46, 5.80,
and 7.45%, respectively, and the proportion of <0.25 mm aggregates were significantly
decreased by 66.45% (p < 0.05). With the increase in N application rate, the proportion of
>5 mm aggregates obtained by dry sieving first increased and then decreased, which was
higher in N150 and N225, and significantly increased by 26.77% and 19.24% compared with
N0, respectively (p < 0.05). The proportion of 5–2, 2–1, 1–0.5, and 0.5–0.25 mm aggregates
decreased first and then increased, and the values of N150 and N225 were lower than
those of other treatments. Compared with N0, the proportion of <0.25 mm aggregates in
N75, N150, and N225 had no significant difference, while N300 significantly increased by
134.52% (p < 0.05).
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Table 2. Impact of nitrogen fertilization on the soil aggregates distribution in different soil layer
depths under two sieving methods.

Soil Depths (cm)
Fertilization
Treatment

Soil Aggregates Distribution (%)

>5 mm 5–2 mm 2–1 mm 1–0.5 mm 0.5–0.25 mm <0.25 mm

Wet sieving

0–10

N0 3.02d 2.81d 2.92b 4.95c 7.34a 78.96a
N75 12.29b 4.54bc 3.84b 8.18ab 7.92a 63.23c

N150 7.08c 3.81c 3.49b 6.91b 9.22a 69.50b
N225 16.92a 4.84b 5.35a 8.59a 8.21a 56.10d
N300 4.04cd 6.08a 5.61a 8.31ab 7.67a 68.29b

10–20

N0 17.21b 4.18ab 2.49b 3.50c 4.67b 67.95b
N75 6.10c 2.93b 2.64b 4.62b 6.93a 76.78a

N150 17.25b 3.42b 2.40b 4.02bc 6.09a 66.81bc
N225 34.28a 5.41a 4.28a 6.07a 6.74a 43.22d
N300 19.26b 4.68ab 3.84a 6.43a 6.30a 59.48c

20–40

N0 0.00d 0.49c 1.36c 3.47b 6.22b 88.46b
N75 0.00d 0.22c 0.86d 1.97c 4.13c 92.82a

N150 10.92a 3.80a 2.65a 4.58a 5.82b 72.23d
N225 1.99c 3.47a 2.73a 4.38ab 7.98a 79.46c
N300 5.05b 2.24b 1.90b 3.98ab 5.40b 81.42c

40–60

N0 0.00b 0.00c 0.75c 2.73b 5.23b 91.29a
N75 0.00b 0.77b 2.68a 4.92a 7.32a 84.31c

N150 0.55a 1.11a 1.28b 5.10a 6.08b 85.89bc
N225 0.00b 0.50b 1.47b 4.14a 6.86ab 87.04b
N300 0.00b 0.74b 1.71b 5.85a 7.37a 84.33c

Dry sieving

0–10

N0 22.95c 31.85b 26.28a 11.16a 4.13a 3.62a
N75 34.24b 29.05b 21.06b 9.62a 3.12b 2.91b

N150 45.09a 28.55b 15.86c 6.19b 2.01c 2.31b
N225 34.94b 36.54a 18.77bc 5.82b 1.41d 2.52b
N300 29.05bc 34.13ab 21.54b 9.71a 2.92b 2.66b

10–20

N0 55.38c 21.80a 12.20a 5.78a 2.47ab 2.37b
N75 61.16c 18.08ab 9.86b 5.49a 2.79a 2.62b

N150 67.02b 13.51b 8.32c 5.32a 2.77a 3.06ab
N225 68.63b 15.28b 7.67c 3.97b 1.97b 2.48b
N300 79.66a 8.78c 4.00d 2.48c 1.68b 3.39a

20–40

N0 65.13b 16.63a 8.48ab 4.89ab 2.21b 2.68b
N75 66.05b 13.92b 7.86b 5.26a 3.14a 3.77b

N150 73.87a 11.95bc 5.28c 3.35b 1.98b 3.57b
N225 66.35b 15.00ab 8.88a 4.60ab 1.86b 3.32b
N300 65.46b 10.84c 5.64c 4.10b 3.66a 10.31a

40–60

N0 54.72b 19.73a 9.77a 6.17ab 3.65b 5.97b
N75 59.73b 17.97a 9.91a 5.63ab 2.94c 3.83c

N150 65.25ab 14.68b 7.01b 4.63b 2.99c 5.44b
N225 66.38a 13.13b 7.61b 5.26b 3.12bc 4.50c
N300 47.51c 12.86b 7.99b 6.79a 6.86a 17.99a

N0, N75, N150, N225, and N300 indicates treatments of 0, low-, medium-, high-and excessive dose N application
(kg N ha−1), respectively. Different lowercase letters in the same column indicate significant differences among
different N treatments at 0.05 levels.

3.2. Soil Aggregate Stability

The indexes of soil aggregate stability are shown in Table 3. With the increase in the N
application rate, the MWD and GMD were first increased and then decreased, while the
D, PAD, and ELT were first decreased and then increased under the two sieving methods,
with the N225 as the critical value. Under wet sieving, compared with N0, MWD and
GMD of N225 were significantly increased by 99.97 and 10.72%, while the D value was
significantly decreased by 3.83% (p < 0.05). Under dry sieving, compared with N0, MWD
and GMD of N225 were significantly increased by 72.94 and 15.30%, while the D value
was significantly decreased by 12.37% (p < 0.05). Compared with N0, the PAD and ELT of
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N225 were significantly decreased by 19.21 and 18.63% (p < 0.05), respectively. With the
deepening of soil depth, the MWD and GMD were significantly decreased, while D, PAD,
and ELT were significantly increased in two sieving methods (p < 0.05).

Table 3. Impact of nitrogen fertilization on the soil aggregate stability indices including MWD, GMD,
D, PAD, and ELT under two sieving methods.

Index Soil Depth (cm)
Fertilization Treatment

N0 N75 N150 N225 N300

Wet sieving

MWD (mm)

0–10 0.54d 1.21b 0.85c 1.54a 0.77cd
10–20 1.46b 0.73c 1.45b 2.63a 1.65b
20–40 0.24d 0.21d 1.06a 0.49c 0.63b
40–60 0.21d 0.28b 0.30a 0.25c 0.27b
AVG 0.61c 0.61c 0.92b 1.23a 0.83b

GMD (mm)

0–10 0.26d 0.41b 0.32c 0.50a 0.33c
10–20 0.43bc 0.28c 0.42bc 0.90a 0.51b
20–40 0.20c 0.19c 0.34a 0.25b 0.26b
40–60 0.19c 0.21a 0.21a 0.20b 0.21a
AVG 0.27c 0.27c 0.33b 0.46a 0.33b

D

0–10 2.95a 2.84c 2.90b 2.78d 2.91b
10–20 2.79b 2.92a 2.79b 2.55c 2.76b
20–40 3.00a 3.00a 2.86d 2.95b 2.93c
40–60 3.00a 2.99ab 2.99b 3.00ab 2.99b
AVG 2.93a 2.94a 2.88b 2.82c 2.90b

Dry sieving

MWD (mm)

0–10 3.11c 3.65b 4.23a 3.88ab 3.49bc
10–20 4.60c 4.81c 5.01bc 5.15b 5.58a
20–40 4.99bc 4.96bc 5.34a 5.02b 4.78c
40–60 4.46b 4.72a 4.91a 4.95a 3.76c
AVG 4.29c 4.53b 4.87a 4.75a 4.40bc

GMD (mm)

0–10 2.22c 2.66b 3.29a 3.05a 2.60b
10–20 3.58c 3.75c 3.90bc 4.19b 4.64a
20–40 3.97b 3.78b 4.31a 3.96b 3.18c
40–60 3.16b 3.56a 3.65a 3.72a 1.97c
AVG 3.23c 3.44b 3.79a 3.73a 3.10c

D

0–10 2.30a 2.11b 1.81c 1.89c 2.11b
10–20 1.69a 1.61ab 1.55b 1.38c 1.09d
20–40 1.49b 1.58b 1.27c 1.51b 1.72a
40–60 1.79b 1.67bc 1.58c 1.59c 2.18a
AVG 1.82a 1.74a 1.55b 1.59b 1.78a

PAD (%)

0–10 78.16a 62.13c 68.78b 54.97d 67.43b
10–20 67.17b 76.16a 65.75bc 41.77d 58.05c
20–40 88.14b 92.54a 71.20d 78.75c 79.30c
40–60 90.73a 83.69c 85.08bc 86.43b 80.89d
AVG 81.05a 78.63a 72.70b 65.48c 71.42b

ELT (%)

0–10 78.96a 63.23c 69.50b 56.10d 68.29b
10–20 67.95b 76.78a 66.81bc 43.22d 59.48c
20–40 88.46b 92.82a 72.23d 79.46c 81.42c
40–60 91.29a 84.31c 85.89bc 87.04b 84.33c
AVG 81.66a 79.29a 73.61b 66.45c 73.38b

N0, N75, N150, N225, and N300 represent 0, low-, medium-, high-, and excessive N application rate (kg N ha−1),
respectively. MWD, mean weight diameter; GMD, geometric mean diameter; D, the fractal dimension; PAD,
aggregate destruction rate; ELT, unstable aggregate index. Different lowercase letters in the same row indicate
significant differences among different N treatments at 0.05 levels.

3.3. SOC and TN

With the increase in the N application rate, the SOC and TN first increased and then
decreased in all soil layer depths, reaching the highest value at N225 (Figure 1). Compared
with N0, the SOC in 0–10, 10–20, 20–40, and 40–60 cm soil layer depths of N225 were



Agronomy 2023, 13, 1312 9 of 26

significantly increased by 4.99, 4.60, 63.45, and 30.95%, respectively (p < 0.05), the TN in
0–10, 10–20, 20–40, and 40–60 cm soil layer depths of N225 were significantly increased by
20.90, 68.82, 259.39, and 125.78%, respectively (p < 0.05). Compared with the average SOC
and TN of N0, the average SOC of N75, N150, N225, and N300 was significantly increased
by 5.03, 10.28, 17.75, and 8.20%, respectively, and the average TN was significantly increased
by 11.92, 37.38, 72.33, and 34.58% (p < 0.05). The SOC and TN decreased significantly with
the deepening of soil layer depths (p < 0.05).
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3.4. Aggregate Associated SOC, TN, and C/N
3.4.1. Aggregate Associated SOC and TN

The SOC and TN contents in each aggregate size fraction obtained by the wet sieving
method differ significantly, which increased firstly and then decreased with decreasing
aggregate size and presenting an “Λ” shape (Figure 2a,c). The difference in the SOC content
in aggregate size fractions (C-WSAs) was 2–1, 5–2, 1–0.5, 0.5–0.25, >5, and <0.25 mm in
descending order, and the difference in the TN contents in aggregate size fractions (N-
WSAs) was 1–0.5, 2–1, 0.5–0.25, 5–2, >5, and <0.25 mm in descending order (p < 0.05). The
macro-aggregates showed an advantage in carbon and nitrogen enrichment, especially the
2–1 mm aggregates with higher SOC and TN contents (10.00 and 0.71 g·kg−1). The micro-
aggregates had the lowest values (6.69 and 0.53 g·kg−1). The SOC and TN contents in each
aggregate size fraction under wet sieving were significantly decreased with the deepening
of soil layer depths (p < 0.05). With the increase in the N application rate, the SOC content
of >0.25 mm aggregates first increased and then decreased and was significantly increased
by 12.46, 40.10, 26.77, and 24.65% compared with N0, respectively, and the SOC content of
2–1 mm aggregates was significantly increased by 9.30, 20.37, 18.42, and 9.86%, respectively.
The SOC content of <0.25 mm aggregates was increased gradually, significantly increasing
by 9.23, 12.12, 12.95, and 18.60%, respectively (p < 0.05). With the increase in N application
rate, the TN content of >0.25 mm aggregates increased by 1.09, 32.27, 19.51, and 27.32%
compared with N0, respectively. In contrast, the TN content of <0.25 mm aggregates first
increased and then decreased and significantly increased by 10.20, 36.73, 67.35, and 34.69%
compared with N0, respectively (p < 0.05). The average SOC and TN contents (average
aggregate size and soil layer depths) first increased and then decreased with the increase in
N application. Compared with the average SOC and TN of N0, the average SOC content of
N150 and N225 was significantly increased by 36.13% and 24.81%, and TN content was
significantly increased by 32.84% and 25.59%, respectively (p < 0.05).

The SOC and TN contents in each aggregate size fraction obtained by the dry sieving
method differ significantly, which gradually increases with the decrease in aggregate size
(Figure 2b,d). The difference in the SOC content in aggregate size fractions (C-MSAs) was
0.5–0.25, <0.25, 1–0.5, >5, 5–2, and 2–1 mm in descending order, and the difference in the
TN content in aggregate size fractions (N-MSAs) was <0.25, 0.5–0.25, 1–0.5, 5–2, 2–1, and
>5 mm in descending order (p < 0.05). The 0.5–0.25 and <0.25 mm aggregates had higher
SOC and TN content (9.05 and 8.52 g·kg−1; 0.67 and 0.67 g·kg−1). The SOC and TN content
in each aggregate size fraction under dry sieving was significantly decreased with the
deepening of soil layer depths (p < 0.05). With the increase in N application rate, the SOC
content of >0.25 mm aggregates first increased and then decreased and was significantly
increased by 12.77, 19.90, 30.00, and 18.66% compared with N0, respectively, and the SOC
content of 0.5–0.25 mm aggregates was significantly increased by 53.52, 55.15, 66.53, and
60.57%, respectively. The SOC content of <0.25 mm aggregates was significantly increased
by 46.50, 42.30, 58.96, and 68.21% compared with N0, respectively (p < 0.05). With the
increase in the N application rate, the TN content of >0.25 mm aggregates significantly
increased by 6.99, 39.93, 69.38, and 17.19% compared with N0, respectively, and the SOC
content of 0.5–0.25 mm aggregates significantly increased by 8.43, 41.21, 71.11, and 18.16%,
respectively. The TN content of <0.25 mm aggregates was increased by 0.89, 34.52, 62.03,
and 13.12% compared with N0, respectively (p < 0.05). The average SOC and TN contents
(average aggregate size and soil layer depths) first increased and then decreased with the
increase in N application. Compared with N0, the average SOC and TN content of N225
significantly increased by 30.00 and 69.38% (p < 0.05), respectively.
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fractions under wet sieving; (b), C-MSAs, the SOC content in aggregate fractions under dry sieving;
(c), N-WSAs, the TN content in aggregate fractions under wet sieving, (d), N-MSAs, the TN content in
aggregate fractions under dry sieving). Four adjacent columns arranged counterclockwise under each
fertilization treatment represent different soil depths of 0–10, 10–20, 20–40, and 40–60 cm, respectively.
N0, N75, N150, N225 and N300 indicates treatments of 0, low-, medium-, high-, and excessive dose
N application (kg N ha−1), respectively. Different lowercase letters indicate significant differences
among five N treatments at 0.05 levels at the same aggregate size and soil depth. The asterisk indicates
the corresponding value of each aggregate size and each fertilization treatment at the average soil
depth. The >5, 5–2, 2–1, 1–0.5, 0.5–0.25 and <0.25 represent the different aggregate size fractions (mm).
Different capital letters indicate significant differences among six aggregate size fractions at the level
of 0.05.

3.4.2. Contributing Rate of Aggregates in SOC and TN

Under the wet sieving method, the contributing rate of aggregate fractions to SOC
and TN was first decreased and then increased with the aggregate size decreased, in
which <0.25 mm aggregates accounted for the most significant proportion (58.36 and
67.04%) (Figure 3a,c). The difference in the contributing rate of aggregate fractions to
SOC (PC-WSAs) was <0.25, >5, 0.5–0.25,1–0.5, 2–1, and 5–2 mm in descending order,
and the difference in the contributing rate of aggregate fractions to TN (PN-WSAs) was
<0.25, >5, 0.5–0.25, 1–0.5, 2–1, and 5–2 mm in descending order (p < 0.05). With the
deepening of soil layer depths, the contributing rate of >0.25 mm aggregates to SOC
and TN gradually decreased. In contrast, the contributing rate of <0.25 mm aggregates
to SOC and TN gradually increased. With the increase in the N application rate, the
contributing rate of >0.25 mm aggregates to SOC first increased and then decreased, and
the corresponding contributing rate of <0.25 mm aggregates to SOC first decreased and
then increased. Compared with N0, the contributing rate of >0.25 mm aggregates to SOC
significantly increased by 16.86, 70.83, 84.13, and 56.86%, respectively, and the contributing
rate of <0.25 mm aggregates to SOC decreased significantly by 0.26, 14.95, 26.82, and 7.62%,
respectively (p < 0.05). With the increase in the N application rate, the contributing rate of
>0.25 mm aggregates to TN gradually increased, and the corresponding contributing rate
of <0.25 mm aggregates to TN gradually decreased. Compared with N0, the contributing
rate of >0.25 mm aggregates to TN significantly increased by 5.79, 20.66, 17.18, and 24.14%,
respectively, and the contributing rate of <0.25 mm aggregates to TN significantly decreased
by 0.74, 12.55, 15.57, and 9.50%, respectively (p < 0.05).

Under the dry sieving method, the contributing rate of aggregate fractions to SOC
and TN was first decreased and then increased with the aggregate size decreased, in
which >5 mm aggregates accounted for the most significant proportion (50.96 and 50.58%)
(Figure 3b,d). The difference in the contributing rate of aggregate fractions to SOC and TN
(PC-MSAs and PN-MSAs) was >5, 5–2, 2–1, 1–0.5, <0.25, and 0.5–0.25 mm in descending
order (p < 0.05). With the deepening of soil layer depths, the contributing rate of >0.25 mm
aggregates to SOC and TN gradually decreased. In contrast, the contributing rate of
<0.25 mm aggregates to SOC and TN gradually increased. Among the five N treatments,
there was no significant difference in the contributing rate of aggregate fractions to SOC
and TN of N0, N75, N150, and N225 (p > 0.05). However, the contributing rate of >0.25 mm
aggregates to SOC and TN of N300 significantly decreased by 16.47% and 18.93, respectively,
and the contributing rate of <0.25 mm aggregates to SOC and TN of N300 significantly
increased by 262.64 and 94.52%, respectively (p < 0.05).
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aggregate size fractions to SOC under dry sieving; (c), PN-WSAs, the contributing rate of aggregate
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size fractions to TN under wet sieving, (d), PN-MSAs, the contributing rate of aggregate size fractions
to TN under dry sieving). The scales on the figure left represent different soil layer depths (cm).
N0, N75, N150, N225 and N300 indicates treatments of 0, low-, medium-, high-, and excessive dose
N application (kg N ha−1), respectively. The >5, 5–2, 2–1, 1–0.5, 0.5–0.25, and <0.25 represent the
different aggregate size fractions (mm).

3.4.3. C/N of Aggregate Size Fractions

The C/N of aggregate size fractions was first increased and then decreased with the
decrease in aggregate size under the two sieving methods (C/N-WSAs and C/N-MSAs)
(Figure 4). The C/N ratio of 5–2 mm aggregates was the highest (18.11), followed by
2–1 mm aggregates (16.63), and the minimum value was >5 mm aggregates (9.31) under the
wet sieving method. The C/N ratio of 2–1 mm aggregate was the largest (20.00), and that of
<0.25 mm aggregate was the largest (15.62) under the dry sieving method. The difference in
the C/N of aggregate size fractions under the wet sieving (C/N-WSAs) was 5–2, 2–1, <0.25,
0.5–0.25, 1–0.5, and >5 mm in descending order, and the difference in the C/N of aggregate
size fractions under the dry sieving (C/N-MSAs) was 2–1, 5–2, >5, 0.5–0.25, 1–0.5, and
<0.25 mm in descending order (p < 0.05). With the deepening of soil layer depths, the C/N
of aggregate size fractions gradually increased under the two sieving methods.
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Figure 4. Impact of nitrogen fertilization on the C/N ratio of aggregate size fractions in different soil
layer depths under two sieving methods (a), C/N-WSAs, the C/N ratio of aggregate size fractions
under wet sieving; (b), C/N-MSAs, the C/N ratio of aggregate size fractions under dry sieving).
The scales on the figure left represent different soil layer depths (cm). N0, N75, N150, N225, and
N300 indicates treatments of 0, low-, medium-, high-, and excessive dose N application (kg N ha−1),
respectively. The >5, 5–2, 2–1, 1–0.5, 0.5–0.25, and <0.25 represent the different aggregate size
fractions (mm).

With the increase in the N application rate, the C/N of >0.25 mm aggregates first
increased and then decreased, and the corresponding C/N of <0.25 mm aggregates first
decreased and then increased under the wet sieving. Compared with N0, the C/N of
>0.25 mm aggregates significantly increased by 36.79, 35.16, 22.15 and 4.56%, respectively,
and the C/N of <0.25 mm aggregates significantly decreased by 15.47, 36.61, 45.95, and
32.99% compared with N0, respectively. Moreover, with the increase in the N application
rate, the C/N of aggregate size fractions obtained by the dry sieving method first decreased
and then increased and reached the minimum value in the N225 treatment. Compared with
N0, the C/N of aggregate size fractions of N225 treatment were significantly decreased by
41.57, 24.76, 63.62, 28.79, 37.32, and 31.74%, respectively (p < 0.05), with the decrease in
aggregate size.

3.4.4. Principal Component

The principal component (Figure 5) explains 91.0, 90.8, 82.8, and 92.2% of the variance
in the original data, respectively. Five treatments were identified and separated. The
results indicate that fertilization strongly influenced the proportion of macro-aggregates
and micro-aggregates under two sieving methods. In Figure 5a, under wet sieving, N150,
N225, and N300 are positive in PC1, and are positively affected by the proportion of
macro-aggregates, the SOC and TN contents in macro-aggregate, and the contribution rate
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of macro-aggregates to SOC and TN. N150 and N225 are positive in PC2 and positively
affected by the C/N of macro-aggregates. In Figure 5b, under wet sieving, N0 and N75 are
positive values in PC1, and are positively affected by the proportion of micro-aggregates,
the C/N of micro-aggregates, and the contribution rate of micro-aggregates to SOC and
TN. N150, N225, and N300 are negative values in PC1 and positively affected by the SOC
and TN contents in micro-aggregate. In Figure 5c, under dry sieving, N0, N75, and N300
are negative values in PC1, and are positively affected by the C/N of macro-aggregates.
N150 and N225 are positive values in PC1 and positively affected by the proportion of
macro-aggregates, the SOC and TN contents in macro-aggregate, and the contribution rate
of macro-aggregates to SOC and TN. In Figure 5d, under dry sieving, N0, N75, N150, and
N225 are negative values in PC1, while N300 is positive values in PC1. N150 and N225
were positively affected by the TN content in the micro-aggregate, and N300 was positively
affected by the proportion of micro-aggregates, the SOC content in the micro-aggregate, the
contribution rate of micro-aggregates to SOC and TN, and the C/N of micro-aggregates.
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Figure 5. Principal component analysis of macro-aggregates and micro-aggregates distribution was
affected by aggregate associated SOC, TN, and C/N ratio under two sieving methods. (a), WSA>0.25,
the proportion of >0.25 mm aggregate fractions in wet sieving; (b), WSA<0.25, the proportion of <0.25
mm aggregate fractions in wet sieving; (c), MSA>0.25, the proportion of >0.25 mm aggregate fractions
in dry sieving; (d), MSA<0.25, the proportion of <0.25 mm aggregate fractions in dry sieving. C-WSAs,
N-WSAs, C-MSAs, and N-MSAs, the SOC and TN content in aggregate fractions size under wet
and dry sieving; PC-WSAs, PN-WSAs, PC-MSAs, and PN-MSAs, the contributing rate of aggregate
size fractions to SOC and TN under wet and dry sieving; C/N-WSAs and C/N-MSAs, the C/N
of aggregate size fractions under wet and dry sieving. N0, N75, N150, N225 and N300 indicates
treatments of 0, low-, medium-, high-, and excessive dose N application (kg N ha−1), respectively.
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3.5. Crop Yield

N application rates significantly affected crop yield (Table 4). The maximum crop
yield was recorded from the N225. For winter wheat and summer maize yields, compared
with N0, the crop yields of N75 increased by 17.47 and 21.54%, and those of N150, N225,
and N300 significantly increased by 51.17 and 96.31, 62.43 and 95.68, 52.90 and 95.04%,
respectively (p < 0.05). For total yields, compared with N0, the crop yields of N75 increased
by 19.70%, N150, N225, and N300 significantly increased by 75.95, 80.68 and 76.04%
(p < 0.05), respectively, among which N225 had the largest increase. There was no significant
difference between N150, N225, and N300 (p > 0.05).

Table 4. Impact of nitrogen fertilization on crop yield.

T N0 N75 N150 N225 N300

Winter wheat 4198.03b 4931.47b 6346.03a 6818.86a 6418.93a
Summer maize 5111.18b 6211.90b 10,033.77a 10,001.48a 9968.68a

Total 9309.21b 11,143.37b 16,379.80a 16,820.34a 16,387.61a
N0, N75, N150, N225, and N300 indicates treatments of 0, low-, medium-, high-, and excessive dose N application
(kg N ha-1), respectively. Different small letters in the same row indicate significant differences among five N
treatments at 0.05 levels.

The partial least squares path models (PLS-PM) were shown in (Figure 6). The N
application rates had positive effects on yield, the yield had positive effects on SOC and
TN, and then had a positive effect on water-stable stability and mechanical stability.
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Figure 6. The partial least squares path models (PLS-PM) illustrate the effects of different N appli-
cation rates on yield, TN and SOC, and soil aggregate stability. Soil aggregate stability are latent
variables, which are indicated by the proportion of >0.25 mm aggregate fractions, MWD, and GMD.
MWD, mean weight diameter; GMD, geometric mean diameter. The red and blue arrows indicate
negative and positive flows of causality, respectively. Numbers on the arrowed lines and thickness of
arrows indicate normalized path coefficient. The dotted grey arrows represent non-significant path
relationships. R2 beside the latent variables are the coefficients of determination. The GOF represents
the goodness of fit. Asterisks represent significant effects (*** p < 0.001).

4. Discussion
4.1. Aggregate Size Distribution

The mechanical stability aggregates obtained by dry sieving were mainly >0.25 mm,
while the water-stable aggregates obtained by wet sieving were mainly <0.25 mm (Table 1).
The different energy delivered to the soil under the two methods may result in different
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aggregate distributions. In addition, it can be seen that the tested soil’s mechanical resis-
tance is strong, but the resistance to water erosion is poor. Nahidan and Nourbakhsh (2018)
also support that aggregates tend to be micro-aggregates in wet sieving, while aggregates
tend to be macro-aggregates in dry sieving [27]. The higher micro-aggregates under the
wet sieving may be a function of ion hydration, that is, the rupture of weak aggregates
and instability macro-aggregates due to the sudden release of additional stress and the
dissolution of the cementing agent in water [28]. Macro-aggregates dominate the surface
soil, while the deep soil is dominated by micro-aggregates (Table 1), which may be because
the topsoil contains more returning OM [29].

Long-term N fertilization practices tended to improve the >0.25 mm aggregates but
decreased the <0.25 mm aggregates (Table 1). Similar experiments have demonstrated that
the application of N helps soil aggregate development [30,31]. Fertilization improved the
soil aggregate stability by increasing crops’ biomass and the amount of straw reentering
the field and root secretions [32]. We also confirmed this result through PLS-PM (Figure 6).
However, Wang et al.(2015) pointed out that N application had no discernible impact on
aggregate distribution [13], which was different from our results mainly because the object
of this study was temperate grassland, which was very different from the amount of straw
returned was thrown back into the field in our study. Moreover, we found that macro-
aggregates decreased, and micro-aggregates increased under N300 (Table 1). This also
confirmed that the N300 was excessive. Excessive N application had a certain destructive
effect on soil structure. Excessive N application rate leads to high OM mineralization degree
in the aggregate, and the cohesion of SOM decreases, which makes it difficult to maintain
soil macro-aggregates, eventually leading to the decomposition of >0.25 mm aggregates
into <0.25 mm aggregates [33].

4.2. Soil Aggregate Stability

The MWD, GMD, D, PAD, and ELT are common indicators reflecting soil aggregate
stability. The larger the value of MWD and GMD, the smaller the value of D, PAD, and ELT,
the more stable the soil structure and the lower the degradation degree [22,34]. In this study,
the MWD and GMD of N150 and N225 were the highest, while the D value, PAD, and ELT
were the lowest (Table 2), indicating that an appropriate N application rate could increase
the stability of the soil structure, prevent soil degradation, and diminish the risk of soil
erosion. The reason may be that the C/N ratio of straw-returning soil can be adjusted under
the condition of appropriate N application to enhance soil microbial activity and promote
the growth of microbial mycelium. A large amount of mycelium can enhance soil cementing,
which is conducive to increasing the number of macro-aggregates, improving MWD and
GMD, and improving soil aggregate stability [32,35]. The PLS-PM analysis (Figure 6) also
showed a strong correlation between fertilization, yield, carbon and nitrogen, and soil
aggregate stability (p < 0.001). However, fertilizer has a threshold effect on aggregates.
Excessive N application may reduce cementing material and SOC mineralization, leading
to macro-aggregate decomposition and soil aggregate stability reduction [36]. In addition,
with the deepening of soil depth, the MWD and GMD gradually decreased. At the same
time, D, PAD, and ELT gradually increased, indicating that soil nutrient status and physical
properties presented an upward and positive development.

4.3. SOC and TN

Fertilization increased the SOC and TN contents (Figure 1). However, Huang et al.
(2010) stated that the inorganic fertilizer application could maintain the SOC content in
subtropical red soils [4]. In contrast, Studies demonstrated that the long-term addition of
mineral fertilizer resulted in the de-aggregation effect [33]. Specific soil features, climate
conditions, and cropping strategies can account for the inconsistent effects of N addition and
variations in SOC and TN [37]. On the one hand, N fertilization increased the aboveground
biomass, and straw returning increased soil carbon sources [33]. On the other hand, N
fertilization promoted the decomposition and transformation of SOC, which put the SOC
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budget in a dynamic state [38]. In our study, fertilization was beneficial to the increase
in SOC and TN sequestration in the field of straw returning, which proved that C input
was higher than C loss. The PLS-PM analysis (Figure 6) also showed a strong correlation
between fertilization, yield, SOC, and TN (p < 0.001). Excessive N application rate reduced
the SOC and TN contents (Figure 1), possibly due to the higher carbon mineralization
than carbon sequestration. Fertilization had a favorable impact on TN (Figure 1). With
the increase in the N application rate, N availability and microbial effectiveness improved,
thus increasing N retention [39]. In particular, with the help of straw returning, fertilization
synchronizes soil available N supply with crop N demand, minimizes N loss, and stabilizes
SOM [40].

TN and SOC had similar variation trends, demonstrating a close dynamic link between
these components. It has been reported that C and N contents were linearly correlated with
the structural components of C and N-type OM with similar changes and SOC changes in
tandem with TN [41]. The SOC and TN content decreased gradually with the deepening
of the soil depth (Figure 1). Bhattacharyya et al. (2010) demonstrated that SOC and TN
were affected by soil depths and were mainly enriched in topsoil [31]. The reason may be
that the topsoil receives more dead leaves, root exudates, and dead roots of plants. After
decomposition and transformation by microorganisms, this OM enters the soil, and the
residual organic carbon change into SOC [42].

4.4. Aggregate Associated C and N

The SOC and TN contents in each aggregate size fraction obtained by two sieving
methods differ significantly, where maximum values were recorded in >0.25 mm aggregates
(especially 2–1 mm aggregates) under wet sieving, while <0.25 mm aggregates under dry
sieving (Figure 2). The different distribution patterns of SOC and TN under different
sieving methods are due to the different forms and intensity of energy input into the
soil during the sieving process. The wet sieving method selected macro-aggregates with
higher SOC and TN content, especially the 2–1 mm aggregates, as the dominant size
fractions in terms of carbon and nitrogen retention. The results support the Nahidan
and Nourbakhsh (2018) finding [27], indicating that macro-aggregates obtained by wet
sieving had higher SOC and TN content than micro-aggregates. The dry sieving method
selected the <0.25 mm aggregates with high SOC and TN content, which may be due
to mechanical forces. The micro-aggregates are likely to come from the decomposition
of the unstable larger macro-aggregates. Particularly, micro-aggregates that cover the
pore walls of large macro-aggregates are richer in solute mobility due to preferential
deposition and stable biological exudates. They will quickly wear off during dry sieving,
resulting in <0.25 mm aggregates with a high SOC and TN content [43]. Due to the
different soil physical and chemical properties, the stability and biochemical nature of key
organic binding agents and aggregates of different sizes also differ in their role for carbon
sequestration and stabilizations [44]. Hao et al. (2018) studied the response of aggregates
to fertilization regime in Northeast China and indicated that aggregates with higher in
aggregates with particle size > 0.053 mm, especially 0.25–0.053 mm [45]. This difference
from our study may be due to the high viscosity of the soil texture in this test position. Soil
clay content is essential to organic carbon sequestration due to its large specific surface area
and adsorption capacity [46]. Huang et al. (2010) pointed out that there was no difference
in carbon concentration among large macro-aggregates, small macro-aggregates, and micro-
aggregates, which may be attributed to the limited role that organic matter may play in the
formation of red soil aggregates. Organic matter is not the main binder for accumulation in
kaolinite-dominated red soils [10]. Lu et al. (2021) analyzed that aggregates with particle
size > 2 mm are dominant in terms of carbon sequestration for paddy soil [47], which is
slightly different from our >0.25 mm range. It is generally believed that anaerobic soil has
higher carbon sequestration potential than well-aerated soil. Frequent dry–wet alternations
of paddy soil lead to increased organic carbon adsorption on the surface of iron oxide in
anaerobic soil, thus promoting the transition from micro-aggregates to macro-aggregates
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under high organic consolidation [48]. In our work, the TN showed distributions similar
to SOC as the aggregate size changed, consistent with [49]. In addition, the SOC and
TN contents in all aggregates in the surface soil were significantly higher than that in the
underlying soil (Figure 3), consistent with the results of most studies [50].

The contribution rate of the macro-aggregate to SOC and TN was higher than that
of the micro-aggregate in the dry sieving method, and the contribution rate of the micro-
aggregate to SOC and TN was higher than that of the macro-aggregate in the wet sieving
method (Figure 3). It can be seen that the contribution rates of each aggregate size fraction
to SOC and TN were strongly correlated with aggregate size fractions distribution. The
macro-aggregates play a critical role in soil C and N sequestration in the dry sieving
method. Organic materials, such as plant roots, root exudates, and fungal hyphae, are
used as vectors by these micro-aggregates to create macro-aggregates gradually, effectively
fixing these organic materials during the aggregate development and turnover process [51].
In addition, the contribution rate of micro-aggregate to SOC and TN was higher than that
of macro-aggregate in the wet sieving method, indicating that there is higher decomposable
SOM associated with macro-aggregates leads to the low retention of macro-aggregates rich
in carbon.

N fertilization is beneficial to increase the SOC and TN content in aggregate size
fractions (Figure 2), it can be seen that each aggregate size fraction did not reach the state of
carbon saturation. The SOC and TN content of each aggregate were low under non-N (N0)
and low N application (N75), which may be owing to microorganisms are involved in the
transformation and synthesis of organic cementing materials required for the formation of
aggregates. The straw itself has a high C/N, and microorganisms will also absorb specific
N and other nutrient during the storage of OC. Appropriate fertilization benefits the
distribution and sequestration of C and N in each aggregate, increases the contribution rate
of macro-aggregates to SOC and TN, and decreases the contribution rate of micro-aggregate
to SOC and TN under the wet sieving (Figure 3). Appropriate fertilization benefited the
degree of agglomeration in macro-aggregates and promoted the sequestration of SOC in
macro-aggregates due to the influence of coarse organic residues [52]. Excessive N rate
reduced the SOC and TN contents in each size fraction, especially the contribution rate
of macro-aggregates to SOC and TN under the dry sieving, which may be related to the
fact that it aggravated the lack of other essential nutrients in plants, leading to a more
significant excitation effect of crop root exudates on the mineralization of SOM, thereby
reducing SOC.

4.5. Aggregate Associated C/N Ratio

Soil aggregates regulate the C/N ratio and can reflect the soil’s ability to store and
recycle nutrients [53]. In our study, the macro-aggregates (especially 2–1 mm) had high
SOC and TN content and high C/N ratio in wet sieving. The micro-aggregates (<0.25 mm)
had high SOC and TN content and a low C/N ratio in dry sieving (Figure 4). We speculate
that SOC in water-stable macro-aggregates (especially 2–1 mm) is relatively aged. The
lowest C/N of the mechanical stability micro-aggregates (<0.25 mm) further confirms that,
under the action of mechanical forces, these high-carbon and nitrogen micro-aggregates
are likely to come from the decomposition of unstable macro-aggregates, especially those
covering the pore walls of macro-aggregates. These micro-aggregates are conducive to
microbial decomposition due to preferential deposition and relatively fresh OM. The soil
C mineralization rate is higher than the N mineralization rate, leading to a low C/N [49].
Ying et al. (2010) also pointed out that the C/N ratio reduced to some extent with decreas-
ing aggregate size [33]. The presence of the primary unstable C component and the higher
conversion rate is indicated by higher organic carbon content, lower C/N ratio, and lower
enrichment rate [35]. The C/N of aggregates in each size fraction gradually increased as
the soil depth grew depth (Figure 4). This is consistent with the results of [41], which lower
SOC mineralization rates and less disturbance in the lower soil depth could explain.
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In our study, with the increase in the N application rate, the C/N of >0.25 mm
aggregates first increased and then decreased, and the C/N of <0.25 mm aggregates first
decreased and then increased, reaching the minimum value at N225 under the wet sieving
method. The C/N of aggregate size fractions first decreased and then increased, reaching
the lowest value at N225 under the dry sieving method. It can be seen that appropriate
N application is beneficial to improve the C/N ratio of macro-aggregates, improve the C
and N stability of macro-aggregates under the wet sieving method, reduce the C/N ratio
of micro-aggregates under each aggregate size fraction under the dry sieving, and increase
the decomposition rate of OM (Figure 4). On the one hand, the suitable N application
rate is beneficial to adjust the returning straw with a high C/N ratio, improve the OM
decomposition rate, and reduce the soil C/N ratio. On the other hand, appropriate N
application rates contained higher macro-aggregates with higher quality residues (lower
C/N ratios) and more unstable undecomposed SOM located on the surface of the macro-
aggregates [41,54]. There is a higher C/N ratio for low N and excessive N treatment. In
a high C/N ratio, according to basic stoichiometry theory, nitrogen is limited, which will
increase microbial nitrogen mineralization [55]. However, Bhattacharyya et al. (2010) found
no difference in C/N ratios between the mineral fertilized treatments [31], which may be
the difference between the region and soil texture.

4.6. Crop Yield

Fertilization can effectively promote the productivity of crops. In this study, the N
application rate of 225 kg·ha−1 is conducive to improving the crop yield. N fertilization
reaches 300 kg·ha−1, and the crop yield decreases (Table 4). Fertilization, as a most common
management practice, not only provides necessary elements for crop growth but also
improves soil physical properties, changes aggregate distribution, affects soil carbon and
nitrogen sequestration, regulates soil C/N ratio, and absorbs water and nutrients from the
soil, and has a positive impact on crop yield [56]. Moreover, returning straw to the field after
harvest is conducive to promoting the formation of organic carbon in the macro-aggregates,
which is conducive to the formation of macro-aggregates [30], eventually leading to higher
crop yields [57]. The PLS-PM analysis (Figure 6) also showed fertilization is conducive to
higher crop yield, especially straw production, which will cause more straw to return to the
soil, thereby increasing carbon and nitrogen sequestration and improving soil water-stable
stability and mechanical stability. In addition, N fertilizer increasing the macro-aggregate
has increased soil stability and C and N sequestration and decreased the C/N ratio, which
is significantly related to yield, consistent with the conclusion of [58].

5. Conclusions

Anthrosol has primarily mechanical stability macro-aggregates and water-stable micro-
aggregates due to differences in mechanical force and water erosion resistance. Suitable N
application rate (N225) improved soil aggregate stability by increasing macro-aggregates
and decreasing micro-aggregates. Fertilization promoted the distribution and enrichment
of carbon and nitrogen in macro-aggregates, reduced the C/N of micro-aggregates, and
the contribution of micro-aggregates to SOC and TN, thus reducing the micro-aggregates.
Non-N, less N, and excess N are not conducive to carbon and nitrogen sequestration
in macro-aggregates, leading to the depolymerization effect of macro-aggregates. The
N225 treatment had the highest yield among the different N fertilization treatments. In
conclusion, long-term fertilization promoted the accumulation and storage of SOC and TN
on the Loess Plateau. We recommend N225 as the appropriate N application rate, which is
conducive to improving soil aggregate stability, carbon and nitrogen sequestration, and
crop productivity on the Loess Plateau.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13051312/s1, Table S1: Three-way ANOVA for the effect of
aggregate size (S), soil depth (D) and fertilization treatment (T) on the soil aggregates distribution,
the contributing rate of aggregate size fractions to SOC and TN, the SOC and TN content in each
aggregate fractions size and C/N of aggregate size fractions under two sieving methods; Table S2:
Two-way ANONA for the effect of fertilization treatment and soil depth on the indicators related to
soil aggregates stability, including MWD, GMD, D, PAD and ELT under two sieving methods.
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