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Abstract: Organic amendments have been widely confirmed to support soil health and agricultural
sustainability. However, the effects and mechanisms of long-term organic amendments combined
with chemical fertilizers on soil organic carbon (SOC) sequestration and soil macroaggregate for-
mation are still unclear. Therefore, this study aimed to explore the interaction between soil carbon
sequestration and soil agglomeration after 12 years of fertilization. Seven treatments within a field
experiment were selected to conduct the research, including nitrogen (N) application by farmers,
optimized N management, biochar and/or straw, manure, compost or biogas residue plus optimized
N management. The results showed that the addition of organic materials significantly enhanced
the SOC by 29.6–119.8% and 10.3–36.3% in 0–15 and 15–30 cm soil layers compared to N application
by farmers, respectively. Meanwhile, the soil humus carbon pools in the 0–15 cm soil layer were
increased by 14.7–205.2%, particularly humin carbon (HUC), which could be considered as a useful
indicator of the soil carbon sequestration process. Among the organic materials, the addition of
biochar was the most effective strategy due to its high aromatic carbon content that resisted biodegra-
dation. The addition of organic materials also improved the soil labile carbon fractions, and the
contents of microbial biomass carbon (MBC), dissolved organic carbon (DOC), particulate organic
carbon (POC) and KMnO4-oxidizable carbon (ROC) were enhanced by 120.5%, 92.3%, 217.2% and
85.5% on average, respectively, and the amount of exchangeable Ca2+ and Mg2+ cations and Fe and
Al oxides in the soil increased significantly whilst the Na+ content declined in the 0–15 cm soil layer.
These indicators showed a significant correlation with the mean weight diameter (MWD). Our results
revealed that the addition of organic materials could be an effective management practice to promote
soil carbon sequestration and soil macroaggregate formation in calcareous soil.

Keywords: soil carbon sequestration; soil agglomeration; organic amendments; soil carbon fractions;
long-term fertilization

1. Introduction

The soil carbon pool is the largest carbon stock in the terrestrial biosphere, which
is 2.5 times higher than that of terrestrial vegetation [1,2]. SOC is composed of a series
of fractions that vary in their turnover time, decomposition degree and recalcitrance [3].
Soil labile carbon fractions, including MBC, DOC, POC and ROC, are characterized by a
rapid turnover time and are recommended as early indicators of the effects of management
practices on soil fertility [4,5]. As the major components of SOC, soil humus carbon
fractions play a central role in stabilizing SOC pools [6], which could be divided into humid
acid (HA), fulvic acid (FA) and humin (HU) based on their solubility in acidic and alkali
solutions. Facing the challenges of food security and environmental protection, enhancing
SOC sequestration is at the core of soil health, and it is of great significance in regulating the
global climate and promoting the productivity and sustainability of agroecosystems [7–9].
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However, the SOC in conventional agriculture has declined by more than 30% compared to
pre-agricultural levels within a few decades [10,11].

Numerous previous studies have indicated that the addition of organic materials is
widely considered to build SOC sequestration, as it efficiently improves soil macroaggregate
formation [12–14]. A previous study reported that the SOC stock in Chinese croplands was
increased by 15.0%, which was mainly attributed to the increase in crop straw inputs in the
last 32 years [15]. Biochar, a carbon-rich byproduct, is transformed from sustainably sourced
biomass (crop residue, animal or poultry manure, etc.) through a process of pyrolysis. It
has a subsequent use as an agricultural amendment to improve soil fertility, increase crop
productivity, enhance SOC sequestration and mitigate greenhouse gas emissions [16–18].
Meanwhile, fertilization can redistribute SOC fractions and change microbial abundance,
which can then enhance soil macroaggregate formation [13,19,20]. Manure combined with
mineral fertilizer increases the DOC and MBC content in soil to a greater extent than
that of mineral fertilizer alone [21]. A previous study reported that the application of
maize straw or maize-straw-derived biochar combined with mineral fertilizer increases
the HAC content of soil [22]. These fractions are closely related to the formation of soil
macroaggregates due to their ability to bind soil particles directly and increase microbial
activity to release carbon-binding agents [23,24]. Additionally, soil aggregates offer vital
physical protection to SOC against microbial decomposition by encapsulation [1,19,25].
Therefore, soil aggregate formation and stability are directly proportional to the SOC
content in soil. However, previous studies seem to have given a lack of attention to the
potential formation mechanisms (i.e., the effect of soil labile carbon fractions, soil iron
(Fe)-oxides, aluminum (Al)-oxides or cations) of soil aggregates.

The North China Plain (NCP) is an important food production base in China [7].
Calcareous soil refers to the general name of soil containing free calcium carbonate, which
is widely distributed in arid and semi-arid areas, accounting for about 1/3 of the world’s
land area. Calcareous soil is one of the main soil types in the NCP, which is rich in calcium
carbonate as well as a small amount of magnesium carbonate and bicarbonate. This kind
of soil is characterized by a low SOC content, a high content of clay minerals and low soil
productivity. Due to the high concentration of free calcium carbonate and the high pH
value, calcareous soil has a strong fixation effect on phosphorus, resulting in a very low con-
centration of phosphorus in soil solutions and low mobility [26]. Meanwhile, excessive N
fertilization is common in the NCP [27]. Thus, it is necessary to study the effects and mech-
anisms of distinct quality organic materials and N addition on soil carbon sequestration
(including recalcitrant carbon pools) and soil macroaggregate formation, due to the lack of
relevant studies on calcareous soils based on long-term field experiments [1,6,13]. Our hy-
pothesis was that organic amendments associated with N fertilizer could be more efficient
in soil carbon sequestration compared to chemical fertilizer alone over a long-term period.
Therefore, a field experiment was selected to evaluate the SOC, soil labile carbon fractions,
humus carbon fractions and soil aggregate distribution in response to exogenous carbon
addition and reveal the mechanisms of soil macroaggregate formation and stabilization
with different organic amendments after 12 years of fertilization in calcareous soil.

2. Materials and Methods
2.1. Experimental Site

The field experiment was started in 2008; the study area lay in Quzhou County
(36.5◦ N, 115.0◦ E), Hebei Province, in the NCP. The location is characterized by a semi-arid
temperate continental monsoon climate with an annual mean temperature of 14 ◦C and a
precipitation rate of 422 mm. The soil was classified as calcareous alluvial soil with a pH
of 8.5 (w/v = 2.5:1), and it contained 8.19 g kg−1 SOC, 1.27 g kg−1 total N, 9.85 mg kg−1

available phosphorus (Olsen-P) and 160.00 mg kg−1 available potassium (K) primordially
at a 0–15 cm soil depth.
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2.2. Experimental Design

The field experiment was a completely random design with three replicates. The
selected treatments were as follows: N application by farmers (T1, 240 kg N ha−1), opti-
mized N management (T2), biochar combined with optimized N management (T3), maize
straw combined with optimized N management (T4), dairy manure combined with opti-
mized N management (T5), compost combined with optimized N management (T6) and
biogas residue combined with optimized N management (T7). The field was split into
21 plots, each plot with an area of 50 m2 (4 m × 12.5 m).

The optimized N (urea, 46% N) was applied based on in-season root-zone N
management [28]. For T1, a 40% of the total N content was applied as a basal fertilizer and
60% as a supplemental fertilizer at the stem-elongation stage in the wheat-growing season.
A total of 1/3 of the total N was applied as a seeding fertilizer, and 2/3 was supplied at
the tasseling stage in the maize-growing season. For wheat, optimized N was applied as a
basal and supplemental fertilizer at the stem-elongation stage (in total, 130 kg N ha−1 on
average), and all treatments were applied with P (granular superphosphate, 16% P2O5) at a
rate of 40 kg P ha−1 and K (potassium sulfate, 50% K2O) at a rate of 50 kg K ha−1 before
sowing before 2016. For maize, optimized N was applied as a seed and supplemental
fertilizer at the tasseling stage (in total, 112 kg N ha−1 on average), and all treatments were
applied with 20 kg P ha−1 and 37 kg K ha−1 with seeding, and the remaining 37 kg K ha−1

was applied at the tasseling stage before 2016. After 2016, considering the P and K brought
in by organic amendments, we adopted a balanced fertilization during the application
of chemical P and K fertilizer to avoid the difference in the soil contents of Olsen-P and
available K under different treatments, which would obscure the effect of the optimized
N management. Therefore, the soil contents of Olsen-P (19.58 mg kg−1 on average) and
available K (178.62 mg kg−1 on average) in each treatment were basically the same at the
time of the study

The different organic amendments were straw-derived through different processes of
pyrolysis for biochar, biological decomposition for dairy manure and aerobic and anaerobic
fermentation of manure for compost and biogas-residue, respectively. The carbon and
nitrogen content and pH value of the different organic amendments are shown in Table 1.
The organic amendments were annually applied at a rate of 3.2 Mg C ha−1 yr−1 for the
wheat–maize rotation system before wheat sowing. Basal fertilizers were broadcast onto
the soil surface and then incorporated to a depth of 15–20 cm through rotary tillage.

Table 1. Carbon and nitrogen content and pH value of different organic materials.

Indicaters Biochar Straw Manure Compost Biogas-residue

Carbon (%) 69.35 41.18 26.06 26.44 23.16
Nitrogen (%) 1.19 0.90 1.70 1.81 2.10

pH 8.30 / 6.98 7.85 7.21

The sowing quantity of wheat (variety: Liang Xing 99) was ca. 205 kg ha−1 between
5–10 October, and the wheat was harvested between 1–5 June the next year. The plantation
density of maize (variety: Zheng Dan 958) was ca. 75,000 plant ha−1 (growth period from
mid-June to early October). Irrigation, diseases, insect pests and weeds were managed
following local recommended practices [28].

2.3. Collection and Measurement of Soil Samples

Soil samples of the 0–15 and 15–30 cm layers were collected after the maize harvest
in 2020. All the combined soil samples were divided into two parts, a portion of the fresh
soil samples were air-dried, and visible roots and rocks were removed manually and then
sieved through a 2 or 0.25 mm sieve for various measurements. Another portion of the
fresh soil was stored at 4 ◦C for the MBC and DOC analysis.
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The SOC was determined by potassium dichromate oxidation followed by titration
with ferrous ammonium sulphate. The soil labile carbon fractions were determined [5]: For
the MBC, field-moist samples were fumigated at 25 ◦C for 24 h, and carbon was extracted
from the fumigated and non-fumigated samples with 0.5 mol L−1 K2SO4 (w/v = 1:4) for
1 h after removing the CHCl3. The filtered extracts were analyzed on a Multi 3100 N/C
TOC analyzer (Analytic Jena, Jena, Germany). For the DOC, field-moist samples were
extracted with 0.5 mol L−1 K2SO4 (w/v = 1:5) for 1 h, and the extracts were passed through
0.45 µm membrane filters and analyzed using a TOC analyzer. For the POC, air-dried
samples were dispersed with 30 mL of sodium hexametaphosphate (0.5% w/v) by shaking
at 100 r min−1 on a reciprocating shaker for 16 h, and the solutions were poured into a
53 µm sieve. All materials remaining on the sieve were dried, ball-milled and analyzed.
For the ROC, air-dried samples were allowed to react with 0.333 mol L−1 of KMnO4 for
1 h at 25 ◦C under tumbled shaking. The samples were then centrifuged and diluted 1:250
with deionized water, and the absorbance of the diluted samples and standards were read
on a split-beam spectrophotometer at 565 nm.

Humus contents were isolated according to a modified procedure [6]. Briefly, 5 g
of air-dried soil sample was added to 30 mL of distilled water, stirred and shaken for
1 h at 70 ◦C. Then, the mixture was centrifuged at 25 ◦C for 15 min (3500 r min−1). The
supernatant solution was filtered with filter paper into a 50 mL flask, and the residue was
washed twice with distilled water. The supernatant was merged and brought to volume
with distilled water. The solution contained a water-soluble substance (WSS). Then, 30 mL
of a mixture of 0.1 mol L−1 NaOH and 0.1 mol L−1 Na4P2O7 at pH 13 was added to the
residue. Oscillation, centrifugation, and filtration were conducted as described above. The
residue was washed in a centrifuge tube twice with distilled water and dried at 55 ◦C to
a constant weight. This was the HU. The solution was the total alkali-extractable humid
fraction (HE). The HE was separated into HA and FA by acidifying the extract to pH 1.0
using 0.5 mol L−1 H2SO4 at 65 ◦C for 1.5 h and was then allowed to stand overnight at 25 ◦C.
The HUC was determined using the same method as the SOC. The carbon concentration of
the other humus components including WSSC, HAC and FAC were determined using a
TOC analyzer. The HEC was calculated as:

HEC = HAC + FAC

The undisturbed soil samples were collected to measure the distribution of soil ag-
gregates after the maize harvest in 2020. Briefly, a 50.00 g subsample of air-dried soil
(5 mm) was wet-sieved through 2, 0.25 and 0.053 mm sieves, and four aggregate fractions
(>2, 0.25–2, 0.053–0.25 and <0.053 mm) were collected, oven-dried at 60 ◦C, weighed and
calculated [19]. The MWD was calculated as:

MWD (mm) =
n

∑
i=1

Xi × Yi

where Xi is the mean diameter (mm) of the aggregate size fractions, and Yi is the proportion
of the weight of each aggregate size fraction with respect to the total weight.

Meanwhile, the soil contents of exchangeable Na+, Mg2+ and Ca2+ were extracted
using 5 mmol L−1 EDTA-NH4OAc (1:5 w/v) for 0.5 h and then centrifuged, filtered and
analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES, Op-
tima 8000, PerkinElmer, Waltham, MA, USA) [13]. Soil dissociated Fe and Al oxides (Fed,
Ald) were extracted using a sodium dithionite–sodium citrate–sodium bicarbonate solution,
and amorphous Fe and Al oxides (Feo, Alo) were extracted by an oxalic acid–ammonium
oxalate buffer solution. Complexed Fe and Al oxides (Fes, Als) were extracted using a
sodium pyrophosphate solution, and the extracted solutions were analyzed using ICP-AES.
The total content of Fe and Al oxides was the sum of the above three parts, respectively.
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2.4. Statistical Analysis

The data are shown as mean ± standard error (n = 3). The differences in SOC content,
soil labile carbon fractions, humus carbon fractions, aggregate distribution and exchange-
able cations, i.e., Fe and Al oxides, among all the treatments were statically analyzed by the
least significant difference (LSD) method at a 0.05 level. The correlation matrixes of SOC,
MWD and other indicators were statistically analyzed by two-way analysis of variance
(ANOVA) with SAS (version 8.2; SAS Institute Inc., Cary, NC, USA). The graphics were
produced using Sigma Plot (version 12.0; SysTest Software Inc., San Jose, CA, USA).

3. Results
3.1. Effect of Fertilization on Soil Organic Carbon

The SOC content was significantly influenced by the fertilization and soil depths and
their interaction. The change in the SOC followed the rule of T3 > T6 > T5, T7 > T4 > T1 and
T2 in the 0–15 cm soil layer. Compared to T1, the SOC of T2 was decreased by 13.2%, whilst
it was significantly increased by 63.4% on average with the organic amendments. The
content of SOC was significantly decreased with increasing the soil depth (12.18 g kg−1 of
0–15 cm vs. 8.19 g kg−1 of 15–30 cm on average). Different trends were observed in the
15–30 cm soil layer: T3, T6 > T5, T7, T4 and T1 > T2. The SOC of T2 was significantly
decreased by 22.3%, but there were no significant differences among the T2, T4, T5 and T7
treatments. T3 and T6 had a significantly enhanced SOC by 36.3% and 34.4% compared
to T1, respectively. Additionally, significant differences in the SOC content were observed
among the organic amendments. T3 showed the most profound effect on the SOC accu-
mulation, which was increased by 153.3% and 75.4% in the 0–15 and 15–30 cm soil layers
compared to T2, respectively (Figure 1).
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Figure 1. Soil organic carbon (SOC) content at 0–15 and 15–30 cm depths as affected by different
treatments in 2020 after 12 years of annual fertilization. T1: N application by farmers (240 kg N ha−1);
T2: optimized N management (Nopt); T3: biochar + Nopt; T4: straw + Nopt; T5: manure + Nopt;
T6: compost + Nopt; T7: biogas residue + Nopt. Lower-case letters indicate significant differences
among treatments at a specific soil depth at p < 0.05 level. Capital letters indicate significant differences
between the two soil depths at p < 0.05 level.

3.2. Effect of Fertilization on Soil Labile Carbon Fractions

The changes in the MBC, DOC, POC and ROC contents of the different treatments
showed similar trends to those of the SOC. Compared to T1 (36.79 mg kg−1, 24.86 mg kg−1,
55.57 mg kg−1 and 1.01 g kg−1 of MBC, DOC, POC and ROC, respectively), the organic
amendments significantly enhanced them by 106.1–150.4%, 75.6–114.0%, 108.2–331.3%
and 20.7–163.0% in 0–15 cm, respectively. The contents were significantly decreased with
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increasing the soil depth. In addition, the MBC, DOC, POC and ROC were enhanced by
76.7–116.3%, 18.1–45.3%, 84.3–398.7% and 24.0–105.3% compared to T1 at the 15–30 cm
depth, respectively. Otherwise, no significant differences in the MBC, DOC, POC and ROC
were observed between T2 and T1 at both the 0–15 and 15–30 cm soil layers (Figure 2).
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Figure 2. Microbial biomass carbon (MBC), dissolved organic carbon (DOC), particle organic carbon
(POC) and KMnO4-oxidizable carbon (ROC) contents at 0–15 and 15–30 cm depths as affected by
different treatments in 2020 after 12 years of annual fertilization. T1: N application by farmers
(240 kg N ha−1); T2: optimized N management (Nopt); T3: biochar + Nopt; T4: straw + Nopt;
T5: manure + Nopt; T6: compost + Nopt; T7: biogas residue + Nopt. Lower-case letters indicate
significant differences among treatments at a specific soil depth at p < 0.05 level. Capital letters
indicate significant differences between the two soil depths at p < 0.05 level.

3.3. Effect of Fertilization on Soil Humus Carbon Fractions

Compared to T1, all the treatments significantly increased the HAC, FAC and HEC
by 10.0–70.7%, 7.9–31.4% and 8.4–33.9% in 0–15 cm, respectively. Additionally, significant
differences in the HAC and HEC contents were observed among the different organic
amendments, and the increase in the HEC content was attributed to the higher HAC.
T6 showed the most profound effect on the HAC and HEC, which were increased by 55.2%
and 23.5% compared to T2 at the 0–15 cm depth, respectively. By contrast, no differences in
the FAC were observed among the organic amendments. The contents of HAC, FAC and
HEC were significantly decreased with increasing the soil depth, which declined by 13.5%,
33.1% and 28.3% on average, respectively. In addition, the changes in the HAC, FAC and
HEC of the different fertilization treatments at 15–30 cm showed similar trends to that of
the 0–15 cm depth (Table 2).
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Table 2. Water-soluble substance carbon (WSSC), humic acid carbon (HAC), fulvic acid carbon (FAC),
total alkali-extractable humus carbon (HEC) and humin carbon (HUC) contents at 0–15 and 15–30 cm
depths as affected by different treatments in 2020 after 12 years of annual fertilization. T1: N application
by farmers (240 kg N ha−1); T2: optimized N management (Nopt); T3: biochar + Nopt; T4: straw + Nopt;
T5: manure + Nopt; T6: compost + Nopt; T7: biogas residue + Nopt. Lower-case letters indicate
significant differences among treatments at a specific soil depth at p < 0.05 level. Capital letters
indicate significant differences between the two soil depths at p < 0.05 level.

Soil Depth Tre. WSSC (g kg−1) HAC (g kg−1) FAC (g kg−1) HEC (g kg−1) HUC (g kg−1)

0–15 cm

T1 0.43 ± 0.05 cd 0.75 ± 0.03 d 2.56 ± 0.03 c 3.31 ± 0.07 d 3.85 ± 0.24 cd
T2 0.36 ± 0.04 d 0.83 ± 0.06 cd 2.77 ± 0.10 bc 3.59 ± 0.04 cd 3.65 ± 0.41 d
T3 1.18 ± 0.11 a 0.95 ± 0.08 bc 3.03 ± 0.09 ab 3.98 ± 0.16 bc 11.76 ± 0.98 a
T4 0.53 ± 0.00 bcd 1.01 ± 0.02 b 3.37 ± 0.22 a 4.38 ± 0.23 ab 5.64 ± 0.32 bc
T5 0.69 ± 0.07 b 1.00 ± 0.00 b 3.04 ± 0.11 ab 4.04 ± 0.10 ab 6.92 ± 0.70 b
T6 0.64 ± 0.05 bc 1.28 ± 0.05 a 3.16 ± 0.20 ab 4.44 ± 0.18 a 6.37 ± 0.49 b
T7 0.69 ± 0.08 b 1.08 ± 0.02 b 2.94 ± 0.05 abc 4.02 ± 0.04 abc 6.87 ± 0.78 b

Mean 0.64 ± 0.06 A 0.99 ± 0.04 A 2.98 ± 0.07 A 3.97 ± 0.09 A 6.44 ± 0.59 A

15–30 cm

T1 0.52 ± 0.02 c 0.68 ± 0.02 c 1.70 ± 0.05 b 2.38 ± 0.07 c 5.18 ± 0.24 c
T2 0.45 ± 0.01 c 0.75 ± 0.03 c 1.79 ± 0.05 b 2.54 ± 0.02 bc 4.51 ± 0.07 c
T3 0.92 ± 0.06 a 0.87 ± 0.01 b 1.95 ± 0.11 ab 2.82 ± 0.10 ab 9.15 ± 0.60 a
T4 0.55 ± 0.07 c 0.87 ± 0.01 b 1.95 ± 0.13 ab 2.82 ± 0.13 ab 4.95 ± 0.31 c
T5 0.55 ± 0.02 c 0.91 ± 0.02 ab 2.23 ± 0.13 a 3.14 ± 0.11 a 5.46 ± 0.21 bc
T6 0.73 ± 0.07 b 0.98 ± 0.05 a 2.23 ± 0.14 a 3.21 ± 0.20 a 6.65 ± 0.18 b
T7 0.52 ± 0.07 c 0.91 ± 0.05 ab 2.08 ± 0.19 ab 2.99 ± 0.22 a 5.24 ± 0.71 c

Mean 0.60 ± 0.04 A 0.85 ± 0.02 B 1.99 ± 0.06 B 2.84 ± 0.08 B 5.88 ± 0.35 A

There were no differences in the WSSC and HUC contents between the two soil depths,
nor between the T1 and T2 treatments in either soil depth. However, significant differences
were observed among the different organic amendments at a certain depth. T3, T4, T5, T6
and T7 enhanced the WSSC by 173.7%, 23.2%, 59.9%, 49.1% and 61.1% at a depth of 0–15 cm
compared to T1, respectively. Similarly, the organic amendments significantly increased
the HUC content by 95% on average, ranging from 46.4% (T4) to 205.2% (T3) compared to
T1. Significantly higher WSSC and HUC contents were observed in T3 and T6 compared
to T1 at a depth of 15–30 cm. It should be pointed out that T3 had the highest WSSC and
HUC, which were increased by 226.7% and 222.0% at a depth of 0–15 cm and by 102.3%
and 103.1% at a depth of 15–30 cm compared to T2, respectively (Table 2).

3.4. Effect of Fertilization on Soil Aggregate Distribution and Mean Weight Diameter

The distribution of soil water-stable aggregates of different sizes was as follows:
(<0.053) > (0.053–0.25) > (0.25–2) > (>2) mm. The proportion of >2 mm components was
less than 1%. There were no significant differences between T1 and T2 in terms of the
proportions of the 0.25–2, 0.053–0.25 and < 0.053 mm soil aggregate sizes at the two soil
depths. The organic amendments significantly increased the proportion of the 0.25–2 and
0.053–0.25 mm soil aggregate sizes; the increase rates were 116.2% and 77.4% at a depth
of 0–15 cm and 66.9% and 54.0% at a depth of 15–30 cm on average for the 0.25–2 mm
sizes compared to T1 and T2, respectively. The increases were 40.7% and 18.0%, and
63.9% and 41.9% for the 0.053–0.25 mm sizes. Additionally, significant differences in the
proportion of the 0.25–2 and 0.053–0.25 mm soil aggregate sizes were observed among
the organic amendments at a depth of 0–15 cm. Therein, T5 showed the most profound
effect in terms of the proportion, which increased by 100.4% and 44.7% compared to T2,
respectively. In terms of the < 0.053 mm soil aggregate sizes, the proportions of the organic
amendments were 29.4% and 20.6% lower than those of T1 in the 0–15 and 15–30 cm soil
layers, respectively (Figure 3).
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3.5. Effect of Fertilization on Soil Exchangeable Ca2+, Mg2+, Na+ Cations, Iron- and Aluminum-
Oxides 

Figure 3. Soil aggregate distributions at 0–15 and 15–30 cm depths as affected by different treat-
ments in 2020 after 12 years of annual fertilization. T1: N application by farmers (240 kg N ha−1);
T2: optimized N management (Nopt); T3: biochar + Nopt; T4: straw + Nopt; T5: manure + Nopt;
T6: compost + Nopt; T7: biogas residue + Nopt. Lower-case letters indicate significant differences
among treatments of each aggregate size at a specific soil depth at p < 0.05 level.

The soil aggregates expressed by MWD were significantly affected by the fertilization
and soil depth and their interaction. The MWD was significantly decreased with increasing
the soil depth. Compared to T1, T2 increased the MWD by 16.8% and 7.9% in the 0–15 cm
and 15–30 cm soil layers, but this did not reach a significant level. The organic amendments
significantly increased the MWD by 79.2% and 51.2% on average, respectively. However,
there were no significant differences among the different organic amendments at both of
the soil depths (Figure 4).
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Figure 4. Mean weight diameter (MWD) at 0–15 and 15–30 cm depths as affected by different
treatments in 2020 after 12 years of annual fertilization. T1: N application by farmers (240 kg N ha−1);
T2: optimized N management (Nopt); T3: biochar + Nopt; T4: straw + Nopt; T5: manure + Nopt; T6:
compost + Nopt; T7: biogas residue + Nopt. Lower-case letters indicate significant differences among
treatments at a specific soil depth at p < 0.05 level. Capital letters indicate significant differences
between the two soil depths at p < 0.05 level.
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3.5. Effect of Fertilization on Soil Exchangeable Ca2+, Mg2+, Na+ Cations, Iron- and
Aluminum-Oxides

The changes in the soil exchangeable Ca2+, Mg2+, Na+, and Fe (Fed, Feo, Fes) and
Al oxide (Ald, Alo, Als) contents of all the treatments are shown in Table 3. The organic
amendments significantly increased the Ca2+ and Mg2+ and Fe and Al oxide contents by
13.9% (8.1–22.3%), 39.6% (22.0–67.5%), 14.5% (12.1–18.3%) and 12.0% (9.7–14.6%), respec-
tively, compared to T1 at a depth of 0–15 cm, except for the Ca2+ content of T3 and T6.
By contrast, the Na+ contents were significantly decreased with the organic amendments.
On average, the reduction was 15.1% (12.5–19.9%) compared to T1, whilst no significant
differences were observed between T2 and T1. A similar variation tendency was observed
in the 15–30 cm layer (Table 3).

Table 3. Soil exchangeable calcium (Ca2+), magnesium (Mg2+), sodium (Na+), iron oxide (dissociated
Fed, amorphous Feo, complex Fes) and aluminum oxide (dissociated Ald, amorphous Alo, complex
Als) contents at 0–15 and 15–30 cm depths as affected by different treatments in 2020 after 12 years of
annual fertilization. T1: N management by farmers (240 kg N ha–1); T2: optimized N management
(Nopt); T3: biochar + Nopt; T4: straw + Nopt; T5: manure + Nopt; T6: compost + Nopt; T7: biogas
residue + Nopt. Lower-case letters indicate significant differences among treatments at a specific soil
depth at p < 0.05 level. Capital letters indicate significant differences between the two soil depths at
p < 0.05 level.

Soil
Depth Tre. Ca2+

(g kg−1)
Mg2+

(g kg−1)
Na+

(g kg−1)
Fed

(g kg−1)
Ald

(g kg−1)
Feo

(g kg−1)
Alo

(g kg−1)
Fes

(g kg−1)
Als

(g kg−1)

0–15 cm

T1 9.66 ± 0.17
bc

0.35 ± 0.00
e

0.34 ± 0.00
a

11.66 ± 0.25
c

4.10 ± 0.21
b

1.42 ± 0.10
b

0.56 ± 0.07
b

0.13 ± 0.01
cd

0.06 ± 0.01
cd

T2 9.13 ± 0.06
c

0.35 ± 0.01
e

0.33 ± 0.01
a

11.74 ± 0.23
bc

4.35 ± 0.06
ab

1.58 ± 0.12
b

0.53 ± 0.00
b

0.11 ± 0.00
d

0.04 ± 0.01
d

T3 9.79 ± 0.18
bc

0.43 ± 0.02
d

0.29 ± 0.00
bc

13.10 ± 0.49
a

4.52 ± 0.06
a

2.28 ± 0.23
a

0.76 ± 0.06
a

0.24 ± 0.01
a

0.12 ± 0.01
a

T4 10.76 ± 0.21
b

0.46 ± 0.01
c

0.27 ± 0.01
c

12.40 ± 0.18
abc

4.22 ± 0.07
ab

2.48 ± 0.09
a

0.88 ± 0.11
a

0.16 ± 0.01
bc

0.08 ± 0.00
bc

T5 11.81 ± 0.73
a

0.58 ± 0.01
a

0.30 ± 0.01
b

12.49 ± 0.05
ab

4.35 ± 0.10
ab

2.21 ± 0.20
a

0.82 ± 0.04
a

0.17 ± 0.01
b

0.07 ± 0.00
cd

T6 9.83 ± 0.38
bc

0.50 ± 0.00
b

0.29 ± 0.00
bc

12.31 ± 0.15
abc

4.33 ± 0.14
ab

2.33 ± 0.03
a

0.85 ± 0.03
a

0.16 ± 0.00
bc

0.11 ± 0.00
a

T7 10.44 ± 0.04
b

0.47 ± 0.02
bc

0.29 ± 0.01
bc

12.71 ± 0.14
a

4.32 ± 0.04
ab

2.30 ± 0.01
a

0.88 ± 0.06
a

0.24 ± 0.02
a

0.10 ± 0.01
ab

Mean 10.20 ± 0.21
B

0.45 ± 0.02
A

0.30 ± 0.01
B

12.34 ± 0.13
A

4.31 ± 0.04
A

2.09 ± 0.10
B

0.76 ± 0.04
A

0.17 ± 0.01
A

0.08 ± 0.01
A

15–30 cm

T1 10.07 ± 0.27
b

0.37 ± 0.02
c

0.34 ± 0.01
a

9.03 ± 0.17
a

1.25 ± 0.13
b

2.55 ± 0.02
b

0.52 ± 0.09
b

0.04 ± 0.01
de

0.03 ± 0.00
bc

T2 10.89 ± 0.04
ab

0.44 ± 0.02
bc

0.34 ± 0.01
a

8.85 ± 0.18
a

1.30 ± 0.03
b

2.46 ± 0.08
b

0.62 ± 0.06
ab

0.03 ± 0.00
e

0.02 ± 0.00
c

T3 11.46 ± 0.48
a

0.48 ± 0.01
ab

0.31 ± 0.01
a

9.01 ± 0.10
a

1.55 ± 0.09
a

2.49 ± 0.03
b

0.71 ± 0.02
ab

0.09 ± 0.01
a

0.06 ± 0.01
ab

T4 11.84 ± 0.25
a

0.54 ± 0.02
a

0.33 ± 0.00
a

9.03 ± 0.05
a

1.43 ± 0.02
ab

2.49 ± 0.05
b

0.77 ± 0.04
a

0.05 ± 0.00
cd

0.04 ± 0.01
abc

T5 11.85 ± 0.04
a

0.53 ± 0.04
ab

0.32 ± 0.02
a

9.15 ± 0.17
a

1.35 ± 0.01
ab

2.53 ± 0.06
b

0.70 ± 0.05
ab

0.07 ± 0.00
bc

0.04 ± 0.00
abc

T6 11.85 ± 0.07
a

0.56 ± 0.05
a

0.33 ± 0.02
a

9.20 ± 0.08
a

1.34 ± 0.07
ab

2.84 ± 0.10
a

0.75 ± 0.06
a

0.07 ± 0.01
abc

0.04 ± 0.00
abc

T7 11.23 ± 0.45
a

0.50 ± 0.03
ab

0.33 ± 0.01
a

8.98 ± 0.17
a

1.33 ± 0.03
ab

2.68 ± 0.11
ab

0.83 ± 0.10
a

0.08 ± 0.00
ab

0.06 ± 0.01
a

Mean 11.31 ± 0.16
A

0.49 ± 0.02
A

0.33 ± 0.00
A

9.04 ± 0.05
B

1.37 ± 0.03
B

2.58 ± 0.04
A

0.70 ± 0.03
A

0.06 ± 0.01
B

0.04 ± 0.00
B

A linear equation was used to express the response of the MWD to the soil exchange-
able Ca2+, Mg2+ and Na+ contents. The results showed that the MWD and soil exchangeable
Ca2+ and Mg2+ contents had positive correlation relationships (p < 0.01), but there was a
negative correlation between the MWD and soil exchangeable Na+ (p < 0.01) content at
both of the soil depths (Figure 5). Similarly, there were significant positive correlations
between the MWD and the Fe oxides and/or Al oxides (Figure 6).
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3.6. Correlation Matrix of Soil Organic Carbon, Labile Carbon Fractions, Humus Carbon Fractions
and Mean Weight Diameter

A correlation analysis of the soil labile carbon fractions, humus carbon fractions, soil
aggregates and the SOC at the 0–15 and 15–30 cm soil depths was conducted. In terms
of the relationship between the SOC and the other indicators, the results revealed that
the HUC (R2 = 0.89), POC, WSSC, DOC, MBC, HEC, HAC and MWD (R2 = 0.46) were
significantly positively related to the SOC content at a depth of 0–15 cm. In addition to the
above indicators, the ROC was also significantly positively correlated with the SOC content
(p < 0.05) at a depth of 15–30 cm. In terms of the relationship between the MWD and the
other indicators, the results revealed that the DOC (R2 = 0.79), POC, MBC, ROC, HEC,
HAC, HUC, FAC, SOC and WSSC (R2 = 0.45) were significantly positively related to the
MWD (p < 0.05) at a depth of 0–15 cm. However, the HUC and WSSC were not correlated
with the MWD (p > 0.05) at a depth of 15–30 cm. Otherwise, significant correlations
among the different indexes were also observed (Table 4). The results suggested that the
improvement in the SOC content caused by the organic amendments was beneficial for the
supply of soil active carbon, the conversion of soil humus carbon and the formation of soil
macroaggregates directly and/or indirectly. In turn, the formation of soil macroaggregates
could promote soil carbon sequestration.

Table 4. Correlation matrix of soil organic carbon (SOC), water-soluble substance carbon (WSSC),
humic acid carbon (HAC), fulvic acid carbon (FAC), total alkali-extractable humus carbon (HEC),
humin carbon (HUC), microbial biomass carbon (MBC), dissolved organic carbon (DOC), particle
organic carbon (POC), KMnO4-oxidizable carbon (ROC) contents and mean weight diameter (MWD)
at 0–15 and 15–30 cm depths as affected by different treatments in 2020 after 12 years of annual
fertilization. * p < 0.05, ** p < 0.01.

Soil Depth Index SOC WSSC HAC FAC HEC HUC MBC DOC POC ROC MWD

0–15 cm

SOC 1.00 0.88 ** 0.48 * 0.41 0.49 * 0.89 ** 0.55 * 0.62 ** 0.88 ** 0.39 0.46 *
WSSC 1.00 0.15 0.20 0.20 0.99 ** 0.30 0.49 * 0.86 ** 0.14 0.45 *
HAC 1.00 0.51 * 0.78 ** 0.20 0.68 ** 0.58 ** 0.55 * 0.82 ** 0.52 *
FAC 1.00 0.94 ** 0.27 0.64 ** 0.60 ** 0.36 0.58 ** 0.47 *
HEC 1.00 0.28 0.74 ** 0.67 ** 0.48 * 0.76 ** 0.56 **
HUC 1.00 0.36 0.53 * 0.88 ** 0.16 0.50 *
MBC 1.00 0.72 ** 0.54 * 0.53 * 0.62 **
DOC 1.00 0.61 ** 0.65 ** 0.79 **
POC 1.00 0.44 * 0.67 **
ROC 1.00 0.58 **
MWD 1.00
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Table 4. Cont.

Soil Depth Index SOC WSSC HAC FAC HEC HUC MBC DOC POC ROC MWD

15–30 cm

SOC 1.00 0.74 ** 0.59
** 0.36 0.46 * 0.73 ** 0.50 * 0.69 ** 0.71 ** 0.51 * 0.57 **

WSSC 1.00 0.37 0.20 0.27 0.94 ** 0.35 0.56 ** 0.72 ** 0.18 0.28
HAC 1.00 0.68 ** 0.83 ** 0.27 0.61 ** 0.81 ** 0.50 * 0.75 ** 0.75 **
FAC 1.00 0.97 ** 0.06 0.41 0.76 ** 0.32 0.77 ** 0.57 **
HEC 1.00 0.13 0.51 * 0.83 ** 0.40 0.82 ** 0.67 **
HUC 1.00 0.24 0.40 0.81 ** 0.07 0.30
MBC 1.00 0.50 * 0.35 0.58 ** 0.56 **
DOC 1.00 0.55 * 0.78 ** 0.55 **
POC 1.00 0.28 0.52 *
ROC 1.00 0.69 **
MWD 1.00

4. Discussion
4.1. Effect of Organic Amendments on SOC Sequestration and Fractions

SOC has been considered as one of the most important indicators for its contributions
to soil health, agricultural productivity and ecosystem services [9,29,30]. Previous studies
have confirmed that sufficient inputs of carbon by organic amendments could be an effective
and recommendable way to enhance SOC sequestration compared to mineral fertilizers
alone [13,31,32]. In the present study, the initial SOC content was only 8.19 g kg−1, which
was lower than the threshold level of 1%, at which soil becomes unstable and is prone to
degrade under temperate conditions [29]. The exogenous organic amendments used in
this study significantly increased the SOC content by 63.4% and 22.2% on average at the
0–15 and 15–30 cm soil depths compared to the T1 treatment after 12 years of fertilization,
respectively (Figure 1). This was because of the direct carbon input (38.4 Mg ha–1 totally)
used in this study and the increase in stubble-returning and rhizo-deposition [33]. However,
the optimized N management (T2) decreased the SOC by 13.2% and 22.3% on average at
the 0–15 and 15–30 cm soil depths compared to T1 (Figure 1). The most likely explanation
was that the optimized N management resulted in a reduction in stubble-returning and
rhizo-deposition, which directly decreased the carbon input [33]. The changes in the soil
temperature and moisture caused by the optimized N management may have increased
the soil organic matter mineralization [4,34]. In addition, the SOC content decreased with
the increases in the soil depths, which was in line with results reported from previous
studies [7,35].

The cumulative effect of the SOC was influenced by the quality of the organic amend-
ments. A previous study reported that topsoil SOC was increased by 19.5% for straw
combined with chemical fertilizers, whilst it was increased by 36.2% for manure combined
with chemical fertilizers in croplands based on a global meta-analysis. Both of them were
higher than that of fertilizer alone (10.0%) [36]. Similarly, our results found that the organic
amendments enhanced the SOC by 29.6–119.8% at a depth of 0–15 cm and by 10.3–36.3%
at a depth of 15–30 cm compared to T1 (Figure 1). The difference in the C/N ratio of the
various organic amendments could be the most likely explanation, which were 58:1 for
biochar, 46:1 for maize straw, 15:1 for manure and compost and 11:1 for biogas residue
(Table 1), because a high C/N ratio (i.e., biochar and maize straw) can reduce the decom-
position of organic matter by soil microorganisms [37]. Returning straw directly to the
field could only maintain about 10–20% of the carbon after 5–10 years of biodegradation,
whereas straw returned in the form of biochar could hold more than 50% [38]. Among all
the organic amendments, the addition of biochar combined with optimized N management
was the most effective treatment for SOC sequestration followed by the addition of com-
post combined with optimized N management, and the addition of maize straw combined
with optimized N management was the slowest (Figure 1), which was most likely caused
by the presence of aromatic carbon structures and the solubility of the different organic
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amendments, where the high presence and low solubility (i.e., that of biochar) would resist
biochemical decomposition [22,32]. Additionally, the soil CO2 emissions with biochar
addition were significantly lower than that of the soils with other amendments [39].

Soil labile carbon fractions, including MBC, DOC, POC and ROC, can serve as early
indictors of changes in a soil’s chemical and physical properties because they can be altered
in the short term by organic management practices [5,13,40]. Our results showed that the
exogenous organic amendments significantly increased the MBC, DOC, POC and ROC
contents compared to T1 after 12 years of fertilization at both of the soil depths (Figure 2).
The increase in the MBC and DOC contents demonstrated that the soil was in process
of being restored after receiving the treatment with the organic amendments combined
with chemical fertilizers [40]. The reasons could be that the higher microbial abundance
and greater microbial biomass after the addition of the organic amendments promoted
the accumulation of MBC [41,42]. In addition, the application of the organic amendments
could stimulate rhizo-deposition, which has been confirmed to be an important source
of DOC [43]. However, there were no significant differences among the various organic
amendments at both of the soil depths (Figure 2). The increase in the POC and ROC
reflected a greater residue input in the system [5]. The reasons could be that the organic
amendments brought in an increase in lignin and cellulose residues, which can promote
high levels of root exudates [44]. For the different organic managements, the addition of
biochar combined with optimized N management enhanced the POC content the most
(Figure 2). This agreed with Wu et al. [13], who also reported that the application of biochar,
manure and straw increased the POC content significantly by 83.3%, 50.0% and 66.7%
compared to chemical fertilizer alone, respectively. The addition of compost combined
with optimized N management enhanced the ROC content the most, and biochar showed
a lower content than the other organic management (Figure 2), and this might have been
due to the fact that the content of lignin was greater in the T4-T7 treatments, since the
ROC content has been shown to be positively correlated with the lignin content in organic
amendments [45].

The organic amendments combined with chemical fertilizers showed different in-
creases in the HAC, HEC and HUC contents at both of the soil depths compared to Tl
after 12 years of fertilization (Table 2). As an effective indicator of the SOC sequestration
process, humus carbon fractions constitute a recalcitrant soil carbon pool. In addition, an
increase in humus carbon fractions is important for soil carbon stabilization since they
can be tightly bound to mineral surfaces to form metal–organic–mineral coatings through
their adsorption to prevent microbial decomposition and mineralization [46]. However, the
FAC content ranged more narrowly among the different fertilization treatments compared
to HAC content (Table 2). This result was consistent with another study with long-term
compost application [6]. The results indicated that organic inputs were more conducive
to the formation of HA. This was due to the fact that FA contains more soluble and reac-
tive components (i.e., carbohydrates, proteins and lipids), whilst HA contains aliphatic
and aromatic molecules [47,48]. Meanwhile, FA is easily transferred into HA in the early
stages [49]. Previous studies also found that the quality of organic amendments could
differentially affect the microbial utilization of carbon in the organic contents [50,51]. The
manure, compost and biogas residue applications likely contributed to an increase mi-
crobial activity to enhance the content of easily decomposable organic carbon, whilst the
biochar- and straw-returning treatments showed a relatively lower decomposition rate due
to their high C/N ratio [6], which partly explained the result that the WSSC content of the
manure, compost and biogas residue additions tended to be higher than that of the other
treatments at a depth of 0–15 cm, exclude the biochar application treatment (Table 2).

4.2. Effect of Organic Amendments on Soil Aggregate Formation

Our results showed that the organic amendments significantly increased the propor-
tion of soil macroaggregates and MWD values compared to the chemical fertilizer treatment
alone (Figures 3 and 4). Similar results have been reported previously [4,12,13]. Meanwhile,
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an increase in soil exchangeable Ca2+ and Mg2+ cations and a decline in exchangeable Na+

were observed (Table 3). The increase in Ca2+ and Mg2+ cations was largely contributed
to by the direct-input sources from the organic materials and superphosphate, and they
could replace Na+ at the cation exchange sites [52]. Ca2+ and Mg2+ were significantly posi-
tively correlated with MWD, and Na+ was significantly negatively correlated with MWD
(Figure 5), which indicated that the change in the exchangeable cations played a certain role
in the formation of macroaggregates. Meanwhile, the soil mineralogy (i.e., Fe and Al) could
control the formation and stability of aggregates through both mineral–mineral interactions
and organo-mineral associations [20]. Thus, Fe and Al oxides could help to stabilize the soil
aggregates. We found that the organic amendments significantly increased the contents of
Fe and Al oxides in the topsoil (Table 3), and there was a significantly positive correlation
between the MWD and Fe or Al oxides (Figure 6). In addition to their indirect role in the
formation of soil macroaggregates, the improvement om the contents of soil exchangeable
cations and oxides was closely related to the sequestration and stabilization of SOC via the
adsorption or formation of humates [53]. Metallic sesquioxide significantly contributed
to the specific surface area, and Fe and Al oxides showed a potentially greater affinity for
SOC than the other mineral surfaces [54]. Moreover, the existence of polyvalent cations
produces electrostatic bridging between soil mineral surfaces and SOC [55]. However, there
were no significant differences among the various organic amendments at both of the soil
depths (Figures 3 and 4). This result was different from Wu et al. [13], where they found
that returning manure and straw to soil enhanced the MWD content more than biochar
after 2 years of fertilization.

Soil aggregation was influenced by the contents of soil labile carbon fractions as well
(Table 4). Higher MBC and DOC contents under the various organic amendment treatments
compared to the chemical fertilizers alone were observed (Figure 2), which resulted in the
binding of soil particles together into aggregates [13,24]. The correlation matrix analysis
illustrated that the MWD value increased along with the MBC and DOC (p < 0.01) (Table 4),
which suggested that MBC and DOC were suitable indexes for evaluating macroaggregate
formation in calcareous soils. Overall, the organic carbon fractions were released by the
organic amendments as energy sources for the microorganisms in the soil. This could result
in a greater level of binding agents related to the ease of decomposition being secreted,
thus accelerating soil aggregation from microaggregates to macroaggregates [24,40,56]. By
contrast, the formation of soil macroaggregates could play a physically protective role in
SOC sequestration for resisting biodegradation [14,19,25].

Additionally, the sequestration and stabilization of SOC and the formation and stability
of soil macroaggregates could be influenced by the chemical structure of the SOC, the
structure of the soil microbial community, etc. [13,53]. The chemical structure composition
of the SOC reflected the stability of the SOC directly; aromatic carbon is resistant to
biodegradation and can be preferentially adsorbed onto metal oxides [13,57]. Therefore,
future studies should focus on the effects of organic amendments on the molecular structure
of SOC and the functional microorganisms associated with the carbon cycle.

5. Conclusions

The long-term organic amendments combined with N fertilization significantly en-
hanced SOC sequestration and promoted soil macroaggregate formation compared to the
use of chemical fertilizers alone. On average, the addition of organic materials significantly
increased the SOC content by 63.4% in 0–15 cm soil layer and by 22.2% in the 15–30 cm soil
layer compared to the application of N by farmers. Among them, the application of biochar
was the most effective strategy, which was primarily due to its high content of aromatic
carbon available to resist biodegradation. The addition of organic materials significantly
increased the soil humus carbon pools, particularly the HUC content, and this also partly
explained the enhancement of the SOC content. The increase in the SOC content resulted
in an improvement in the soil labile carbon fractions, and the soil exchangeable Ca2+ and
Mg2+ cation and Fe and Al oxide contents were enhanced with the addition of organic
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materials, whilst the content of Na+ declined, especially in the 0–15 soil layer. The results
contributed to macroaggregate formation and their stability, which in turn promoted the
accumulation and stabilization of SOC. However, there were no significant differences in
terms of MWD among all the organic materials at both of the soil depths after 12 years
of fertilization. Overall, our results explained the formation of macroaggregates and sug-
gested an important role of the addition of organic materials for soil carbon sequestration
and sustainable agricultural production in calcareous soil.
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