Assessing the influence of primary soil particles on soil aggregate distribution for different breakdown mechanisms: A new method
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ABSTRACT
Soil aggregates are the basic unit structing soils, and their stability is an important index for soil degradation. However, current methodologies rarely assess the influence of primary soil particles on soil aggregates distribution for different breakdown mechanisms. The purpose of this study was to fill this gap in the literature by developing a new method that separates the primary soil particles from the soil aggregates for different breakdown mechanisms with a series of in-lab experiments. The whole soil sample was treated by fast wetting, slow wetting, and mechanical breakdown by pre-wetting and stirring to simulate the different breakdown mechanisms of slaking, differential swelling of clays, and mechanical breakdown by raindrop impact, respectively. Then, attempts were made to separate the primary soil particles from the soil aggregates of various particle size fractions by using sodium hexametaphosphate and hydrogen peroxide to eliminate the influence of the primary soil particles on the soil aggregate distribution. Four soils collected from different areas with different soil textures were used to assess the soil aggregate distribution by using the new method to highlight the importance of separating the primary soil particles from the soil aggregate for different breakdown mechanisms. The results indicated that the primary soil particles have much greater influence on the micro-aggregates than on macro-aggregates. Different breakdown mechanisms and soil types could affect the influence of the primary soil particles affects the on soil aggregate distribution. This study highlights the influence of separate primary soil particles on soil aggregate distribution for different breakdown mechanisms.
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1. Introduction
Soil is a key component of the biosphere that determines the biogeochemical, hydrological and erosional cycles and delivers various essential ecosystem goods and services (Keesstra et al., 2016), which is the primary component of terrestrial ecosystems (Rivera and Bonilla, 2020). Soil plays a crucial role in some ecosystem services, such as food production, crop protection, climate change mitigation, and soil and water conservation (Faucon et al., 2017), and soil structure is the keystone indicator of soil quality, function and health (Kibblewhite et al., 2007). As the basic structural unit of soils, soil aggregate is comprised of soil organic material such as plant and microbial or animal-derived debris, biota, ionic bridging, carbonates and primary soil particles such as sand, silt and clay, which adhere to each other more strongly than to the surrounding particles (Six et al., 2004; Rillig et al., 2017; Menon et al., 2020). Soil aggregate plays an important role in affecting the movement and storage of water in soils, organic matter protection, soil aeration, soil erosion, biological activity, and crop growth soil fertility and in properties such as soil erodibility (Six et al., 2004; De Gryze et al., 2005; Kumar et al., 2017; Márquez et al., 2019). The stability of soil aggregate is the primary indicator of recovery of degradation of soils and important for evaluation the effect of land use and land management and the impacts of applied soil erosion control strategies (Mamedov et al., 2016).
Slaking, differential swelling of clays, mechanical breakdown by raindrop impact and physicochemical dispersion are the four main mechanisms responsible for the breakdown of aggregates (Le Bissonnais, 1996). Slaking, which has the greatest effect on aggregate breakdown for many soils (Wang et al., 2012; Algayer et al., 2014; Annabi et al., 2017; Xiao et al., 2017a), is caused by the compression of air entrapped inside aggregates when the dry aggregate is immersed in water or suffers heavy rain storms (Elliott, 1986; Zaher and Caron, 2008; Zeng et al., 2018; Hu et al., 2018a). The differential swelling of clay, which is controlled tension corresponding to a field condition of wetting under gentle rain (Le Bissonnais, 1996; Zeng et al., 2018), occurs during the wetting and drying process. Mechanical breakdown by raindrop impact is caused by raindrops when their energy is great enough to break the aggregates. It has the greatest effect on aggregate breakdown for some cases. Chaplot et al. (2007) found that mechanical breakdown (wet-stirring treatment) resulted in the lowest aggregate stability among the three treatments in Ultisols and Alfisols from tropical Northern Laos. Physicochemical dispersion is caused by the reduction in the internal attractive forces among soil particles (Le Bissonnais, 1996; Hu et al., 2015). Air entrapment by rapid wetting was the main cause of aggregate disintegration, while swelling and clay dispersion had minor or no effect on aggregate disintegration (Auerswald, 1995; Almajmaie et al., 2017). Slaking occurred mainly during the initial few minutes, while raindrop impact is the major mechanism responsible for aggregate breakdown in the absence of slaking when soil moisture is near ﬁeld capacity (Ma et al., 2014; Almajmaie et al., 2017).

Soil aggregate stability, an indicator of soil structural stability (Six et al., 2000), is a crucial physical property from which to determine the ability of a soil to resist breakdown by external forces, such as tillage, rain or wind erosion (Mbagwu and Auerswald, 1999; Xiao et al., 2018). A variety of methods have been used to measure aggregate stability, but there is no satisfactory sole methodology that applies to all soils in any circumstance (Le Bissonnais, 1996). The dry sieving method just passes the whole soil through sieves with different opening sizes and mainly emphasizes the effect of striking and abrasion on the sieve surface, while no aggregate breakdown mechanism is simulated (Kemper and Chepil, 1965). Wet sieving passes the whole wet soil through sieves with different opening sizes (Yoder, 1936; Saygin et al., 2017), mainly underlining the effect of slaking and, to a lesser extent, the physical effects of water movement during lifting of the sieve and abrasion on the sieve surface (Xiao et al., 2018). Percolation stability (PS) is determined by putting 10 g of the 1-2 mm-diameter air-dried aggregates into a cylinder and an amount of percolated water is used to assess the aggregate stability (Mbagwu and Auerswald, 1999), which also mainly simulates the fast-wetting effect (Xiao et al., 2017b). The instability index of soil aggregate (β) is determined by oscillating the 2.0-4.7 mm dry-stable aggregates on brass sieves after a 3 min pre-soaking in water (Valmis et al., 1988, 2005), which also mainly simulates the fast-wetting effect. The water-drop method is used to estimate the aggregate stability by counting the number of water drops required to disperse a premoistened soil aggregate, which only simulates the mechanical breakdown by the raindrop impact effect (Bruce-Okine and Lal, 1975; Jimba and Lowery, 2010). Ultrasonic technology has been used to disperse soil particles and aggregates to measure soil aggregate stability in recent years (Schomakers et al., 2011; Zhu et al., 2017); however, it also only simulates mechanical breakdown by the raindrop impact effect. Therefore, the abovementioned methods do not consider all mechanisms responsible for aggregate breakdown. In response, the ISO standard method (ISO/DIS, 10930, 2012) developed by Le Bissonnais (1996) considers all breakdown mechanisms by submerging the 3-5 mm-diameter air-dried aggregates into water and ethanol to simulate the breakdown mechanisms of the slaking and differential swelling of clays effects, respectively, and uses mechanical energy (shaking after pre-wetting) to simulate the breakdown mechanisms of mechanical breakdown by the raindrop impact effect. However, the LB method only uses the 3-5 mm-diameter air-dried aggregate but not the whole soil to estimate the aggregate stability (Aksakal et al., 2020). Whether the 3-5 mm-diameter air-dried aggregate can represent the whole soil is questionable because the aggregate becomes more susceptible to breakdown as the initial aggregate size class increases, resulting in a lower stability after normalizing for different initial sizes (Hu et al., 2018b; Barbosa and de Oliveira Ferraz, 2020). In addition, several researchers noticed the influence of the primary soil particles on the aggregate stability, and sand correction (separating the sand content from the aggregates) was performed in some studies (Six et al., 2000; Dal Ferro et al., 2012; Guidi et al., 2017; Chen et al., 2017; Haydu-Houdeshell et al., 2018). However, none of the aforementioned methodologies assessed the influence of the primary soil particles on soil aggregate distribution for different breakdown mechanisms by using whole soil samples.

Against this background information, a method that separates the primary soil particles from the soil aggregate for different breakdown mechanisms was developed by using whole soil samples. Four soils collected from different areas with different soil textures were used in a series of in-lab experiments to assess the soil aggregate distribution by using the new method. The aims of this study were (i) to develop a new method that separates the primary soil particles from the soil aggregate for different breakdown mechanisms by using the whole soil and (ii) to assess the influence of the primary soil particles on the soil aggregate distribution for different breakdown mechanisms.

2. Materials and methods
2.1. Soils

Four types of soil with different soil textures (International System) were collected from areas in China. Loamy sand soil, silty clay soil, clay soil, and sandy clay loam soil were collected from Shenmu County (38°13′-39°27′ N, 109°40′-110°54′ E) in Shananxi Province, Ke Shan County (47°50′-48°33′N, 125°10′-126°08′ E) in Heilongjiang Province, Xinjian District (28°21′-29°10′ N, 115°31′-116°25′ E) in Jiangxi Province and Zigui County (30°38′-31°11′ N, 110°18′-111°0′ E) in Hubei Province, China, respectively. These soils are typical soils for the Northwest, Northeast, South and Southwest regions in China (Geng et al., 2017). The soil samples were collected from the uppermost 20-cm layer and transported to China Three Gorges University, Yichang, China. The collected soil samples were broken up gently by hand into small clods by following their natural structures, passed through a 10 mm sieve, air-dried, and then had impurities, such as roots and gravels, manually removed. A TopSizer laser diffraction device (SCF-108, Zhuhai OMEC instrument Co., Ltd., China) and the potassium dichromate oxidation-external heating method (Liu, 1996) were applied to analyse the soil particle size distribution and soil organic matter, respectively. Some physicochemical properties of the soil used in this study are listed in Table 1.

2.2. Developing a new method that separates the primary soil particles from the soil aggregate for different breakdown mechanisms
Fast wetting (FW), slow wetting (SW), and mechanical breakdown by stirring pre-wetted aggregates (WS) were used to simulate the slaking, differential swelling of clays and mechanical breakdown by raindrop impact effects, respectively, as those in the ISO standard method (ISO/DIS, 10930, 2012). The whole soil was used to avoid the doubtful representation of the 3-5 mm-diameter air-dried aggregate in the ISO standard method (Le Bissonnais, 1996; ISO/DIS, 10930, 2012). Hydrogen peroxide (H2O2) and sodium hexametaphosphate ((NaPO3)6) were applied to remove the soil organic matter and disperse the soil particles, respectively, to obtain the ultimate soil particles for each sieve size (Martinez-Mena et al. 2000; Shi et al., 2012; Wang et al., 2014). Attempts were made to separate the primary soil particles from the soil aggregates of various particle size fractions to eliminate the influence of the primary soil particles on the soil aggregate distribution. Generally, the new method for measuring the soil aggregate distribution by separating the primary soil particles from the soil aggregate for different breakdown mechanisms by using the whole soil includes the following 7 steps (Fig. 1):

Step 1: The air-dried soil samples were oven dried at 40 °C for 48 hours and reserved in valve bags so that they are at constant soil moisture content (matric potential).

Step 2: Twenty-five grams of whole soil samples were taken by spoon with several random selections. Then, the whole soil samples were pretreated with fast wetting (FW), slow wetting (SW), and mechanical breakdown by shaking after pre-wetting (WS) for analysis of the breaking-down mechanisms of soil aggregates similar to those in the LB method. For the FW treatment, the whole soil samples were gently immersed in 250 mL distilled water contained in a 1000 mL beaker, and the distilled water was vacuumed off after 10 min. For SW treatment, the whole soil samples were evenly placed on filter paper on a tension table at a matric potential of -0.3 kPa for 40-60 min to ensure that the whole soil samples were wetted. For the WS treatment, the whole soil samples were gently immersed in 250 mL ethanol (95% in mass) contained in a 1000 mL conical flask, and the ethanol was sucked off after 10 min. Then, 750 mL deionized water was slowly added into the conical flask, the flask was corked and agitated up and down 20 times for 1 min, and the distilled water was sucked off after allowing the samples to settle for 20-40 min.

Step 3: The corresponding soil samples pretreated by FW, SW, and WS in step 2 were transferred to a 0.05 mm sieve immersed in ethanol (95% in mass) and gently moved up and down (2 cm in height) 20 times by hand. The remaining soil samples were transferred to a beaker and oven-dried at 40 °C for 48 hours.

Step 4: The oven-dried soil samples were removed from the oven for measuring their size distribution by dry sieving through 5.00, 3.00, 2.00, 1.00, 0.50, 0.20, 0.10 and 0.05 mm sieve openings to obtain the related soils with sizes >5.00 mm, 3.00-5.00 mm, 2.00-3.00 mm, 1.00-2.00 mm, 0.50-1.00 mm, 0.25-0.50 mm, 0.10-0.25 mm and 0.05-0.10 mm, respectively. The mass of the soil particles for each size of sieve was weighed on an electronic scale. Each size fraction of the soil was transferred to a plastic cup.

Step 5: H2O2 and (NaPO3)6 were added to the plastic cups in step 2 to remove the soil organic matter and disperse the soil particles, respectively, to disperse the soil and ensure the primary soil particles for each size fraction.

Step 6: The soil samples in step 5 were transferred to the corresponding sieve immersed in ethanol (95% in mass) and gently moved up and down (2 cm in height) 20 times by hand. The remaining soil samples were transferred to a beaker and oven-dried at 40 °C for 24-48 hours to obtain the mass of the primary soil particles for each size of sieve using the electronic scale.

Step 7: The net mass of the soil aggregates for each size fraction was obtained by subtracting the mass of the primary soil particles of each particle size fraction in the soil samples treated with H2O2 and (NaPO3)6 in Step 6 from the mass of the soil sample before dispersion in Step 4.

2.3. Equations and data analysis

The aggregate stability for each sample was expressed in terms of the mean weight diameter (MWD, mm) weighted over different size classes. MWDFW, MWDWS and MWDSW refer to the aggregate stability under the FW, WS and SW treatment conditions, respectively. An increase in the MWD value suggests an increase in aggregate stability (Yan et al. 2008; Shi et al., 2010).
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where wi (%) is the weight fraction of the aggregates in size class i with an average diameter(xi (mm).
The net mass of the soil aggregates for each size of sieve was obtained by subtracting the mass of the primary soil particles of each particle size fraction from the mass of the soil sample before dispersion, as mentioned in Step 7. The net mass of the soil aggregates for each size class is calculated using Eq. (2):
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where mi (g) is the net mass of the soil aggregates for size i, mia (g) is the mass of the soil sample before dispersion for size i, and mip (g) is the mass of the primary soil particles after dispersion for size i.

To evaluate the influence of the primary soil particles on each size of soil aggregate, the ratio of the mass of the primary soil particles after dispersion to the mass of the soil sample before dispersion for size i is calculated as
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where ri (%) is the influence rate of the primary soil particles on the soil aggregate particle size distribution for size i. An increase in the ri value indicates that the primary soil particles have a greater influence on the soil aggregate for size i.

The proportion of aggregate (>0.05 mm) to the total soil mass content (AR, %) was compared before and after dispersion to assess the total influence of the primary soil particles on the soil aggregate. An increase in the AR value suggests that more >0.05 mm aggregates exist in the soil. The greater the difference in the AR values before and after dispersion is, the greater the influence of the primary soil particles on the aggregates. The AR can be estimated using Eq. (4):
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where m>0.05 is the mass of the aggregates that are >0.05 mm (g) and mt is the total soil mass content (g).

All statistical analyses were performed using Excel 2016 and SPSS 21.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) with a least signiﬁcant difference (LSD) test at a significance level of 0.05 was used to evaluate the differences in the dependent variables among different soils before and after dispersion and among different treatments (FW, WS and SW treatments). The results in this article are expressed as the mean ± standard error (SE) of the mean.
3. Results and Discussion

3.1. Particle size distribution of the soil before dispersion
The particle size distribution showed different models for the 4 soil types under different treatments (Fig. 2). Generally, the size distributions of loess soil and black soil were quasi-unimodal, with major peaks at 0.10-0.25 mm and 0.50-1.00 mm, respectively, under fast-wetting (FW), slow-wetting (SW) and mechanical breakdown by shaking after pre-wetting (WS) treatments (Fig. 2a; b). However, the size distributions of red soil and purple soil were more likely bimodal, with peaks at different sizes for different treatments and soil types (Fig. 2c; d). The peaks were at 3.00-5.00 mm and 1.00-2.00 mm for red soil under the SW and WS treatments and for purple soil under the SW treatment, while they were at 0.10-0.25 mm and <0.05 mm for both soils under the FW treatment and at 1.00-2.00 mm and <0.05 mm for purple soil under the WS treatment. The difference in size distribution could be attributed to the difference in soil texture and their response to different breakdown effects. The percentages of > 0.25 mm, > 1.00 mm, > 3.00 mm and > 2.00 mm classes for loess soil, black soil, red soil and purple soil, respectively, were the highest, suggesting coarser particles were retained under the SW treatment. However, the percentages of < 0.05 mm for loess soil and < 0.50 mm for black soil, red soil and purple soil were the highest, indicating that more fine particles were released under the FW treatment.
The results of soil MWD revealed that the soil types had a significant effect on the soil MWD under different breakdown mechanisms (Table 2). The MWD showed a significant difference among the soil types and ranked in order of higher to lower were black soil, red soil, purple soil and loess soil under the FW treatment. However, the MWDs listed in decreasing order under the SW and WS treatments were red soil, purple soil, black soil and loess soil, and significant differences among different soil types also existed, with the exception of red soil and purple soil under the SW treatment. The stability behaviour of a soil when exposed to disaggregating stresses depends on the strength of the cohesive forces holding the particles together and the magnitude of the net effect of the disaggregation forces in operation. The operation was the same for all the soils; thus, the difference in stability among the different soils depended on the strength of the cohesive forces holding the particles together for each soil. The largest values of MWD for the black soil under the FW treatment could be ascribed, in part, to the significantly high soil organic matter, which acts as a cementing agent to bind the primary particles in the aggregate physically and chemically (Ananyeva et al., 2013; Kořenková and Matúš, 2015). The soil organic matter resulted in significant decreases in the maximum internal pressure of aggregates during immersion in water by increasing pore surface roughness and pore occlusion within the aggregate to provide enhanced stability to the pore walls and prevent them from collapsing when submerged (Hafida et al., 2007; Ananyeva et al. 2013; Menon et al., 2020). In addition, the increase in soil organic matter enhances the water repellence (Kořenková and Matúš, 2015; Bachmann et al., 2020), which has a physical effect on aggregate stability by restricting water entry into the aggregates and reducing the slaking stresses (Peng et al., 2003; Bottinelli et al., 2017). The largest values of MWD for the red soil under the SW and WS treatments could be attributed to the high clay content, which was another cementing agent that promoted the formation of aggregates and increased aggregate stability (Le Bissonnais et al., 2007; Xiao et al., 2018). Moreover, the red soil from southern China is rich in Fe and Al oxides because of intensive weathering and leaching, which act as cation bridges between clays and organics and are key to the stability and size distribution of soil aggregates (Barthès et al., 2008; Zhao et al., 2017; Demenois et al., 2018). The lowest values of MWD for the loess soil under the FW, SW and WS treatments probably result from the smallest clay and soil organic matter contents compared with those of the other soils.

The values of MWD increased in the order of MWDfw < MWDws < MWDsw for the four soils, indicating that the effectiveness of the breakdown mechanism followed the sequence of slaking effect > mechanical breakdown effect > chemical dispersion effect. This corresponds with the previous findings of other researchers who measured aggregate stability by using the LB method (Yan et al., 2008; Shi et al., 2010; Algayer et al., 2014; Xiao et al., 2017b). Significant differences among different treatments were observed in all the soil types but between the FW and WS treatments for the loess soil, suggesting that the stability depends on the energy imposed on the soil aggregate and that the energy derived from the mechanical breakdown effect can sufficiently break up all of the loess soil aggregates.
3.2. Influence of primary soil particles on each soil aggregate particle size 
The influence of the primary soil particles on the soil aggregates varied with different breakdown mechanisms, soil types and particle sizes (Fig. 3). The primary soil particles only influenced the particle sizes less than 2.00 mm because the gravel was manually removed during the soil pretreatment stage. Thus, only the influence on aggregates with diameters less than 2.00 mm is analysed. The average influence rates of the primary soil particles on each soil aggregate particle size (ri) were 68.22%, 15.49%, 11.03% and 16.26% for the loess soil, black soil, red soil, and purple soil, respectively, suggesting that the primary soil particles have much greater influence on the loess soil than on the other soils. The average ri values of the FW, SW and WS treatments were 80.95%, 55.32% and 68.41% for the loess soil, 10.48%, 6.86% and 29.12% for the black soil, 19.05%, 9.87% and 4.18% for the red soil, and 22.97%, 12.19% and 13.63% for the purple soil, respectively. The largest values of average ri were observed in the FW treatment for the loess soil, red soil and purple soil and in the WS treatment for the black soil, indicating that the effect of breakdown mechanisms on ri varied with the soil type, and the primary soil particles showed the most influence under the FW treatment in most cases. The average ri of the macro-aggregates (<0.25 mm) compared to that of the micro-aggregates (>0.25 mm) under the FW, SW and WS treatments were 80.42% vs. 81.73%, 37.39% vs. 82.21% and 60.96% vs. 79.58%, respectively, for the loess soil; 6.67% vs. 16.21%, 3.32% vs. 12.30% and 9.68% vs. 58.29%, respectively, for the black soil; 8.61% vs. 34.72%, 2.87% vs. 20.36% and 1.82% vs. 7.73%, respectively, for the red soil; and 15.11% vs. 34.76%, 4.70% vs. 23.42% and 4.14% vs. 27.86%, respectively, for the purple soil, demonstrating that the primary soil particles have much greater influence on the micro-aggregates than on the macro-aggregates. Different ri values for different breakdown mechanisms, soil types and size fractions could be partly explained by differences in the distribution of the primary soil particles, the energy applied, the stability of the soil aggregate and the aggregate diameter. The content of particles for each size contained the soil aggregate and the primary soil particles that were released after the breakdown of large-diameter class soil aggregates. The greater the primary soil particle content for size i, the more primary soil particles may exist before dispersion, therefore resulting in a larger ri. The energy applied is different for the FW, SW and WS treatments, and the more applied energy results in more breakdown of the soil aggregates so that less aggregate is retained, leading to a larger ri. More stable soil aggregates, resulting in more soil aggregates retained under the same energy application, leads to a smaller ri. In addition, the smaller the diameter i was, the more primary soil particles were obtained because of the destruction of larger-size soil aggregates, causing a larger ri.

3.3. Total influence of the primary soil particles on soil aggregate
The proportions of soil aggregates (>0.05 mm) to the total soil (AR) before and after eliminating the influence of the primary soil particles varied under different breakdown mechanisms and soil types (Table 3). The values for AR before dispersion ranked in order of higher to lower were black soil, red soil, loess soil and purple soil for the FW treatment; red soil, purple soil, black soil and loess soil for the SW treatment; and red soil, black soil, loess soil and purple soil for the WS treatment. The influence of the primary soil particles complicated the relationship among the different soil types under different breakdown mechanisms. The AR values of the loess soil were the lowest, followed by those of the purple soil under all breakdown mechanisms. The AR values of the black soil were the highest under the FW and SW treatments, while the red soil had the highest AR values under the WS treatment after eliminating the influence of the primary soil particles. Significant differences existed between the AR values before and after dispersion when the soil type and breakdown mechanisms were the same, with one exception of those under the WS treatment for the red soil, suggesting that the primary soil particles have an influence on the soil aggregates for most cases. The rate of AR before and after dispersion depended on the soil type and breakdown mechanism, which were 5.64, 3.43 and 4.50 for the loess soil; 1.09, 1.03 and 1.16 for the black soil; 1.22, 1.04 and 1.02 for the red soil; and 1.36, 1.05 and 1.08 for the purple soil under the FW, SW and WS treatments, respectively. The difference in the AR values before and after dispersion for the different soil types and breakdown mechanisms could also be explained by differences in the distribution of the primary soil particles, the energy applied and the stability of the soil aggregate mentioned for the difference in ri values. The difference in AR before and after dispersion for the loess soil was much higher than that for the other soil types, indicating that the primary soil particles have much more influence on the loess soil. This could be ascribed to the coarse primary soil particles and the weakest aggregate for the loess soil. The rate of AR before and after dispersion under the FW was the largest in all but the black soil, suggesting that most of the aggregate can be broken under this condition, while the rate of AR before and after dispersion under the SW was the lowest in all but the red soil, indicating that most of the aggregate can survive under this condition.

4. Conclusions

A new method that separates the primary soil particles from the soil aggregate for different breakdown mechanisms was developed by using whole soil samples in this study. Four soils collected from different areas with different soil textures were used to assess the soil aggregate distribution by using the new method. The values of MWD increased in the order of MWDfw < MWDws < MWDsw for the four soils, indicating that the effectiveness of the breakdown mechanism followed the sequence of slaking effect > mechanical breakdown effect > chemical dispersion effect. The influence of primary soil particles on soil aggregate stability depends on breakdown mechanisms, soil types and particle sizes and is much greater on the loess soil than that on the other soil types; furthermore, this influence is the greatest under the FW treatment in most cases and is considerably greater on the micro-aggregates than on the macro-aggregates. The rate of AR before and after dispersion depends on the soil type and breakdown mechanisms, and the primary soil particles have much more influence on the loess soil than on the other soil types. The rate of AR before and after dispersion under the FW treatment was the largest in all but the black soil, and under the SW treatment, the rate was the lowest in all but the red soil. These results highlight the influence of separating the primary soil particles on the soil aggregate distribution for different breakdown mechanisms.
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Tables

Table 1 Some physicochemical properties of experimental soils.
	Soil
	Sampling location
	Soil texture
	Clay / %
	Slit / %
	Sand / %
	Soil organic matter / g kg-1

	Loess soil 
	Shenmu, Shaanxi Province
	Loamy sand
	5.80±

0.14 a
	7.56±

0.20a
	86.64±

0.34 d
	4.23±

0.65 a

	Black soil
	Ke Shan, Heilongjiang Province
	Silty clay
	33.08±

0.09c
	46.23±

0.03c
	20.70±

0.11 a
	24.49±

0.46c

	Red soil
	Xinjian, Jiangxi Province
	Clay
	49.73±

0.03d
	21.14±

0.03b
	29.13±

0.06 b
	5.19±

0.09 b

	Purple soil 
	Zigui, Hubei Province
	Sandy clay loam
	17.24±

0.03b
	21.33±

0.02b
	61.43±

0.03 c
	5.74±

0.39 b


Note: Values followed by different letters in the same column indicates significant difference at the 0.05 level.

Table 2 MWD before eliminating the influence of the primary soil particles from the soil aggregates under different treatments.
	Soil type 
	Treatment

	
	FW
	SW
	WS

	Loess soil
	0.16±0.01 Aa
	0.26±0.02 Ba
	0.18±0.01Aa

	Black soil
	0.63±0.01 Ad
	1.70±0.03 Cb
	0.88±0.02 Bb

	Red soil
	0.37±0.02 Ac
	2.13±0.13 Cc
	1.41±0.04 Bd

	Purple soil
	0.27±0.01 Ab
	2.05±0.05 Cc
	0.96±0.01 Bc


Note: FW, WS and SW refer to fast wetting, mechanical breakdown by shaking after pre-wetting and slow wetting. Different capital letters indicate significant differences between the treatments when the soil type at is the same at the level of 0.05 (P<0.05), different lowercase letters indicate significant differences between the soil types when the treatment is the same at the level of 0.05 (P<0.05).

Table 3 Proportions of soil aggregates (>0.05 mm) to the total soil (AR) before and after eliminating the influence of the primary soil particles under different treatments.

	Soil type
	Loess soil
	Black soil
	Red soil
	Purple soil

	Treatment
	FW
	SW
	WS
	FW
	SW
	WS
	FW
	SW
	WS
	FW
	SW
	WS

	AR before
	75.59±

0.05 Ab
	90.59±

0.01 Ab
	84.88±

0.01 Bb
	91.59±

0.01 Bb
	95.63±

0.00 Bb
	93.91±

0.00 Cb
	88.81±

0.02 Bb
	96.55±

0.02 Bb
	96.16±

0.01 Da
	71.97±

0.01 Ab
	96.55±

0.02 Bb
	75.17±

0.01 Ab

	AR after
	13.39±

0.01 Aa
	26.38±

0.02 Aa
	18.85±

0.00 A a
	83.75±

0.01 Da
	93.12±

0.00 Ba
	80.84±

0.01 Ca
	72.74±

0.01 Ca
	92.74±

0.02 Ba
	94.64±

0.01 Da
	52.82±

0.01 Ba
	91.53±

0.02 Ba
	69.51±

0.01 Ba


Note: FW, WS and SW refer to fast wetting, mechanical breakdown by shaking after pre-wetting and slow wetting. Different capital letters indicate significant differences between soil types when the treatment is the same at the level of 0.05(P<0.05); different lowercase letters indicate significant differences between before and after removal of primary soil particles when the soil type and treatment is the same at the level of 0.05 (P<0.05).

Figure captions
Fig. 1. Flow chart of the measurement of soil aggregate content.
Fig. 2. Particle size distribution of the soil before removal of the influence of the primary soil particles under different treatments (FW, WS and SW refer to fast wetting, mechanical breakdown by shaking after pre-wetting and slow wetting).
Fig. 3. Influence of the primary soil particles on the soil aggregate particle size distribution under different treatments (FW, WS and SW refer to fast wetting, mechanical breakdown by shaking after pre-wetting and slow wetting).
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