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Soil conditioner has good performance in improving soil environment and solving soil barrier problems. 
The purpose of this study was to analyze the effects of different types of soil conditioners on the 
distribution of soil aggregates and the yield of corn, and to find out the suitable soil conditioners for 
improving the barren soil in the Yellow River irrigation area. The treatments include no soil conditioner 
(CK), cow dung organic fertilizer soil conditioner with different organic matter contents (Om-20%, 
Om-30%, Om-40%, Om-45%), humic acid soil conditioner (Hu-20%) and amino acid soil conditioner 
(Am-25%). The result indicated that different types of soil conditioners promoted the formation of 
aggregates with particle size > 0.25 mm, improved the stability of aggregates, and increased the 
content of organic carbon and total nitrogen in macroaggregates. Compared with CK, the contents of 
organic carbon and total nitrogen of various soil conditioners in macroaggregates increased by 20.08-
48.89% and 8.36-42.86%, respectively. The organic carbon content of macroaggregates under Am-
25% treatment was significantly increased by 7.15% compared with Hu-20% treatment. The contents 
of available phosphorus, available potassium, organic carbon and total nitrogen under Am-25% 
treatment was increased by 6.37-45.86%, 6.29-22.39%, 3.49-12.05% and 2.64-19.74% than that of 
cow dung organic fertilizer soil conditioner treatments, respectively. Correlation analysis and structural 
equation model analysis showed that macroaggregates with particle size greater than 0.25 mm were 
positively correlated with corn hay yield. Aggregate stability and chemical properties accounted for 
71% of corn hay yield changes, and organic carbon mainly affected corn hay yield through soil C/N 
ratio. Therefore, the application of soil conditioner, especially amino acid soil conditioner, to the barren 
soil in the Yellow River irrigation area can improve the physical and chemical properties of soil, promote 
the formation of macroaggregates, improve the stability of aggregates, and promote the high and 
stable yield of corn.
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Soil aggregates, as nutrient reservoirs and microbial habitats, are the most basic structural foundation of soils. 
Soil aggregate stability is a result of combined effects of complex biological, chemical, and physical processes 
in soil1. Aggregates of different sizes play different roles in the process of soil nutrient retention and supply2, 
and their quantity reflects soil’s ability to water retention, nutrient supply and storage, and permeability to a 
certain degree, which have been used to evaluate the quality of soil as an important indicator3. In recent years, 
highly intensive agricultural production and irrational farming activities have led to the destruction of soil 
structure, reduced stability of soil aggregates, loss of soil nutrients, and reduced crop yields and their stability4–6. 
In addition, ecological problems such as soil and water pollution, reduced soil fertility and lower quality of 
agricultural products are becoming more and more prominent due to the large amounts of chemical fertilizers 
applied, which seriously restricts the development of agricultural economy7. The negative impacts caused by 
the irrational use of chemical fertilizers have attracted the attention of the government and researchers, and it is 
believed that the efficient use of bio-organic fertilizers will be an inevitable trend in the development of fertilizers 
in China8. Therefore, regulating the distribution of soil aggregates through organic conditioners is essential to 
improve soil structure and crop yield.

With the development of industrial technology, the application of soil conditioners is gradually becoming an 
effective method of modern soil improvement. Previous studies have shown that soil conditioners have positive 
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effects on improving acidified, salinized and heavy metal polluted soils. At the same time, it can further expand 
and increase soil fertility by increasing the organic matter in the soil9,10. In traditional agricultural practices, 
a single type of fertilizer and improper use are the key factors leading to the destruction of soil structure 
and degradation of soil quality11. Compared with traditional fertilizer application methods, soil conditioner 
application can aggregate dispersed particles in the soil, promote the formation of water-stable aggregate 
structure in the tillage soil, and improve the soil structure retention rate12. In addition, different types of soil 
conditioners have different effects on the soil, the addition of organic matter (corn and wheat straw) and humic 
acid significantly increased content and mass fraction of water-stable aggregates > 0.25  mm in the soil and 
increased organic carbon stock in soil13. Biochar conditioners combined with nitrogen and phosphorus fertilizers 
could improve proportion and stability of 0.25–2 mm aggregate, and increase the contents of soil matter carbon, 
total nitrogen, and phosphorus14. It is worth noting that research on soil conditioners is developing rapidly at 
home and abroad, mainly focusing on single types of organic fertilizers or soil conditioners for soil erosion, soil 
remediation15–17. Fewer studies have been conducted on the effects of continuous application of different types 
of soil conditioners with different organic matter contents on the structural improvement of sandy loam soils, 
changes in soil aggregate characteristics, and crop yield increases.

Sandy loam soil, as one of the widely distributed soil types along the yellow irrigation area, has more problems, 
such as poor structure, humus accumulation and insufficient water and fertilizer storage capacity, etc., and the 
use of conditioners to improve the soil structure is of great significance in solving the problem of high and 
stable yield along the yellow irrigation area. we hypothesis that application the soil conditioners can improve the 
physical and chemical properties of sandy loam soils, promote the formation of macroaggregates, and promote 
the yield of corn. The primary objectives of the present study were: (1) to analyze the effects of different types 
of soil conditioners on the distribution and stability of soil aggregates in the Yellow River irrigation area; (2) to 
evaluate the effects of soil conditioner application on the distribution and contribution rate of organic carbon 
and total nitrogen in soil aggregates; (3) to clarify the difference of soil physicochemical properties and corn 
yield under different types of soil conditioners.

Results
The effect of different soil conditioners on the distribution and stability of water-stable soil 
aggregates
Different types of conditioners have significant effects on soil aggregate distribution (Fig. 1). The mesoaggregate 
(0.053–0.25 mm) was main aggregate component, with an average content of 69.54% (2021) and 69.81% (2022). 
Compared with CK, except Om-45% treatment, the content of macroaggregates significantly increased by 19.36-
26.34%, and the content of microaggregates significantly decreased by 17.25-29.98%. In 2022, the Am-25% and 
Hu-20% treatments showed significant increase in macroaggregate content of 22.14% and 20.81%, significant 
decrease in microaggregate content of 10.19% and 11.94%, and significant increase in macroaggregate content 
of 18.23–19.77% in the Om-20%, Om-30%, and Om-40% treatments, respectively, as compared to Om-45% 
(p < 0.05).

Different types of conditioners have significant effects on soil aggregate MWD and GMD (p < 0.05; Fig. 2). 
In 2021, MWD and GMD were significantly increased by 11.02-15.30% and 11.43-16.41% under different types 
of conditioners compared to CK (p < 0.05). In 2022, MWD and GMD were significantly increased by 15.99-

Fig. 1.  Particle size distribution characteristics of soil aggregates treated with different conditioners. 
Treatments and parameters in the legend: CK, no soil conditioner; Om-20%, Om-30%, Om-45%, Om-40%, 
cow dung organic fertilizer soil conditioner with different organic matter contents; Hu-20%, Humic Acid 
soil conditioner; Am-25%, Amino acid (liquid) soil conditioner. Different lowercase letters (a, b, c) indicated 
significant differences (p < 0.05, LSD) between control and soil conditioners treatments. The same as below.
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18.47% and 15.18-19.50% under different types of conditioners except Om-45% treatment as compared to CK. 
In 2021, there was no significant difference between the different types of conditioners (p < 0.05). In 2022, GMD 
and MWD were significantly increased by 14.39% and 13.22% for Am-25%, 13.51% and 12.45% for Hu-20%, 
10.25-10.56% and 10.85-11.76% for Om-20%, Om-30%, and Om-40% treatments, respectively, as compared to 
Om-45% treatment (p < 0.05).

Organic carbon and nitrogen content in water-stable soil aggregates
Different types of conditioners had significant effects on the distribution of organic carbon and total nitrogen 
in soil aggregates (p < 0.05; Fig. 3). Comparison of the average content of organic carbon and total nitrogen in 
aggregates of different particle sizes showed that the content of organic carbon and total nitrogen was 20.07 and 
0.83 g/kg in macroaggregates, 16.21 and 0.76 g/kg in mesoaggregates, and 17.65 and 0.77 g/kg in microaggregates. 
Compared with CK, organic carbon and total nitrogen average contents were significantly increased by 20.08–
48.86% and 8.36%-42.86% in macroaggregates and 28.33-59.21% and 8.59-51.85% in microaggregates under 
different types of conditioner treatments. The organic carbon average content in the macroaggregate significant 
increased by 15.22% and 15.97% under the Am-25% treatment and by 12.32% and 11.59% under the Hu-20% 
treatment compared to the Om-45% and Om-40% treatments, respectively. The total nitrogen average content 
in the macroaggregate significant increased by 8.6% and 7.42% under the Am-25% and Hu-20% treatments, 
respectively, compared to the Om-45% treatment (P < 0.05). Am-25% significantly increased the organic carbon 
content in microaggregates by 10.90% and 11.29% compared to Om-40% and Om-45%, respectively (P < 0.05).

Carbon and nitrogen contribution rate in different soil particle size aggregates
Different types of soil conditioners significantly affected the contribution of organic carbon and total nitrogen 
in soil aggregates (Table 1; p < 0.05). The carbon and nitrogen contributions of soil aggregates of different grain 
sizes are as follows mesoaggregates are the highest, followed by macroaggregates, and microaggregates are the 
lowest. In 2021, compared with CK, the contribution of organic carbon in macroaggregates was significantly 
increased by 11.93-25.29% in all treatments except Hu-20% treatment, and the contribution of total nitrogen 
in macroaggregates was significantly increased by 12.49–22.96% in all treatments except Om-40% treatment 
(p < 0.05). In 2022, different conditioner treatments significantly increased the organic carbon and total nitrogen 

Fig. 2.  MWD and GMD values for different types of soil conditioners in 2021 and 2022.
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contributions in macroaggregates by 11.12–22.03% and 15.28–23.66% compared to CK, except for Om-45% 
treatment. In 2021, comparisons between conditioners revealed that the Am-25% treatment increased the 
contribution of macroaggregate organic carbon by 10.16% and 11.94% compared to the Om-45% and Om-
40% treatments, and increased the contribution of macroaggregate total nitrogen by 15.39% compared to 
the Om-40% treatment. In 2022, the Hu-20% and Am-25% treatments significantly increased the organic 
carbon contribution by 13.75% and 21.94% and the total nitrogen contribution by 18.17% and 26.75% in the 
macroaggregates compared to the Om-45% treatment (p < 0.05).

Fig. 3.  Carbon, Nitrogen Content, and C/N Ratio in Different Soil Particle-Sized Aggregate.
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Effects of applying different soil conditioners on soil chemical properties
Different types of soil conditioners had significant effects on soil chemical properties (p < 0.05; Table 2). In 2021, 
available phosphorus, available potassium and organic carbon were significantly increased by 143.66-245.37%, 
2.04–24.72% and 13.94–36.43% in different types of conditioners as compared to CK. In 2022, available 
phosphorus and organic carbon in different types of conditioners were significantly increased by 108.65-243.05% 

Years Treatment
Total N
(mg/kg)

Available P
(mg/kg)

Available K
(mg/kg)

Organic C
(g/kg) pH

2021

CK 0.81 ± 0.02 d 20.43 ± 2.17 c 123.77 ± 6.02 e 14.63 ± 0.79 d 8.92 ± 0.03 a

Om-20% 0.86 ± 0.01 b 58.90 ± 4.58 ab 145.23 ± 2.53 b 18.50 ± 1.17 b 8.88 ± 0.04 a

Om-30% 0.85 ± 0.0.1 bc 55.47 ± 7.34 b 143.93 ± 3.82 b 18.42 ± 0.44 b 8.72 ± 0.03 c

Om-45% 0.83 ± 0.01 cd 49.78 ± 17.37 b 126.13 ± 2.66 d 16.67 ± 0.17 c 8.82 ± 0.03 b

Om-40% 0.85 ± 0.01 bc 51.89 ± 5.81 b 134.63 ± 2.81 c 16.98 ± 0.15 c 8.78 ± 0.01 b

Hu-20% 0.87 ± 0.01 ab 63.50 ± 5.68 ab 147.60 ± 2.79 ab 18.69 ± 0.45 b 8.82 ± 0.02 b

Am-25% 0.89 ± 0.03 a 70.56 ± 3.75 a 154.37 ± 4.49 a 19.96 ± 0.82 a 8.67 ± 0.01 c

2022

CK 0.80 ± 0.02 d 21.51 ± 2.81c 122.77 ± 8.70 d 14.21 ± 0.47 d 8.87 + ± 0.04 a

Om-20% 0.89 ± 0.02 ab 61.54 ± 13.33 ab 154.33 ± 2.61 b 22.75 ± 0.28 a 8.65 ± 0.01 cd

Om-30% 0.87 ± 0.01 bc 59.58 ± 10.42 ab 150.93 ± 2.04 b 21.25 ± 0.06 b 8.75 ± 0.07 b

Om-45% 0.83 ± 0.04 cd 44.88 + ± 7.543 b 145.17 ± 6.55 bc 20.02 ± 0.33 c 8.78 ± 0.03 b

Om-40% 0.86 ± 0.05 bc 55.66 ± 12.32 ab 137.83 ± 3.80 cd 20.67 ± 0.24 bc 8.73 ± 0.02 bc

Hu-20% 0.90 ± 0.01 ab 73.79 ± 6.736 a 150.47 ± 6.22 b 22.87 ± 0.44 a 8.63 ± 0.09 d

Am-25% 0.93 ± 0.02 a 65.46 ± 11.03 a 165.27 ± 2.05 a 23.35 ± 0.90 a 8.57 ± 0.04 d

Table 2.  The impact of different soil conditioners on Soil Chemical properties.

 

Years Item Treatment

Aggregate size(mm)

< 0.053 mm 0.053–0.25 mm > 0.25 mm

2021

Organic C

CK 18.78 ± 0.82 a 68.23 ± 1.29 b 16.09 ± 0.21 d

Om-20% 14.14 ± 0.77 bc 62.81 ± 2.62 c 19.56 ± 0.78 ab

Om-30% 14.27 ± 0.54 bc 55.84 ± 0.83 d 18.45 ± 0.17 ab

Om-45% 15.37 ± 0.73 b 72.26 ± 1.79 a 18.30 ± 0.57 bc

Om-40% 15.16 ± 1.04 bc 59.02 ± 3.64 d 18.01 ± 0.95 bc

Hu-20% 12.72 ± 1.35 d 49.21 ± 1.90 e 17.09 ± 2.05 cd

Am-25% 13.62 ± 0.64 cd 58.18 ± 1.47 d 20.16 ± 0.77 a

Total N

CK 18.02 ± 0.63 a 70.34 ± 1.77 a 14.33 ± 0.71 d

Om-20% 13.41 ± 0.42 c 66.12 ± 1.91 b 17.24 ± 0.84 ab

Om-30% 13.39 ± 0.76 c 64.49 ± 1.89 bc 16.22 ± 0.34 bc

Om-45% 14.74 ± 0.50 b 66.27 ± 1.55 b 16.12 ± 0.18 bc

Om-40% 13.94 ± 0.59 bc 62.71 ± 0.35 c 15.27 ± 0.28 cd

Hu-20% 13.19 ± 0.43 c 66.74 ± 2.22 b 16.79 ± 0.89 ab

Am-25% 13.25 ± 0.31 c 66.58 ± 1.31 b 17.62 ± 0.97 a

2022

Organic C

CK 18.26 ± 0.83 a 64.86 ± 1.83 a 14.39 ± 0.27 b

Om-20% 12.92 ± 0.83 b 62.70 ± 4.43 a 15.99 ± 0.24 a

Om-30% 12.96 ± 0.78 b 64.02 ± 0.86 a 16.89 ± 0.42 a

Om-45% 16.83 ± 1.76 a 63.12 ± 3.27 a 14.40 ± 1.47 b

Om-40% 13.75 ± 0.36 b 60.81 ± 0.76 a 16.80 ± 0.86 a

Hu-20% 13.09 ± 1.17 b 64.46 ± 2.39 a 16.38 ± 0.51 a

Am-25% 12.32 ± 0.73 b 65.59 ± 1.29 a 17.56 ± 1.12 a

Total N

CK 17.33 ± 0.61 a 65.19 ± 2.35 b 12.71 ± 0.60 b

Om-20% 13.43 ± 0.73 b 67.96 ± 2.22 ab 16.88 ± 0.49 a

Om-30% 13.49 ± 0.91 b 69.69 ± 0.84 a 16.53 ± 0.10 a

Om-45% 17.02 ± 2.29 a 67.04 ± 1.40 ab 13.98 ± 1.02 b

Om-40% 14.27 ± 0.47 b 70.58 ± 4.45 a 17.29 ± 1.11 a

Hu-20% 13.62 ± 1.12 b 67.49 ± 0.42 ab 16.52 ± 0.69 a

Am-25% 12.95 ± 0.72 b 70.33 ± 1.15 a 17.72 ± 1.09 a

Table 1.  Effect of soil conditioners on the contribution of soil organic carbon and total nitrogen (%).
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and 40.89–64.32%, respectively, compared to CK. pH was significantly decreased by 1.03–3.5%. The Am-25% 
treatment significantly increased the mean contents of total nitrogen, quick-acting phosphorus, quick-acting 
potassium and organic carbon by 9.64, 43.8, 18.12 and 9.64% as compared to Om-45% (p < 0.05). In 2021, there 
was a significant decrease in pH of 0.69-1.83% under Om-30% compared to Om-20%, Om-45% and Om-40%. 
In 2022, there was a significant decrease in pH of 2.45% under Am-25% compared to Om-45%.

Yield with different soil conditioners applied
Soil conditioner had a significant effect on corn hay yield (p < 0.05; Fig. 4). Corn hay yield was significantly 
increased by 16.38–40.62% under all conditioner treatments except Om-45% treatment as compared to CK. 
Yield was significantly increased by 11.42-30.63% under Am-25% treatment as compared to Om-20%, Om-30%, 
Om-45% and Om-40%. There was a significant increase in yield of 17.25% and 12.59% for Om-20% and Om-
30% compared to Om-45%.

The interaction between soil aggregates, soil nutrients, and crop yield
Correlation analysis reveals that corn hay yield is positively associated with the soil nutrients, C/N ratio, organic 
carbon, aggregate stability, and distribution, while negatively correlated with soil pH (Fig. 5). Structural equation 
modeling (SEM) analysis indicates that aggregate stability and chemical traits account for 71% of the variation 
in corn hay yield, where organic carbon mainly affects corn hay yield through soil C/N (path coefficient = 0.39) 
(Fig. 5). Moreover, there exists a highly significant negative correlation between pH and corn hay yield (path 
coefficient = 0.60). The relationship between organic carbon content in soil aggregates of different particle sizes 
and corn hay yield is shown in Fig. 6. It can be seen that organic carbon content in aggregates of > 0.25 mm is 
significantly correlated with corn hay yield. In addition, there was a significant interaction between the soil SOC, 
pH and aggregate stability. It is indicating that SOC and pH have important effects on aggregate stability (Fig. 5).

Discussion
By analyzing the distribution of soil aggregates, we found that the soil aggregates were mainly composed of 
mesoaggregates, accounting for 69.67% of the total aggregates. It has been found that after applying organic 

Fig. 4.  Different treatments of corn grass and hay yield.
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Fig. 6.  Relationship between organic carbon content in soil aggregates and 2-year average maize yield.

 

Fig. 5.  Structural equation model of Soil chemical properties, aggregate stability, and yield. On the left: the 
thickness of the lines indicates the size of the influence, and the numbers indicate the path coefficients between 
different variables. Dashed and solid lines show positive and negative relationships. R2 was the variance ratio, 
χ2, P, IFI, CFI, RMSEA and AIC were the model fitting parameters. The indicators in the diagonals on the right 
represent aggregate stability (A.S) and the distribution of soil aggregates. Red indicates a negative correlation, 
while blue indicates a positive correlation. ** -mean P < 0.01.
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and inorganic fertilizer conditioners in sandy loam soil, the soil aggregates consist mainly of mesoaggregates18, 
while after applying organic fertilizer conditioners in red loam soil, the soil aggregates consist mainly of 
macroaggregates19,20. This may be because the soil has a different texture. In sandy soil, the content of silt clay is 
quite low, the proportion of sand to gravel is high, and the viscosity between soil particles is poor, which is not 
conducive to the formation of soil macroaggregates. In the present study, it was observed that application of soil 
conditioner led to an increase in macroaggregate content and aggregate stability of the soil to varying degrees. 
This finding is consistent with studies of long-term application of organic fertilizer using straw improvers on 
sandy soils12,21. The main reason is that compounds such as amino acids, humic acids and organic matter in 
soil conditioners enhance soil microbial activity, accelerate mineralization of organic matter, and promote 
the formation of macroaggregate22, moreover, the addition of conditioners activates the elements of nitrogen, 
phosphorus and potassium in the soil, which in turn promotes the growth of the corn root system, enhances 
the interaction between the corn root system and soil fungi, and promotes the formation of macroaggregates23. 
Comparison of the different types of conditioners revealed that amino acid and humic acid conditioners 
increased the formation of soil macroaggregates compared to cow dung conditioners, the main reason for this 
difference being that lower soil pH enhanced enzyme activity and microbial diversity, which facilitated the 
decomposition of organic matter and the production of organic acids, which in turn increased the aggregation 
of microaggregates24,25.

Application of soil conditioners increased organic carbon and total nitrogen content in macroaggregates. 
On the one hand, microaggregates aggregated to form macroaggregates, which led to the transfer of organic 
carbon and total nitrogen from microaggregates, and on the other hand, organic carbon produced by microbial 
decomposition of roots and mycelium preferentially entered into macroaggregates26,27. However, some studies 
have shown that mesoaggregates more carbon, which may be caused by differences in soil structure28. Our study 
also found that amino acid conditioners were more effective in increasing organic carbon and total nitrogen in 
macroaggregates. This may be related to the soil pH, which decreases the soil pH and reduces the potential of 
the soil colloid surface, making the repulsion of the soil colloid surface decrease29. Secondly, this study was an 
alkaline soil, where phosphorus in the soil forms calcium phosphate compounds with exchangeable calcium 
ions, and the decrease in pH led to the dissolution of calcium phosphate releasing calcium ions, which increased 
the flocculation of soil colloids30. Structural equation modeling also confirmed this. In addition, we found that 
the content of organic carbon in microaggregates was relatively high compared to mesoaggregates, which on the 
one hand was still because the soil selected for this experiment contained more sand particles in mesoaggregates, 
which was unfavorable for organic carbon storage, and on the other hand, it was related to chemical binding 
ability of microaggregates to organic molecules and the saturation of the mineral surface, and microaggregates 
have a larger surface area to adsorb more organic carbon31.

Considering the content of soil aggregates at each grain level in combination with the organic carbon and 
total nitrogen content of aggregates at different grain levels can better reflect the contribution of aggregates at 
each grain level to soil organic carbon and total nitrogen, and can comprehensively and objectively reflect the 
effects of different conditioners on soil organic carbon and total nitrogen32,33. The contribution of soil aggregates 
to organic carbon and total nitrogen was mainly concentrated in the mesoaggregates of 0.053 ~ 0.25 mm. This 
is inconsistent with the results of previous studies, some studies have shown that the contribution of organic 
carbon and total nitrogen in soil aggregates with grain size > 0.25 mm is the largest, which may be caused by 
the difference in soil aggregate content34,35. In sandy loam soil, the mesoaggregate content accounted for more 
than 60% of the aggregates at all particles sizes (Fig. 2). However, comparing the contributions of organic carbon 
and total nitrogen in soil aggregates of various particle sizes, it was found that the contributions of organic 
carbon and total nitrogen in macroaggregates was greater, mainly due to the fact that the soil conditioners 
increased the effective residues and effective carbon in the soil after entering the soil, and the organic carbon 
produced was decomposed by microorganisms to form an organic and inorganic composite with clay particles, 
which contributed to the transfer of organic carbon and total nitrogen agglomerates from micro-agglomerates 
to macroaggregates16, thus increasing the organic carbon and total nitrogen content in the macroaggregates. 
Therefore, it can be seen that the increase of contribution rate of organic carbon and total nitrogen in aggregates 
of different particle sizes is significantly related to the distribution of aggregates.

In this study, it was found that soil conditioner application increased hay yields of maize. Further analysis 
with SEM showed that soil conditioners affect crop yields mainly by increasing the organic carbon content in the 
soil, increasing soil aggregate stability, improving soil C/N, and decreasing soil pH. The specific yield increase 
mechanism may be that conditioners can increase the content and stability of macroaggregates, increase the 
storage of organic carbon and total nitrogen in macroaggregates, improve soil C/N, and thus provide a favorable 
nutrient environment for corn growth36,37. The C/N ratio controls the degradation of fresh plant residues38, 
which is critical in carbon uptake and soil aggregation20,39. In addition, a reasonable C/N ratio can promote the 
growth and activity of microorganisms, adjust the fixation of nitrogen by microorganisms, reduce nutrient loss, 
and improve nutrient use efficiency40. However, the effect of soil conditioners on plant nutrient content is still 
unclear. In the future, the correlation between plant nutrient changes and yield due to the application of soil 
conditioners should be further investigated, so as to provide a theoretical basis for the rational utilization of soil 
conditioners. In conclusion, the application of soil conditioners can be used as an effective way to increase corn 
yield and improve soil structure in the irrigation areas along the Yellow River, which has a good supportive role 
in the sustainable development of agriculture as well as high and stable corn yields.

Conclusion
Application of the different types of soil conditioner increased the content of macroaggregates in the soil and 
improved aggregate stability, in addition, it increased the contribution of organic carbon and total nitrogen 
in the macroaggregates and improved the soil C/N ratio. In addition, different type of Soil conditioners had 
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significant effects on the soil content of available nutrients, such as soil available phosphorus and available 
potassium content were increased, and soil pH was reduced, especially the effect of amino acid soil conditioner 
is the most obvious. These findings suggest that the application of soil conditioners, especially amino acid soil 
conditioners, can improve the physicochemical properties of barren soils in the Yellow River Irrigation District, 
promote high and stable corn yields, and advance sustainable agricultural development.

Materials and methods
Experimental site
The experiment was conducted from October 2020 to October 2022 at Tiaoshan Farm (103° 33’e, 36° 43’n) in 
Jingtai County, Baiyin City, central Gansu Province of China. The annual average temperature was recorded as 
9.1℃, with an approximate frost-free period of around 141 days. Annual average precipitation amounted to 
185.6 mm, while the average annual evaporation reached a value of approximately 1722.8 mm. Furthermore, 
the region experienced an annual average of sunshine hours totaling up to approximately 2713 h per year. It falls 
under a temperate continental arid climate category and is characterized by abundant solar radiation resources 
throughout the entire county area. The proportion of silt, sand, and clay in soil was 67.4%, 24.4%, and 5.6%, 
respectively, soil texture is sandy loam. The initial characteristics of the soil at 0–30 cm depth were as follows: 
pH (1:2.5 soil-water ratio) 8.92, the bulk density 1.45 g cm– 3, SOC 8.11 g kg− 1, TN 0.48 mg kg− 1, AP 14.67 mg 
kg− 1, and AK 147.46 mg kg− 1.

Experimental design and management
Experimental design
In this study, a randomized complete block design was employed for a field experiment using the local staple and 
forage dual-purpose corn variety ‘Kenyu 1608’ as the test crop. Three different types of soil conditioner were used, 
including no soil conditioner (CK), cattle manure conditioner with different organic matter concentrations (20% 
(Om-20%), 30% (Om-30%), 40% (Om-40%), and 45% (Om-45%) organic matter content, respectively), and 
humic acid conditioner with 20% organic matter content (Hu-20%), Amino acid conditioner (Am-25%) with 
25% organic matter content. Each treatment was replicated three times and each plot was 30 m2 (3 m × 10 m) in 
size. Protected rows were set up between plots, and irrigation and fertilization were carried out strictly according 
to the plots to prevent nutrient transfer between plots.

Field management
During the growing seasons from 2020 to 2022, corn was sown on April 17, 2021, and April 19, 2022, respectively, 
and harvested on September 27, 2021, and September 28, 2022. Corn was sown at a density of 87,000 plants-
ha− 2 with wide row spacing of 80 cm, narrow row spacing of 30 cm, and plant spacing of 23 cm. Irrigation and 
fertilization are done using integrated drip irrigation with plastic mulch. The total amount of irrigation was 
4050 m3 ha− 2, the water applied to the maize crop was 900 m3 ha– 2 at the seedling stage, 750 m3 ha– 2 at the 
nodulation stage, 900 m3 ha– 2 at the tassel stage, 750 m3 ha– 2 at the flowering stage, and 750 m3 ha– 2 at the kernel 
filling stage. A water meter was installed in the pipeline to control the irrigation volume, and a fertilizer valve was 
installed in the main pipe to apply the fertilizer into the main pipe through the fertilizer valve after dissolving 
the fertilizer thoroughly in the fertilizer tank, with a drip irrigation main pipe of 63 mm, a sub-pipe of 32 mm, a 
capillary diameter of 16 mm, a wall thickness of 0.2 mm, a drip irrigation hole spacing of 30 mm, a drop spacing 
of 110 cm, a drop flow rate of 2.2 L.h− 1. Each plot has three drip irrigation strips, with one drip irrigation strip 
irrigating two rows of corn. Fertilization followed local recommendations for maize cultivation with nitrogen 
(N) applied at a rate of 180 kg·ha− 2, phosphorus (P2O5) at a rate of 105 kg·ha− 2, and potassium (K2O) at a rate of 
130 kg·ha− 2. Phosphorus and potassium fertilizers were applied as base fertilizers during sowing while nitrogen 
fertilizer was split into two doses: an initial dose of 110 kg·ha− 2 as the base fertilizer and an additional 70 kg·ha− 2 
during the tasseling stage. The experiment was carried out under field conditions, using drip irrigation to ensure 
irrigation regularly, and other field management measures were mainly based on local field specific methods to 
ensure the best growth and development of corn. The application rates of the different types of conditioners are 
detailed in Table 3. The amino acid soil conditioner is applied to the soil by mixing with water during winter 
irrigation, and the other conditioners are applied by tilling after the fall harvest each year.

Sample Collection
During the corn harvest period in 2021 and 2022, soil samples were collected from the plow layer (0 ~ 30 cm). 
These samples underwent debris removal, including gravel and roots, before being transported to the laboratory 
for air-drying. Subsequently, the air-dried soil samples were sieved through a 2 mm mesh to determine their 
fundamental physicochemical properties. Throughout the collection and transportation process, utmost care 
was taken to minimize any disturbance to the soil samples to preserve aggregate integrity.

Measurement of soil parameters
Soil chemical parameters
The organic carbon content was determined using the potassium dichromate-sulfuric acid digestion method, 
while the total nitrogen content was determined using the semi-micro Kjeldahl distillation method. The available 
phosphorus content was assessed through sodium bicarbonate extraction and the molybdenum-antimony anti-
colorimetry method. Additionally, available potassium content was measured via ammonium acetate extraction 
and flame photometry41. The pH was determined by a pH meter (Sartorius PT10, Germany), and the soil-water 
ratio is 1: 2.5.
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Soil aggregate composition and stability
The analysis was performed using the method described by Elliott42. Macroaggregates > 0.25 mm, Mesoaggregates 
0.053 ~ 0.25 mm, and microaggregates < 0.053 mm were separated by wet sieving.

Using Mean Weight Diameter (MWD) and Geometric Mean Diameter (GMD) as indicators to evaluate the 
stability of soil aggregates, the specific calculation formulas were used as follows:

	
MW D =

∑ n

i=1

−
X × Wi � (1)

	
GMD = exp

[∑
n
i=1Mi × ln

−
X∑

n
i=1Mi

]
� (2)

where Xi was the mean diameter (mm) of the soil aggregate size fractions and Wi was the proportion of each 
aggregate size with respect to the total sample weight.

Corn yield
At the time of corn harvest, three intact plants were randomly selected from each plot, dried and measured for 
dry weight, and the average dry weight per plant was calculated and then converted to corn yield per hectare 
based on the measured values.

Nutrient contribution rate
The rate of nutrient contribution is as follows43:

	
Nutrient contribution rate = Ni × Wi∑ n

1 (Ni × Wi)
� (3)

where Ni was the organic carbon and total nitrogen content of aggregates of each particle size (g·kg− 1), and Wi 
was the proportion of aggregate mass of each particle size.

Statistical analysis
One-way analysis of variance (ANOVA) was performed with SPSS 22.0 (SPSS statistical package v.24.0, 
SPSS Inst., Chicago, IL, USA) and structural equation modeling (SEM) analysis using IBM SPSS AMOS 24.0 
(SPSS Inc., Chicago, IL, USA). Before the analysis, employ the “vegan” package in R language (University of 
Auckland, Auckland, New Zealand) to conduct Principal Component Analysis (PCA) for the content of soil 
macroaggregates, microaggregates, and their carbon-nitrogen content. Choose the results of the first principal 
component (PC1) as the indicator for soil aggregate distribution. Perform PCA for soil Mean Weight Diameter 
(MWD), Geometric Mean Diameter (GMD), and aggregates with particle size > 0.25 mm using R language. Select 
the results of the first principal component (PC1) as the indicator of soil aggregate stability. For visualization, use 
R language packages “ggplot” and “tidyverse” for plotting, along with “Origin 2021” software.

Data availability
The datasets generated and analysed during the current study are not publicly available due restrictions apply to 
the availability of these data but are available from the corresponding author on reasonable request.

Received: 28 October 2024; Accepted: 5 February 2025

References
	 1.	 Wang, L. et al. Eight-year tillage in black soil, effects on soil aggregates, and carbon and nitrogen stock. Sci. Rep. 13, 8332. ​h​t​t​p​s​:​/​/​

d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​3​-​3​5​5​1​2​-​x​​​​ (2023).
	 2.	 Griffin, A., Wright, S., Morin, J. & Carson, P. Pervasive interactions between foliar microbes and soil nutrients mediate leaf 

production and herbivore damage in a tropical forest. New. Phytol. 216, 99–112. https://doi.org/10.33584/jnzg.2010.72.2806 
(2017).

	 3.	 Lal, R., Lal, L. & Lal S.K.L. Physical management of soils of the tropics: priorities for the 21st century. Soil. Sci. 165, 191–207. 
https://doi.org/10.1097/00010694-200003000-00002 (2000).

	 4.	 LiuSui, Y. X. D. C. Soil aggregate and intra-aggregate carbon fractions associated with vegetation succession in an alpine wetland 
of Northwest China. Catena 181, 104107. https://doi.org/10.1016/j.catena.2019.104107 (2019).

	 5.	 Mondal, S. & Chakraborty, D. Global meta-analysis suggests that no-tillage favourably changes soil structure and porosity. 
Geoderma 405, 115443. https://doi.org/10.1016/j.geoderma.2021.115443 (2022).

	 6.	 Wen, L. et al. Difference in total N and its aggregate-associated N following cropland restoration in a karst region, Southwest 
China. Environ. Sci. Pollut Res. 30, 50759–50771. https://doi.org/10.1007/s11356-023-25826-8 (2023).

	 7.	 Xiao-Yan, H. E., Ming-De, H., Hui-Cheng, L. I. & Zhi-Feng, C. Effects of different fertilization on yield of wheat and water and 
fertilizer use efficiency in the loess plateau. J. Plant. Nutr. Soil. Sci. 50, 137–154. https://doi.org/10.1007/s11575-010-0031-6 (2010).

	 8.	 Plaza, C. Microbial activity in pig slurry-amended soils under semiarid conditions. Soil. Biol. Biochem. 36, 1577–1585. ​h​t​t​p​s​:​/​/​d​o​i​
.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​s​o​i​l​b​i​o​.​2​0​0​4​.​0​7​.​0​1​7​​​​ (2004).

	 9.	 Mingyi, H., Yaming, Z. & Peirong, L. Effect of biochar on sweet corn and soil salinity under conjunctive irrigation with brackish 
water in coastal saline soil. Sci. Hortic. 250, 405–413. https://doi.org/10.1016/j.scienta.2019.02.077 (2019).

	10.	 Jun, Y. Z. et al. Soil conditioners improve Cd-contaminated farmland soil microbial communities to inhibit cd accumulation in 
rice. J. Integr. Agric. 22, 2521–2535. https://doi.org/10.1016/j.jia.2023.02.023 (2023).

Scientific Reports |         (2025) 15:4962 11| https://doi.org/10.1038/s41598-025-89526-8

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-023-35512-x
https://doi.org/10.1038/s41598-023-35512-x
https://doi.org/10.33584/jnzg.2010.72.2806
https://doi.org/10.1097/00010694-200003000-00002
https://doi.org/10.1016/j.catena.2019.104107
https://doi.org/10.1016/j.geoderma.2021.115443
https://doi.org/10.1007/s11356-023-25826-8
https://doi.org/10.1007/s11575-010-0031-6
https://doi.org/10.1016/j.soilbio.2004.07.017
https://doi.org/10.1016/j.soilbio.2004.07.017
https://doi.org/10.1016/j.scienta.2019.02.077
https://doi.org/10.1016/j.jia.2023.02.023
http://www.nature.com/scientificreports


	11.	 Li, Z. R. & ZhinpengZhang DengxiaoFeng, XiaoLu, HaifeiShen, ShengyuanZheng, JufengLi, LianqingSong, ZhaoliangPan. & 
Genxing. Macroaggregates as biochemically functional hotspots in soil matrix: evidence from a rice paddy under long-term 
fertilization treatments in the taihu lake plain, eastern China. Appl. Soil. Ecol. 138, 262–273. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​p​s​o​i​l​.​2​0​1​9​.​
0​1​.​0​1​3​​​​ (2019).

	12.	 Guo, H. J., Li, C. P., Ye, Y. & Wang, A. Q. Stabilization effect on heavy metal contaminated soil of Pb, Zn, cd using bentonite and 
attapulgite. Annual Int. Forum Energy Environ. Sustainable Ecosyst. Dev. https://doi.org/10.2991/eesed-16.2017.15 (2017).

	13.	 Huili, Z. et al. Effect of straw return mode on soil aggregation and aggregate carbon content in an annual maize-wheat double 
cropping system. Soil. Tillage Res. 175, 178–186. https://doi.org/10.1016/j.still.2017.09.012 (2018).

	14.	 Dai, H. et al. Water-stable aggregates and carbon accumulation in barren sandy soil depend on organic amendment method: a 
three-year field study. J. Clean. Prod. 212, 393–400. https://doi.org/10.1016/j.jclepro.2018.12.013 (2019).

	15.	 Mishra, V. K. et al. Changes in Soil Aggregate-Associated Organic Carbon and Nitrogen after ten years under different land-use 
and soil-management systems in Indo-Gangetic Sodic Soil. Commun. Soil. Sci. Plant. Anal. 45, 1293–1304. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​8​
0​/​0​0​1​0​3​6​2​4​.​2​0​1​3​.​8​7​5​1​9​5​​​​ (2014).

	16.	 Zhu, Y., Shao, T., Zhou, Y., Zhang, X. & Rengel, Z. Periphyton improves soil conditions and offers a suitable environment for rice 
growth in coastal saline-alkali soil. Land. Degrad. Dev. 32, 2775–2788. https://doi.org/10.1002/ldr.3944 (2021).

	17.	 Zhang, Y., Li, P., Liu, X. & Xiao, L. Changes in Soil aggregate fractions, Stability, and Associated Organic Carbon and Nitrogen in 
different land use types in the Loess Plateau, China. Sustainability 14, 3936. https://doi.org/10.3390/su14073963 (2022).

	18.	 Yu, H., Ding, W., Luo, J., Geng, R. & Cai, Z. Long-term application of organic manure and mineral fertilizers on aggregation and 
aggregate-associated carbon in sandy loam soil. Soil. Tillage Res. 124, 170–177. https://doi.org/10.1016/j.still.2012.06.011 (2012).

	19.	 Benbi, D. K. & Senapati, N. Soil aggregation and carbon and nitrogen stabilization in relation to residue and manure application in 
rice–wheat systems in northwest India. Nutr. Cycl. Agroecosyst. 87, 233–247. https://doi.org/10.1007/s10705-009-9331-2 (2010).

	20.	 Yangbo, H., Cheng, X., Feng, G., Yao, W. & Jiazhou, C. Soil aggregate stability improves greatly in response to soil water dynamics 
under natural rains in long-term organic fertilization. Soil. Tillage Res. 184, 281–290. https://doi.org/10.1016/j.still.2018.08.008 
(2018).

	21.	 Ghosh, A. et al. C long-term fertilization effects on soil organic carbon sequestration in an inceptisol. Soil. Tillage Res. 177, 134–
144. https://doi.org/10.1016/j.still.2017.12.006 (2018).

	22.	 Cao, J. J. et al. Effects of a Nanonetwork Structured Soil Conditioner on Microbial Community structure. Biology 12, 668–672. 
https://doi.org/10.3390/biogoly12050668 (2023).

	23.	 Tang, X. et al. Responses of soil aggregate stability to organic C and total N as controlled by land-use type in a region of south China 
affected by sheet erosion. Catena 218, 106543. https://doi.org/10.1016/j.catena.2022.106543 (2022).

	24.	 Wang, J. et al. Effects of different organic fertilizer substitutions for chemical nitrogen fertilizer on soil fertility and nitrogen use 
efficiency of foxtail millet. Agronomy 14, 866. https://doi.org/10.3390/agronomy14040866 (2024).

	25.	 He, H., Peng, M., Hou, Z. & Li, J. Unlike chemical fertilizer reduction, organic fertilizer substitution increases soil organic carbon 
stock and soil fertility in wheat fields. J. Sci. Food Agric. 104 https://doi.org/10.1002/jsfa.13167 (2024).

	26.	 Keleshyan, S. K. et al. Obtaining osmo-resistant mutants in nitrogen-fixing bacteria isolated from saline soils. Curr. Microbiol. 79, 
1–12. https://doi.org/10.1007/s00284-022-0294 (2022).

	27.	 Vasilchenko, A. V., Galaktionova, L., Tretyakov, N. Y., Dyachkov, S. M. & Vasilchenko A.S.Impact of agricultural land use on 
distribution of microbial biomass and activity within soil aggregates. Soil. use Manage. 39, 618–633. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​s​u​m​.​
1​2​8​4​4​​​​ (2023).

	28.	 Zhang, J. et al. Effects of maize straw and its biochar application on organic and humic carbon in water-stable aggregates of a 
Mollisol in Northeast China: a five-year field experiment. Soil. Tillage Res. 190, 1–9. https://doi.org/10.1016/j.still.2019.02.014 
(2019).

	29.	 Soinne, H., Hovi, J., Tammeorg, P. & Turtola, E. Effect of biochar on phosphorus sorption and clay soil aggregate stability. Geoderma 
219–220. https://doi.org/10.1016/j.geoderma.2013.12.022 (2014).

	30.	 Kpomblekou-A, K. et al. Effect of organic acids on release of phosphorus from phosphate rocks1. Soil. Sci. 158, 442–453. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​9​7​/​0​0​0​1​0​6​9​4​-​1​9​9​4​1​5​8​6​0​-​0​0​0​0​6​​​​ (1994).

	31.	 Aslam, T. et al. Does an increase in soil organic carbon improve the filtering capacity of aggregated soils for organic pesticides? — a 
case study. Geoderma 152, 187–193. https://doi.org/10.1016/j.geoderma.2009.06.015 (2009).

	32.	 Mustafa, A. et al. Soil aggregation and soil aggregate stability regulate organic carbon and nitrogen storage in a red soil of southern 
China. J. Environ. Manage. 270, 110894. https://doi.org/10.1016/j.jenvman.2020.110894 (2020).

	33.	 Adamczuk, A., Gryta, A., Skic, K., Boguta, P. & Jozefaciuk, G. Effect of Different Minerals on Water Stability and Wettability of Soil 
Silt aggregates. Materials 15, 5569. https://doi.org/10.3390/ma15165569 (2022).

	34.	 Yang, Z., Singh, B. R. & Hansen, S. Aggregate associated carbon, nitrogen and sulfur and their ratios in long-term fertilized soils. 
Soil. Tillage Res. 95, 161–171. https://doi.org/10.1016/j.still.2006.12.003 (2007).

	35.	 Maysoon, M. M. & Rice, C. W. Tillage and Manure effects on Soil and Aggregate-Associated Carbon and Nitrogen. Soil. Sci. Soc. 
Am. J. 68, 809–816. https://doi.org/10.2136/sssaj2004.0809 (2004).

	36.	 Liang, B., Yang, X., He, X. & Zhou, J. Effects of 17-year fertilization on soil microbial biomass C and N and soluble organic C and 
N in loessial soil during maize growth. Biol. Fertil. Soils. 47, 121–128. https://doi.org/10.1007/s00374-010-0511-7 (2011).

	37.	 Trung, N. G., Petra, M. & Soil Respiration Microbial biomass and nutrient availability in Soil after Addition of residues with 
adjusted N and P concentrations. Pedosphere 27, 76–85. https://doi.org/10.1016/S1002-0160(17)60297-2 (2017).

	38.	 Cheshire, M. V., J, C. & S. & Influence of the N and P status of plant material and of added N and P on the mineralization of C from 
< sup class=a-plus-plus>14 C-labelled ryegrass in soil. Biol. Fertil. Soils. 21, 166–170. https://doi.org/10.1007/bf00335929 (1996).

	39.	 Potter, K. N., Torbert, H. A., Jones, O. R., Matocha, J. E. & Unger, P. W. Distribution and amount of soil organic C in long-term 
management systems in Texas. Soil. Tillage Res. 47, 309–321. https://doi.org/10.1016/S0167-1987(98)00119-6 (1998).

	40.	 Pang, D. et al. Soil microbial community characteristics and the influencing factors at different elevations on the eastern slope of 
Helan Mountain, Northwest China. J. Appl. Ecol. 34, 1957–1967. https://doi.org/10.13287/j.1001-9332.202307.031 (2023).

	41.	 Bao, S. D. Soil and Agricultural Chemistry Analysis. 3rd ed. Beijing:Chinese Agriculture Press. (2000).
	42.	 Elliott, E. T. Aggregate structure and Carbon, Nitrogen, and Phosphorus in native and cultivated Soils1. Soil. Sci. Soc. Amer J. 50, 

627. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​2​1​​3​​6​/​s​s​s​​a​j​1​​9​8​6​​.​0​3​6​1​5​​9​9​5​0​0​​5​0​0​0​0​3​0​0​1​7​x (1986).
	43.	 Wang, Y. X., Ran, L. S., Fang, N. F. & Shi, Z. H. Aggregate stability and associated organic carbon and nitrogen as affected by 

soil erosion and vegetation rehabilitation on the Loess Plateau. Catena 167, 257–265. https://doi.org/10.1016/j.catena.2018.05.005 
(2018).

Acknowledgements
We are grateful to the editors and the anonymous referees for providing valuable comments.

Author contributions
X.F., Y.G. and R.W. conceived the experment. X.F., Y.W. and Z.W. wrote the first draft of the manuscript. X.F., 
B.W. and B.Y. performed data analyses. X.F., Z.C., J.W. and P.L. wrote the final manuscript. All authors reviewed 
and contributed to the manuscript.

Scientific Reports |         (2025) 15:4962 12| https://doi.org/10.1038/s41598-025-89526-8

www.nature.com/scientificreports/

https://doi.org/10.1016/j.apsoil.2019.01.013
https://doi.org/10.1016/j.apsoil.2019.01.013
https://doi.org/10.2991/eesed-16.2017.15
https://doi.org/10.1016/j.still.2017.09.012
https://doi.org/10.1016/j.jclepro.2018.12.013
https://doi.org/10.1080/00103624.2013.875195
https://doi.org/10.1080/00103624.2013.875195
https://doi.org/10.1002/ldr.3944
https://doi.org/10.3390/su14073963
https://doi.org/10.1016/j.still.2012.06.011
https://doi.org/10.1007/s10705-009-9331-2
https://doi.org/10.1016/j.still.2018.08.008
https://doi.org/10.1016/j.still.2017.12.006
https://doi.org/10.3390/biogoly12050668
https://doi.org/10.1016/j.catena.2022.106543
https://doi.org/10.3390/agronomy14040866
https://doi.org/10.1002/jsfa.13167
https://doi.org/10.1007/s00284-022-0294
https://doi.org/10.1111/sum.12844
https://doi.org/10.1111/sum.12844
https://doi.org/10.1016/j.still.2019.02.014
https://doi.org/10.1016/j.geoderma.2013.12.022
https://doi.org/10.1097/00010694-199415860-00006
https://doi.org/10.1097/00010694-199415860-00006
https://doi.org/10.1016/j.geoderma.2009.06.015
https://doi.org/10.1016/j.jenvman.2020.110894
https://doi.org/10.3390/ma15165569
https://doi.org/10.1016/j.still.2006.12.003
https://doi.org/10.2136/sssaj2004.0809
https://doi.org/10.1007/s00374-010-0511-7
https://doi.org/10.1016/S1002-0160(17)60297-2
https://doi.org/10.1007/bf00335929
https://doi.org/10.1016/S0167-1987(98)00119-6
https://doi.org/10.13287/j.1001-9332.202307.031
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://doi.org/10.1016/j.catena.2018.05.005
http://www.nature.com/scientificreports


Funding
This work was partially supported by the sub-theme of the Gansu Provincial Science and Technology Major 
Project (21ZD4NA023-02, 23ZDNA008) and the Fuxi Outstanding Talent Cultivation Plan of Gansu Agricul-
ture University (Gaufx-02J05). The authors thank the anonymous reviewers for their helpful comments on the 
manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |         (2025) 15:4962 13| https://doi.org/10.1038/s41598-025-89526-8

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Mechanisms of carbon and nitrogen distribution in soil aggregates in response to soil conditioners
	﻿Results
	﻿The effect of different soil conditioners on the distribution and stability of water-stable soil aggregates
	﻿Organic carbon and nitrogen content in water-stable soil aggregates
	﻿Carbon and nitrogen contribution rate in different soil particle size aggregates
	﻿Effects of applying different soil conditioners on soil chemical properties
	﻿Yield with different soil conditioners applied
	﻿The interaction between soil aggregates, soil nutrients, and crop yield

	﻿Discussion
	﻿Conclusion
	﻿Materials and methods
	﻿Experimental site
	﻿Experimental design and management
	﻿Experimental design
	﻿Field management


	﻿Sample Collection
	﻿Measurement of soil parameters
	﻿Soil chemical parameters
	﻿Soil aggregate composition and stability
	﻿Corn yield
	﻿Nutrient contribution rate
	﻿Statistical analysis

	﻿References


