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Abstract

:

The status and drivers of soil-available nutrients in plant-recovered soils are not fully understood, limiting our ability to explore the role of soil-available nutrients in soil geochemical cycling and ecosystem sustainability. Here, we combined the spatial distribution of soil-available nutrients and chemical and aggregate properties from six soil types (subalpine meadow soil, meadow soil, dark brown soil, brown soil, yellow-brown soil, and cinnamon soil) and three horizons (a leaching horizon, sediment horizon, and parent material horizon) to study the status and drivers of soil-available nutrients. Our findings reveal that the soil-available nitrogen (AN) ranged from 72.33 to 169.67 mg/kg, the soil-available phosphorus (AP) ranged from 1.77 to 75.90 mg/kg, and the soil-available potassium (AK) ranged from 46.43 to 88.55 mg/kg in the six soil types. The subalpine meadow soil and the dark brown soil had the highest soil AN, with means of 169.67 and 139.35 mg/kg, respectively. The brown soil had the highest soil AP, with a mean of 75.9 mg/kg, and the dark brown soil and the brown soil had the highest soil AK, with means of 83.49 and 88.55 mg/kg, respectively. The results show that the soil types and soil depths had a significant impact on the status of AN, AP, and AK (p < 0.05). Moreover, a higher cation exchange capacity (CEC), the macro-aggregate contents (with 2–1 mm and 1–0.5 mm particle sizes) of the non-water-stable aggregates, and the macro-aggregate content and stability (2–1 mm particle size and geometric mean diameter (GMD) of the water-stable aggregates were deemed to facilitate soil-available nitrogen because of the positive correlations (p < 0.05). Lower exchangeable cations (ECs) and the micro-aggregate content (≤0.1 mm particle size) of the water-stable aggregates and higher soil cations helped in the accumulation of soil-available phosphorus and soil-available potassium, respectively. Moreover, the regulation of the soil chemical and aggregate properties was found to vary with soil type and horizon in a correlation analysis. Together, our results provide insights into the importance of chemical and aggregate properties in regulating soil nutrient availability across soil types, as well as providing strong support for the inclusion of soil resource utilization in regional forest restoration and management.
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1. Introduction


It has long been known that soil-available nutrients can constrain ecosystem functioning and plant growth [1,2]. Nitrogen (N) was first considered to be the main limiting nutrient, promoting the productivity of vegetation and carbon (C) storage in terrestrial ecosystems [3,4]. Similarly, phosphorus (P) and potassium (K) are resources, which often limit plant growth and reproduction, particularly in some old soils [5,6]. The availability of these soil nutrients is related to the physical, chemical, and biological coupling processes in soil [7,8]. For example, Peterson et al. (1985) showed that the seasonal changes in soil-available N (AN, including ammonium nitrogen and nitrate nitrogen) in forest soil are related to soil organic carbon (SOC) and soil mineralization processes and that the availability of soil P is affected by pH and O2 conditions [9]. Therefore, understanding the soil AN, phosphorus, and potassium distributions and their relationships with soil physics and chemistry are crucial prerequisites for evaluating nutrient status at regional and global scales.



The ability of soil aggregate properties to expand the volume of soil-available nutrients is one widespread mechanism of soil nutrient availability [10,11]. The adsorption capacity of the soil exchangeable cation capacity can be quantified via soil cation exchange, which influences soil nutrient availability [12]. During the fertilizer retention process, cationic nutrients and those that can be used by plants, such as N, P, and K, are stored temporarily through cation adsorption on the colloidal surface. Conversely, during the fertilizer supply process, cationic nutrients are released by cations that dissociate into the soil solution [10,13]. Soil aggregation has been found to accelerate the accumulation of soil nutrients through non-capillary porosity, cation adsorption, and microbial activity enhancement [14]. The evidence of the significant role of soil aggregates indicates that >5 and <0.25 mm size fractions, as the main carriers of soil organic C and nutrients, have relatively high stocks of SOC, total N, available phosphorus (AP), as well as exchangeable cation elements [15]. Most researchers have observed that the vertical distribution of nutrient content tends to be spatially heterogeneous, being higher in the upper layer of the soil [16,17]. However, the driving factors of soil-available nutrients based on soil genetic horizons remain unclear, especially in the ecosystem of vegetation restoration.



The natural forest in Southwest China has decreased by 35.1% due to the massive deforestation in the 1950s–1980s [18,19]. The ecosystem of west Sichuan in Southwest China has been characterized as an ecologically fragile area, with low nutrient availability and disturbed biodiversity [20]. Vegetation restoration has been widely used to restore the disturbed ecosystem because in an attempt to reduce soil erosion and improve soil nutrient availability for plants [21,22]. Benefitting from the “forest plantation program” and the “Grain to Green” program in China (ecological restoration programs dominate vegetation greening in China) [23,24], the natural forest in Southwest China is expected to spontaneously return to the pre-disturbance equilibrium state. Previous studies have revealed increases in soil nutrient accumulation during the vegetation restoration process. For example, a meta-analysis in China has revealed that restoration actions have made a large contribution to the recovery of soil nutrients, especially soil nitrogen and phosphorus [25]. A study of four vegetation recovery stages (grassland, shrub grass, bush forest, and secondary forest stages) has also shown that revegetation improves soil composition and promotes the formation of macro-aggregates [26]. Hence, studying the status and drivers of soil AN, AP, and available potassium (AK) content provides favorable evidence for exploring and understanding the functional role of the vegetation restoration of soil systems in the nutrient geochemical cycle.



In this paper, we aim to study the status of soil AN, AP, and AK nutrients in six typical soil types under long-term vegetation restoration in Southwest China. The goals of this study are as follows: (1) to explore the patterns of soil-available nutrients content and soil chemical and aggregate properties in six soil types (namely, subalpine meadow soil, meadow soil, dark brown soil, brown soil, yellow-brown soil, and cinnamon soil) and three horizons (a leaching horizon, sediment horizon, and parent material horizon) in western Sichuan, China, and (2) to identify how the soil chemical and aggregate properties regulate soil-available nutrients across the six soil types and three horizons.




2. Materials and Methods


2.1. Study Site


Our study area is located in Hongyuan, Li and Mao Counties, in the southeast of the Tibetan Plateau, China. The middle section of the study area is a mountainous landform, and the southeast section is an alpine canyon. The climate of the mountainous area is a semi-humid climate, characterized by obvious dry and wet seasons. The high mountain areas are humid and cold, and the valley is dry and warm, with an annual average temperature of 5.6–8.9 °C. The climate of the high mountains and the valleys varies from a subtropical zone to a temperate zone, a cold temperate zone, and a cold zone, showing obvious vertical distribution differences. The valley area, the altitude is below 2500 m, which is characterized by concentrated precipitation patterns and rapid evaporation, and it is an arid and semi-arid area. The slope valley zone, at an altitude of 2500–4100 m, is a cold temperate zone, with a 1–5 °C average annual temperature. The cold zone, with an altitude above 4100 m, is covered with snow all year round (Table 1).




2.2. Sample Collection


From August to September 2015, we collected 6 soil types, namely, subalpine meadow soil, meadow soil, dark brown soil, brown soil, yellow-brown soil, and cinnamon soil (Figure 1). For each soil sample, we excavated a 1.0 m-deep soil profile and divided it into a leaching horizon (A horizon), sediment horizon (B horizon), and parent material horizon (C horizon) according to the soil genetic horizon. A total of 53 sites were sampled (Figure S1), with 10 replicates of the subalpine meadow soil, 5 replicates of the meadow soil, 10 replicates of the dark brown soil, 10 replicates of the brown soil, 8 replicates of the yellow-brown soil, and 10 replicates of the cinnamon soil. A total of 146 soil samples were collected from the various soil types and soil genetic horizons, and their physical and chemical properties were measured. The geographical coordinates were obtained by using GPS. The soil samples were ground through a 60-mesh sieve after natural air drying and stored in a sealed manner.




2.3. Soil Chemical and Physical Analyses


The soil-available nitrogen (AN) was then measured by using the Kjeldahl distillation method as described by Mckenzie and Wallace [27]. The soil-available phosphorus (AP) was extracted with anion exchange resin membranes following the method described by Kouno et al. [28], and the soil-available potassium (AK) was extracted following the method described by Mc Lean and Watson [29].



The cation exchange capacity (CEC) was determined by using a buffered solution (pH = 7) with ammonium acetate as the extractant and following these steps: 0.1-mol L−1 BaCl2 (50:1, solution:soil) was used to examine the exchangeable cations H+, K+, Na+, Ca2+, Mg2+, Al3+, Fe3+, and Mn2+ [30,31]. Then, the CEC was calculated by adding all the exchangeable base cations on an equivalent basis. The sum of the exchangeable cations (K, Mg, Ca, and Na) in the CEC was calculated as the base saturation [32]. The soil electrical conductivity (EC) was determined in a laboratory by using a conductivity meter (DDS-11A) in a 1:5 soil/water suspension [33,34]. Soil pH was determined with a pH meter (Mettler Toledo, Shanghai, China) by using a 5:1 ratio of 1 M KCl solution to soil.



Soil aggregates were classified using the wet-sieving method and the dry-sieving method [35,36]. For dry sieving, 50 g of each of the air-dried soils was shaken through a nest of sieves with hole sizes of 5.0, 2.0, 1, 0.5, and 0.25 mm in sequence; then, the aggregates remaining on the respective sieves were weighed. For wet sieving, 50 g of each of the air-dried soils was pre-soaked for 30 min in water and then placed in the topmost sieve of a nest of five sieves with 2.0, 1.0, 0.5, 0.25, and 0.1 mm mesh sizes. Next, these sieves and soils were oscillated vertically in water with a 38 mm amplitude and a 30 times/min vibration frequency for 30 min by an oscillator. During each oscillation, the soil aggregates on the topmost sieve were always below the water surface. Thereafter, these aggregates were transferred into beakers and dried in an oven.



After combining the different fractions of the soil non-water-stable aggregates and the water-stable aggregates, the mean weight diameter (MWD) and the geometric mean diameter (GMD) were calculated by using the following equation:


  M W D =   ∑  i n   x i   w i  /   ∑  i n   w i   



(1)






  G M D = exp  (    ∑  i n   w i  l n  x i  /   ∑  i n   w i   )   



(2)




where xi and wi are the mean diameter (mm) and proportion (%) of each size fraction of the aggregates, respectively.



The soil aggregate mass fractal dimension (D) values of the soil condition after each soil type was imposed were calculated as follows:


  D = 3 −   l o g    M  ( r <  R i  )      M  t o t       l o g    R i     R  m a x        



(3)




where r is the grain size, M (r < Ri) is the cumulative mass of the aggregates of size r less than Ri, Mtot is the total mass, Ri is the aggregate size class, and Rmax is the mean diameter of the largest aggregate class.




2.4. Statistical Analyses


The experimental data were initially collated in Excel. The sample site was mapped using ArcGIS 10.4.1 spatial analyst tools. R software v3.6.3 (R Core Team, 2020) was subsequently used to conduct statistical analyses, including one-way and two-way analyses of variance (ANOVA) and the chi-square test with the least significant difference (LSD) method for multiple comparisons of the significance. The relationships between the measurements were characterized via Pearson’s correlation and general linear regression, with tabular and boxplot data presented as the mean ± standard error. A data analysis was carried out using the “tidyverse” and “agricolae” packages. The results were visualized with the “ggplot2”, “cowplot”, “ggcorrplot”, and “ggpmisc” packages.





3. Result


3.1. General Soil Properties


The results show that AN ranged from 72.33 to 169.67 mg/kg, AP ranged from 1.77 to 75.90 mg/kg, and AK ranged from 46.43 to 88.55 mg/kg in the six soil types. We observed significant differences in soil AN, AP, and AK content across the six soil types. Specifically, the means of S1 and S3 (with means of 169.67 and 139.35 mg/kg, respectively) of soil AN were higher than those of S4 and S6 (with means of 86.05 and 72.32 mg/kg, respectively). For AP, the means of S2, S3, and S4 (with means of 53.22, 50.17, and 75.9, respectively) were significantly higher than those of S5 and S6 (1.77 and 9.94, respectively). Similarly, the means of S3 and S4 (83.49 and 88.55, respectively) of soil AK were significantly higher than those of S1, S2, S5, and S6 (Figure 2a). We also studied the vertical distribution of soil AN, AP, and AK content across the A, B, and C horizons in the six soil types. The results show that the AN of the A horizon was higher than that of the B and C horizons, especially in S1, S3, S4, S5, and S6. Moreover, the AK of the A horizon was higher than that of the B and C horizons in S1, S2, and S3. We did not find significant differences among the A, B, and C horizons in S4, S5, S6. However, we observed no significant difference in AP among the A, B, and C horizons in the six soil types (Figure 2b and Table 2).



Our results show that the CEC of S3 (17.31) was the highest and that the CECs of S5 (8.02) and S6 (6.31) were the lowest. Conversely, the BS and EC of S6 were the highest, with averages of 83.84 and 342.98, respectively. In this study, S4, S5, and S6 were alkaline soils, with S6 having the highest soil pH value, and the mean value was 8.3. Moreover, S1, S2, and S3 were acidic soils (Figure 3a). The one-way ANOVA of the ionic characteristics of the A, B, and C horizons throughout the six soil types showed that there was no significant difference along the vertical space in the soil CEC, BS, pH, and EC, except for in the soil CECs in S1 and S3 (Figure 3b).




3.2. Aggregate Size Fractions and Stability


The non-water-stable aggregate size fractions of the six soil types with a ≥ 5 mm particle size ranged from 52.21% to 34.91%, of which S5 was the highest, and S1 and S6 were the lowest. However, the aggregate size fractions of S6 and S2 at ≤0.25 mm were significantly higher than those of the other soil types. This means that S1, S3, S4, and S5 were dominated by non-water-stable aggregates with larger particle sizes and that S6 and S2 were dominated by smaller particle sizes (Figure S2a and Table S1). For the water-stable aggregates (Figure S2b and Table S2), the aggregate size fractions of S3 at ≥ 2 mm and 2–1 mm were the highest (46.33 and 12.49, respectively), and those of S2 were the lowest (24.05 and 9.11, respectively). However, there was no significant difference in the aggregate size fractions of the six soil types at 1–0.5 mm. We also found that, at the ≤ 0.1 mm aggregate size, the aggregate size fractions of S2 and S6 (25.62 and 27.85, respectively) were significantly higher than those of the other soil types, while S3 and S4 (14.71 and 14.17, respectively) were the lowest.



The MWD and GMD of the non-water-stable aggregates of S5 were 4.89 and 1.68, respectively, which were significantly higher than those of S2 (3.31 and 1.22), S4 (4.29 and 1.52), and S6 (3.67 and 1.29). The D values of the six soil types were significantly higher in S2 (mean 2.21) and S6 (mean 2.11) than in the other four soil types. Meanwhile, the MWD and GMD of the water-stable aggregates of S3 (1.92 and 0.99) and S4 (1.87 and 0.97) were significantly higher than those of the other soil types, and S2 was the lowest. The D of S2 (2.48) was the highest (Table 3).




3.3. Relationships between Soil-Available Nutrients and Aggregate Properties


The Pearson’s correlation analysis showed that the CECs of S1, S2, and S3 were significantly positively correlated with the content of soil AN and AK and that they were negatively correlated with soil AP. We also found that BS and pH were related to soil-available nutrients. For example, in S1 and S3, the relationships between the soil BS, soil pH, and soil AP were positive, but in S4, S5, and S6, they were negative. The content of the non-water-stable aggregates with particle sizes of 2 mm and 2–1 mm was positively related to soil AN and AP in S1, S2, S4, and S5. The soil AK of S4 and S5 was positively related to the size fractions of the non-water-stable aggregates at smaller sizes (1–0.5 mm, 0.5–0.25 mm, and ≤0.25 mm) and D, while it was negatively related to MWD and GMD. Additionally, for the water-stable aggregates, the soil AN, AP, and AK of the S2, S3, S4, and S5 soils were positively related to the water-stable aggregate size fractions of 2–1 mm and 1–0.5 mm. While the AN and AP of the S3, S4, and S5 soil types were negatively related to the water-stable aggregate size fractions of 0.25–0.1 mm and ≤0.1 mm and D, and they were positively related to MWD and GMD (Figure 4a).



We further explored the relationships among the soil AN, AP, and AK nutrients; the general soil properties; and the aggregate properties across the three horizons. The results show that the relationships between the soil-available nutrients and the other properties were strongly dependent on the soil type and horizon. In S6, the soil AN and AK in the C horizon showed stronger correlations with the soil properties. In the C horizon of S5, AN, AP, and AK showed strong correlations, while that of the S2 soil type was mainly in the A and C horizons.





4. Discussion


4.1. The Chemical Properties of the Six Soil Types


Understanding the impact of changes in soil type on soil-available nutrients under long-term vegetation restoration is important for soil resource utilization in regional land restoration and management. Several studies have found that vegetation restoration modifies soil physical and chemical properties, varying by vegetation type and soil depths. Our study also reveals that soil types and soil depths significantly affect soil AN. The subalpine meadow soil (S1) and the dark brown soil (S3) (with means of 169.67 and 139.35 mg/kg, respectively) had higher soil AN. Indeed, S1 and S3 were distributed at a high altitude, which may contribute to the enhanced soil AN in these soil types. Due to the low temperature at a high altitude, the microbial decomposition of soil nitrogen is inhibited, which can decrease the soil nitrogen loss in the form of N2O and CH4. Furthermore, S1 and S3 had lower pH values. During sampling, we found that S1 had a thicker humus layer, and the dominant species in S3 were Picea asperata, Abies fabri, and Cupressus chengiana, those with a rich litter and microorganism activities. More organic acids are released from these litters and microorganisms during organic matter decomposition, thus significantly reducing pH values [37].



Studies have shown that the soil parent materials influence the actual P pools of soils and physical–chemical properties [1]. Similarly, soil type had significant effects on soil AP in our study. For example, the meadow soil (S2), S3, and the brown soil (S4, with means of 53.22, 50.17, and 75.9, respectively) had higher soil AP in the six soil types. These results are consistent with the soil parent material hypothesis declaring that parent material P can have an effect on the total soil P. However, soil AK was significantly affected by the soil depth rather than the soil type. In this study, the soil AK of S1, S2, and S3 decreased with soil depth, which is consistent with the findings of previous studies [38,39,40].



Soil electrical conductivity is a good indicator of the hydrolysable salt content of soil [41]. Our result shows that the soil electric conductivity of the cinnamon soil (S6) was the highest; most samples with a soil conductivity and pH value of 4.0 mS/cm and 8, respectively, have been recognized as saline soils [42]. S6 was dominated by Pinus tabulaeformis, Cypress minjiangensis, and Ailanthus altissima, which grew after returning farmland to forest. During the soil formation process, salt ions are deposited, and CaCO3 is accumulated in the deep soil horizon due to the higher precipitation in southwest Sichuan, contributing to the higher soil pH value and electrical conductivity [43].




4.2. Soil Aggregate Properties of the Six Soil Types


Soil aggregate composition is one of the indicators used to identify soil fertility because soils with macro-aggregates have higher porosities and water holding capacities, which can reduce surface runoff and soil nutrient loss [44]. EvelinPihlap et al. (2019) demonstrated that, in reclaimed soils, the inherent properties of the loess parent material controlled the formation of aggregates [45]. In our study, the six soil types were dominated by non-water-stable aggregates ≥ 5 mm, while the content of ≤0.25 mm non-water-stable aggregates was significantly higher in S2 and S6 than in the other soil types. The water-stable aggregate size fractions of ≥ 2 mm and 2–1 mm were the highest in S3, while the content of water-stable aggregates of ≤0.1 mm was the highest in S2 and S6. This observation is explained by the fact that, under the rainy and humid climate in western Sichuan, which has serious soil erosion and soil loss, the surface soil aggregates are greatly affected by rainfall and aboveground vegetation. Meanwhile, a sufficient hydrothermal environment provides favorable conditions for litter decomposition [46]. Because of the diverse aboveground shrub and grass vegetation in S3, their stems and leaves can help to build a shield in order to reduce the structural damage caused by the direct splashing of raindrops under heavy rainfall [47]. In addition, more vegetation helps soil micro-aggregates develop into macro-aggregates through the entanglement of plant roots and microbial hyphae [48].




4.3. Relationship between General Soil Properties and Aggregate Characteristics


This study highlighted the relationships of the physicochemical characteristics of six soil types and three soil horizons with soil-available nutrients. We found that, in S1, S2, and S3, the AN and AK contents were positively related to soil CECs. Similarly, some studies have found that the large specific surface area and surface negative charge density of soil colloids increase soil CEC and organic matter [49,50,51,52]. The underlying mechanism is that an increase in the generation of negative charges increases the exchange point of cations, thus helping to adsorb more cations and improve soil nutrient availability [53]. Additionally, soil pH can affect the release and availability of phosphorus in parent soil, and exchangeable Ca2+ is the main limiting factor [54]. When the pH value of soil acidity is higher than 7.5 or lower than 6, stable compounds and phosphorus with calcium, iron, and aluminum are formed, reducing the availability of soil phosphorus and vice versa. The six soil types in this study had a wide distribution area, and the ecological environment factors influencing the soil nutrients are complex. Hence, the interaction of multiple environmental factors weakens the direct effect of a single environmental factor. However, the correlation analysis between the multiple factors in this study was based on the six soil types. It was found that the six soil types had dramatic differences in their soil nutrient availability properties and maintenance mechanisms. A thorough study of the status and drivers of soil-available nutrients in different soil types is conducive to a comprehensive understanding of the characteristics of soil properties and the mutual mechanism in general soil properties.





5. Conclusions


Our results demonstrate that the six soil types showed significant differences in soil-available nutrient content, soil chemical and aggregate properties, and the regulation of soil chemical and aggregate properties in soil nutrient availability. The soil-available nitrogen of S1 and S3 was significantly higher than that of S4 and S6. Moreover, the soil-available phosphorus of S4 was significantly higher than that of S5 and S6. The soil-available potassium of S4 and S3 was significantly higher than that of S2. We suggest that soil-available nitrogen and soil-available phosphorus benefit from soil cations and the polymerization of aggregates, for which higher CECs, contents of non-water-stable aggregates with particle sizes of 2–1 mm and 1–0.5 mm, and contents of 2–1 mm and the GMD of water-stable aggregates could be the driving factors of soil-available nitrogen and those with noticeable characteristics of soil-surface nutrient distributions. A lower EC and content of water-stable aggregates with a ≤ 0.1 mm particle size could be the driving factors of soil-available phosphorus. Higher soil cations promoted the accumulation of soil-available potassium. Collectively, our findings reveal that the soil chemical and aggregate properties play pivotal roles in regulating soil nutrient availability, and they serve to highlight the complexity of the mechanisms underlying forest restoration.
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Figure 1. Profiles of main soil types (taken during sampling). O is humus horizon, A is leaching horizon, B is sediment horizon, and C is parent material horizon in the pictures. The picture of S5 (Yellow brown soil) was collected from Chine Soil Census. 
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Figure 2. Variance analysis of soil-available nitrogen (AN), soil-available phosphorus (AP), and soil-available potassium (AK) in 6 soil types (subalpine meadow soil, S1; meadow soil, S2; dark brown soil, S3; brown soil, S4; yellow-brown soil, S5; and cinnamon soil, S6). The different lowercase letters indicate significant differences in (a) at p < 0.05 by LSD test among 6 soil types, and the same letters indicate no significant differences at p < 0.05 by LSD test among 6 soil types. The different lowercase letters indicate significant differences in (b) at p < 0.05 by LSD test among 3 horizons (leaching horizon, A; sediment horizon, B; and parent material horizon, C) in the same soil types, and the same letters indicate no significant differences at p < 0.05 by LSD test among 3 horizons in the same soil types. 
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Figure 3. Variance analysis of soil cation exchange capacity (CEC), degree of base saturation (BS), pH value (pH), and electric conductivity (EC) in 6 soil types (subalpine meadow soil, S1; meadow soil, S2; dark brown soil, S3; brown soil, S4; yellow-brown soil, S5; and cinnamon soil, S6). The different lowercase letters indicate significant differences in (a) at p < 0.05 by LSD test among 6 soil types, and the same letters indicate no significant differences at p < 0.05 by LSD test among 6 soil types. The different lowercase letters indicate significant differences in (b) at p < 0.05 by LSD test among 3 horizons (leaching horizon, A; sediment horizon, B; and parent material horizon, C) in the same soil types, and the same letters indicate no significant differences at p < 0.05 by LSD test among 3 horizons in the same soil types. 
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Figure 4. Pearson’s correlation analysis of soil-available nitrogen (AN), soil-available phosphorus (AP), soil-available potassium (AK), soil chemical and aggregate properties (soil cation exchange capacity, CEC; degree of base saturation, BS; pH value, pH; electric conductivity, EC), and aggregate properties (non-water-stable aggregate content and water-stable aggregate content, soil aggregate of mean weight diameter, MWD; geometric mean diameter, GMD; fractal dimensions, D) in 6 soil types ((a); subalpine meadow soil, S1; meadow soil, S2; dark brown soil, S3; brown soil, S4; yellow-brown soil, S5; and cinnamon soil, S6) and 3 horizons ((b); leaching horizon, A; sediment horizon, B; and parent material horizon, C). The results with green and red squares show significant positive and negative pairwise relationships, respectively. 
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Table 1. Descriptions of the sampling plots.
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	Code
	Soil Type
	Latitude (m)
	Vegetation Composition





	S1
	Subalpine meadow soil
	3432–4136
	Shrub meadow, such as Salix cupularis Rehd., Rhododendron simsii Planch.; Subalpine meadow, such as Rhododendron watsonii Hemsl. et Wils., Sibiraea angustata (Rehd.) Hand.-Mazz., Rhododendron amesiae Rehd. et Wils., Potentilla fruticose L., Lonicera rupicola Hook. f. et Thoms.



	S2
	Meadow soil
	3521–3543
	Meadow



	S3
	Dark brown soil
	3405–3737
	Picea asperata Mast., Abies fabri Craib, Cupressus chengiana Hu, Rhododendron simsii Planch.



	S4
	Brown soil
	2534–3370
	Picea asperata Mast., Cupressus chengiana Hu, Larix gmelinii Kuzen., Populus davidiana Dode, Tsuga chinensis (Franch.) Pritz., Betula albosinensis Burkill, Betula platyphylla Suk., Acer caesium Wall. ex Brandis



	S5
	Yellow-brown soil
	2330–1842
	Cupressus chengiana S. Y. Hu, Pinus tabuliformis Carriere, Robinia pseudoacacia L., Ailanthus altissima (Mill.) Swingle, Malus pumila Mill., Zanthoxylum bungeanum Maxim., Betula platyphylla Suk., Quercus glauca Thunb.



	S6
	Cinnamon soil
	1319–1694
	Returning farmland to forest, such as Platycladus orientalis (L.) Franco, Cupressus chengiana S. Y. Hu, Pinus tabuliformis Carriere, Ailanthus altissima (Mill.) Swingle
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Table 2. Two-way ANOVA of soil-available nutrients. *** indicates significant differences at p < 0.01.






Table 2. Two-way ANOVA of soil-available nutrients. *** indicates significant differences at p < 0.01.





	

	

	
Df

	
Sum Sq

	
Mean Sq

	
F Valve

	
p Value






	
AN

	
Soil type

	
5

	
171,308

	
34,262

	
11.951

	
***




	
Horizon

	
2

	
321,571

	
160,785

	
56.084

	
***




	
Soil type×Horizon

	
10

	
47,901

	
4790

	
1.671

	
0.0944




	
AP

	
Soil type

	
5

	
107,609

	
21,522

	
5.975

	
***




	
Horizon

	
2

	
6

	
3

	
0.001

	
0.999




	
Soil type×Horizon

	
10

	
24,656

	
2466

	
0.684

	
0.737




	
AK

	
Soil type

	
5

	
24,685

	
4937

	
1.724

	
0.134




	
Horizon

	
2

	
62,015

	
31,008

	
10.826

	
***




	
Soil type×Horizon

	
10

	
14,535

	
1454

	
0.507

	
0.882
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Table 3. Variance analysis of non-water- and water-stable aggregates (mean and sd) of mean weight diameter (MWD), geometric mean diameter (GMD), and fractal dimensions (D) in 6 soil types (subalpine meadow soil, S1; meadow soil, S2; dark brown soil, S3; brown soil, S4; yellow-brown soil, S5; and cinnamon soil, S6). The different uppercase letters indicate significant difference at p < 0.05 by LSD test among 6 soil types, and the same letters indicate no significant differences at p < 0.05 by LSD test among 6 soil types. The different lowercase letters indicate significant difference at p < 0.05 by LSD test among 3 horizons (leaching horizon, A; sediment horizon, B; and parent material horizon, C) in the same soil types, and the same letters indicate no significant differences at p < 0.05 by LSD test among 3 horizons in the same soil types.
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Soil Type

	
Horizon

	
Non-Water-Stable Aggregates

	
Water-Stable Aggregates




	
MWD

	
GMD

	
D

	
MWD

	
GMD

	
D






	
S1

	
A

	
4.3 ± 0.95 a

	
1.52 ± 0.26 a

	
1.86 ± 0.37 a

	
1.94 ± 0.56 a

	
1.03 ± 0.24 a

	
2.03 ± 0.4 a




	
B

	
4.31 ± 0.88 a

	
1.54 ± 0.19 a

	
1.83 ± 0.3 a

	
1.84 ± 0.67 a

	
0.96 ± 0.31 a

	
2.1 ± 0.51 a




	
C

	
5.01 ± 1.13 a

	
1.69 ± 0.27 a

	
1.56 ± 0.5 a

	
1.43 ± 0.75 a

	
0.79 ± 0.31 a

	
2.38 ± 0.43 a




	
Mean

	
4.51 ± 1.01 AB

	
1.57 ± 0.25 AB

	
1.76 ± 0.41 BC

	
1.79 ± 0.65 AB

	
0.94 ± 0.29 A

	
2.14 ± 0.45 C




	
S2

	
A

	
3.43 ± 0.65 a

	
1.26 ± 0.18 a

	
2.22 ± 0.2 a

	
1.23 ± 0.35 a

	
0.74 ± 0.17 a

	
2.49 ± 0.19 a




	
B

	
3.43 ± 1.94 a

	
1.23 ± 0.47 a

	
2.17 ± 0.55 a

	
0.67 ± 0.52 a

	
0.53 ± 0.17 a

	
2.74 ± 0.21 a




	
C

	
3.07 ± 1.99 a

	
1.17 ± 0.5 a

	
2.24 ± 0.6 a

	
1.77 ± 1.05 a

	
0.9 ± 0.44 a

	
2.14 ± 0.67 a




	
Mean

	
3.31 ± 1.42 C

	
1.22 ± 0.38 C

	
2.21 ± 0.44 A

	
1.15 ± 0.77 C

	
0.71 ± 0.30 C

	
2.48 ± 0.43 A




	
S3

	
A

	
4.2 ± 0.66 a

	
1.52 ± 0.18 a

	
1.88 ± 0.26 a

	
2.11 ± 0.39 a

	
1.11 ± 0.16 a

	
1.91 ± 0.3 a




	
B

	
4.31 ± 0.72 a

	
1.57 ± 0.16 a

	
1.81 ± 0.26 a

	
1.91 ± 0.49 a

	
1 ± 0.24 ab

	
2.08 ± 0.36 a




	
C

	
4.65 ± 0.75 a

	
1.63 ± 0.18 a

	
1.71 ± 0.3 a

	
1.67 ± 0.63 a

	
0.86 ± 0.24 b

	
2.29 ± 0.34 a




	
Mean

	
4.37 ± 0.72 AB

	
1.57 ± 0.17 AB

	
1.8 ± 0.27 BC

	
1.92 ± 0.52 A

	
0.99 ± 0.23 A

	
2.08 ± 0.36 C




	
S4

	
A

	
3.96 ± 0.69 a

	
1.44 ± 0.19 a

	
1.99 ± 0.26 a

	
2.11 ± 0.26 a

	
1.09 ± 0.11 a

	
1.96 ± 0.21 a




	
B

	
4.21 ± 0.77 a

	
1.51 ± 0.21 a

	
1.89 ± 0.32 a

	
1.83 ± 0.32 a

	
0.95 ± 0.15 a

	
2.19 ± 0.22 a




	
C

	
4.75 ± 1.1 a

	
1.61 ± 0.33 a

	
1.67 ± 0.52 a

	
1.7 ± 0.55 a

	
0.88 ± 0.22 a

	
2.26 ± 0.32 a




	
Mean

	
4.29 ± 0.86 B

	
1.52 ± 0.24 B

	
1.86 ± 0.38 B

	
1.87 ± 0.42 A

	
0.97 ± 0.18 A

	
2.14 ± 0.27 C




	
S5

	
A

	
4.43 ± 0.86 a

	
1.57 ± 0.26 a

	
1.76 ± 0.49 a

	
1.88 ± 0.9 a

	
0.97 ± 0.39 a

	
2.04 ± 0.64 a




	
B

	
5.04 ± 0.67 a

	
1.71 ± 0.22 a

	
1.53 ± 0.45 a

	
1.49 ± 0.72 a

	
0.82 ± 0.26 a

	
2.34 ± 0.35 a




	
C

	
5.33 ± 0.28 a

	
1.79 ± 0.11 a

	
1.43 ± 0.21 a

	
1.73 ± 0.51 a

	
0.87 ± 0.16 a

	
2.27 ± 0.24 a




	
Mean

	
4.9 ± 0.76 A

	
1.68 ± 0.23 A

	
1.59 ± 0.44 C

	
1.72 ± 0.74 AB

	
0.9 ± 0.29 AB

	
2.19 ± 0.47 BC




	
S6

	
A

	
3.19 ± 0.73 a

	
1.18 ± 0.22 a

	
2.29 ± 0.23 a

	
1.52 ± 0.51 a

	
0.8 ± 0.2 a

	
2.37 ± 0.28 a




	
B

	
3.79 ± 1.27 a

	
1.31 ± 0.36 a

	
2.06 ± 0.59 a

	
1.82 ± 0.32 a

	
0.89 ± 0.13 a

	
2.25 ± 0.19 a




	
C

	
4.57 ± 0.87 a

	
1.55 ± 0.27 a

	
1.81 ± 0.39 a

	
1.61 ± 0.53 a

	
0.8 ± 0.17 a

	
2.36 ± 0.24 a




	
Mean

	
3.66 ± 0.92 C

	
1.29 ± 0.26 C

	
2.11 ± 0.32 A

	
1.54 ± 0.45 B

	
0.83 ± 0.17 BC

	
2.37 ± 0.24 AB
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