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Abstract:

 Data on the effect of vegetation and land use type on soil organic carbon (SOC) distribution in particle-size and density fractions in the subtropical forest region in China will improve our understanding of the C sequestration potential of those different vegetation-land use types. We quantified SOC in particle size (coarse, medium and fine) and density fractions (light and heavy) under four types of common forest vegetation-land uses: an evergreen broad-leaf forest, a pine forest, a managed chestnut forest and an intensively managed bamboo forest in subtropical China. The SOC in the 0–20 and 20–40 cm soil layers was the highest in the bamboo forest (31.6–34.8 g·C·kg−1), followed by the evergreen broad-leaf forest (10.2–19.9 g·C·kg−1), the pine forest (8.5–13.6 g·C·kg−1) and the chestnut forest (6.3–12.2 g·C·kg−1). The SOC was largely in the coarse fraction under the evergreen broad-leaf, pine and bamboo forests, while it was largely in the fine fraction in the chestnut forest, suggesting that SOC in the chestnut forest was likely more stable than that in the other forest vegetation-land use types. The SOC in the light fraction under the four forest vegetation-land use types ranged from 1.4 to 13.1 g·C·kg−1 soil, representing 21%–37% of the total organic C; this suggests that the majority of the SOC was in the better protected, heavy fraction. We conclude that forest vegetation-land use type (and the associated management practices) influenced SOC distribution in particle size and density fractions in the studied subtropical forests in southeastern China.
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1. Introduction

The global soil carbon (C) stock is approximately 2,500 Pg, among which, 70% exists as soil organic C (SOC) in the top 1 m of the soil; therefore, the SOC plays an important role in the C cycle in terrestrial ecosystems and in the global C balance [1,2,3]. The SOC concentration is an indicator of soil fertility and strongly affects soil physical and biological properties [2,4,5]. In forest ecosystems, SOC concentration is strongly affected by the type of forest vegetation and management regimes, in addition to being affected by biophysical factors, such as climate, hydrology and parent geological material [2].

The SOC pool can be characterized by the distribution of C in different soil particle size and density fractions [6,7]. Physical fractionation methods are commonly used, since they help to understand the dynamics, structure and function of SOC [8,9,10]. Size fractionation separates soil particles based on their size. In soil particle size fractionation, the SOC distribution in particle sizes is typically evaluated in the coarse (250–2000 μm), medium (53–250 µm) and fine (<53 µm) fractions [11,12,13,14,15]. The concentration and stability of SOC in different size fractions are different and are closely related to the content of silt and clay particles in the soil [16,17].

The SOC associated with sand-sized particles (53–2000 μm) comes from partly decomposed dead plant and animal materials that have a relatively low turnover time, which is between the turnover times of active and passive C pools [18,19]. This fraction of SOC is more sensitive to land management when compared with total SOC and better suited to predict changes in soil quality [20,21,22]. The SOC associated with silt and clay particles is relatively stable, due to physical protection, and provides a good measure of the physical protection capacity of the soil, which is positively related to the silt and clay content in the soil [23].

Density fractionation is used to separate SOC into the light (LF) and heavy fractions (HF) [7]. The SOC in the LF, with a density of <1.6–2.0 g·cm−3, is not firmly associated with soil particles and consists mostly of free organic matter (fOM) and pieces of plant residues. The SOC in the LF has a high C:N ratio and a relatively low turnover time. The LF typically has between 20% and 30% SOC, which is formed by the decomposition of plant residues [11]. The SOC in the HF with a density of >1.6–2.0 g·cm−3 exists as organo-mineral complexes and is associated with soil mineral particles. Compared to the LF, organic C in the HF is less sensitive to land management changes, but represents the soil’s long-term C sequestration capacity [24,25].

Most studies on particle size or density fractions have been focused on changes under different land use management [26,27]. Few have studied the effect of different forest types on SOC in particle size or density fractions [28]. In this paper, we studied the SOC distribution in both soil particle size and density fractions under four forest vegetation-land use types: an evergreen broad-leaved forest, a pine (Pinus massoniana) forest, a managed Chestnut (Castanea mollissima) forest and an intensively managed bamboo (Phyllostachys praecox) forest in southeast China. Those forest vegetation-land uses represent the most common types of forest vegetation-land use that cover plantations (some have high economic value), as well as natural forests in subtropical China [29,30]. The objective of this study was to determine the influence of forest type on soil total organic C concentration, C concentration indifferent particle size and density fractions and their spatial distributions in the soil profile. We hypothesize the following: (1) The total SOC storage will be higher in the intensively managed bamboo forest, followed by the natural evergreen broad-leaf forest, then the secondary pine forest and the managed chestnut forest. Such trends of SOC storage were affected by the high amount of organic mulch applied in the bamboo forest that increase SOC storage and the disturbance in the secondary pine forest and managed chestnut forest that decrease SOC storage. (2) SOC fractions in the fine particle-size fraction and in the HF will be higher in the evergreen broad-leaf forest, followed by the pine forest, the bamboo forest and the managed chestnut forest. The above relationships would reflect the effect of the type and frequency of disturbance on SOC stability. The data from this study will help us understand the range of SOC distribution in particle size and density fractions in subtropical forests and provide opportunities for long-term soil C sequestration through managing for different vegetation-land use types in forest ecosystems in subtropical China.



2. Materials and Methods


2.1. Location and Forest Types

This study was conducted on four forest types located in Linglong mountain (119°42' E, 30°14' N; elevation: 353 m), in the municipality of Lin’an, Zhejiang Province, China. The area has a subtropical monsoon climate, with a mean annual temperature of 15.8 °C and a mean annual precipitation of 1424 mm in the study area. The coldest month is January, and the hottest month is July; the area has 1939 daylight hours and 236 frost-free days a year. The soil was developed on a parent geological material derived from tuff. The dominant soil in the study area belongs to a Ferralosol in the Chinese system of soil classification [31] or a Ferralsol in the FAO soil classification system [32].

The experimental sites were selected based on similar parent material, soil type, aspect, slope gradient, slope position and elevation. However, the experimental sites had different land-use history and management practices. The four forests were located within 5 km of each other. Details of the four forest types studied are as follows:


	(1)

	An evergreen broad-leaved forest, which is a climax community in the study area. The dominant species were Cyclobalanopsis glauca, Castanopsis sclerophylla, Schima superba and Castanopsis eyrei. The stand was approximately 25 years old and had 70% canopy closure, with trees having an average diameter at breast height (DBH) of 14.3 cm. The dominant understory species were Litsea cubeba, Lindera glauca, Camellia fraternal and Cleyera japonica; they provided about 70% ground cover.



	(2)

	A pine forest that had an average canopy cover of 55%–75%, with trees older than 20 years and a DBH of 10–13 cm. The dominant understory species were Camellia fraterna, Vaccinium bracteatum and Symplocos stellaris.



	(3)

	A managed chestnut forest, which was converted from an evergreen broad-leaved forest or coniferous forest through clearcutting and planting. The chestnut forest was 14 years old, and the trees had a mean DBH of 14.4 cm. The stands were planted at a density of 415 trees per hectare. The stands were managed with 2–3 times of weeding/cultivation and 3 fertilizer applications per year. The rate of fertilizer application was 1 kg per tree per year with an NPK compound fertilizer (N:P2O5:K2O = 15:15:15).



	(4)

	An intensively managed bamboo forest, which was converted from a young evergreen broad-leaved forest in 1997 by clearcutting and planting. At the time of this study, the forest was 14 years old and had 1500 bamboo plants per hectare. The bamboo plants in the stands had a mean DBH of 3.5 cm. Before 2002, the bamboo forest was managed by annual tillage and fertilization (application of urea at 450 kg·ha−1·y−1 and an NPK compound fertilizer (N:P2O5:K2O = 15:15:15) at 600 kg·ha−1·y−1). After 2002, intensive management practices were used to enhance bamboo growth and bamboo shoot production. In the intensive management regime, organic materials (straw and rice chaff) were applied from November 20 to December 10 every year to cover the soil surface to increase soil temperature and maintain soil moisture content in the winter. This (mulching) involves placing 10–15 cm of rice straw at the soil surface, followed by adding 10–15 cm of rice husk. The annual rate of application was equivalent to 40 t·ha−1 of rice straw and 55 t·ha−1 of rice husk, with an approximately total annual input of 35 t·C·ha−1 [33]. The undecomposed organic residues were removed in April or May of the following year. Fertilization occurred in May, September and just before the application of the mulch material in early winter. The annual fertilizer application rates were 2.25 t·ha−1 compound fertilizer (N:P:K = 15:15:15) and 1.125 t·ha−1 urea (46% N). The land was tilled after the fertilizer application to mix the fertilizer into the soil.







2.2. Soil Sampling and Analyses

Three 20 × 20-m experimental plots were established in each forest vegetation-land use type in March, 2010. The forest-land use type was not replicated, but the soil type and landscape attributes were similar among the four forest types, and the differences reported in this paper are attributed to the effect of vegetation-land use type. Soil samples were collected at 2 depths (0–20 and 20–40 cm) from 3 soil profiles in each plot. A composite soil sample was obtained by combining samples collected from the same plot and depth. After the soil samples were brought into the laboratory, they were air-dried and passed through a 2-mm sieve after removing coarse fragments and roots.


2.2.1. Soil Particle Size Fractionation

A 30-g (oven-dry weight basis) air-dried soil sample (sieved through a 2-mm screen) was weighed into a beaker, then deionized water was added to the soil sample to achieve a soil:water ratio of 1:5 (v:v). The content in the beaker was thoroughly mixed and ultrasonicated (at 300 W) for 15 min using a KQ-500DE (250–500 W) ultrasonic unit that was manufactured by Ultrasonic Equipment Ltd. in Kunshan City (Jiangsu Province, China). Each sample was then transferred onto a set of sieves (250- and 53-μm sieves); the soil was separated into different particle size fractions under slowly running water. The sample was washed until the water flowing out of the 53-μm sieve was clear. The soil in the <53-μm fraction was recovered by allowing the soil to settle out; after the top clear solution was decanted, the remainder was dried in an oven at 60 °C. Three size fractions were obtained: the coarse size (>250 μm) fraction with non-protected particulate organic matter (cPOM, everything retained on the 250-µm sieve), the microaggregate fraction (250–53 μm) and the silt-clay fraction (<53 µm). All fractions were dried in a 60 °C oven, weighed and ground to <53 μm. The C concentration was determined by the method described below; the data allow the calculation of the C concentration in different particle size fractions and the distribution of SOC in different particle size fractions as a proportion of the total soil organic C [11,12,13,14].



2.2.2. Soil Density Fractionation

The SOC was separated into the LF and HF using NaI following the method described in Tan et al. [34]. To do that, 50 mL NaI (aqueous sodium iodide, adjusted to a density of 1.8 g·cm−3) and 10 g (oven-dry basis) of air-dried soil samples that had passed through a 2-mm sieve were placed into a 100-mL centrifuge tube. A density of 1.8 g·cm−3 is one of the most commonly used cut-off densities in past studies [35]. The sample mixture was hand shaken for 30 s to ensure that the soil was fully saturated/mixed with water and was then treated ultrasonically for 15 min (300 W) using a KQ-500DE (250–500 W) ultrasonic unit that was manufactured by Ultrasonic Equipment Ltd. in Kunshan City (Jiangsu Province, China), followed by centrifugation for 15 min (3500 r·min−1). The solution was decanted and filtered on a 20-mm nylon to obtain and separate the LF. The above steps were repeated 3 times. The LF retained on the filter paper was washed with 100 mL of 0.01 mol·L−1 CaCl2 and then with 200 mL deionized water. For the above initial wash, CaCl2 was used, as the CaCl2 was more effective in removing the heavy NaI. The LF retained on the filter paper was then dried at 60 °C and weighed. The soil remaining in the centrifuge tube was washed twice with 100 mL of 0.01 mol·L−1 CaCl2, and was then washed 10 times with deionized water. The soil was also dried in a 60 °C oven and weighed. The organic C concentration in the bulk soil and the HF was determined by the method described below, and the difference between the two was the organic C concentration in the LF. It is recognized that the organic C concentration in the LF was likely somewhat overestimated when the “by difference” method was used, because some organic C was likely lost from the HF to the LF. The optimum intensity of dispersion would be related to the type of soil and the stability of contained aggregates, and the results between different studies are more comparable when the same conditions are applied [36,37].



2.2.3. Methods for pH, Organic C and N Determination

Soil pH was determined in a 1:2.5 (w:v) soil to distilled water ratio using a pH meter. Soil organic C concentrations in the soil samples were determined by the wet oxidation method of Walkley and Black, using potassium dichromate (K2Cr2O7) and concentrated H2SO4. The sample-reagent mixture was gently boiled at 170 °C for 30 min to ensure complete oxidation of the organic C, with the excess Cr2O72− titrated with ferrous ammonium sulfate to determine the amount of organic C in the sample [38,39]. The total N concentration in the above digest was determined using a semi-micro Kjeldahl method [39].




2.3. Statistical Analyses

All data reported in this paper are based on means of three replications. Statistical analyses were performed using Microsoft Excel 2003 and DPS (Data Processing System) version 7.05 [40]. Data were analyzed with one-way ANOVA and Duncan’s multiple range test to compare the effect of forest vegetation-land use type on SOC in the different soil particle size or density fractions (α = 0.05).




3. Results


3.1. Soil Chemical Properties under Different Forest Vegetation-Land Use Types

The soils under the studied forest vegetation-land use types were all acidic, with soil pH ranging from 4.10 to 4.62 among the two soil layers (Table 1). Even though the absolute soil pH values were somewhat similar, they were significantly different between vegetation-land use types and soil layers. The highest SOC concentration in the 0–20-cm soil layer was found in the bamboo forest soil (34.78 g·C·kg−1), which was 1.75-, 2.55- and 2.86-times the SOC concentration in the broad-leaf, pine and chestnut forests, respectively (Table 1).


Table 1. Soil properties under different forest vegetation-land use types and soil depths (n = 3).



	
Soil Depth (cm)

	
Forest Type

	
pH

	
SOC (g·kg−1)

	
Total N (g·kg−1)

	
Particle Size Fractions (Mass %)

	
Silt-Clay

	
Density Fractions (Mass %)




	
Coarse Sand

	
Fine Sand

	
Light Fraction

	
Heavy Fraction






	
0–20

	
Broad-leaf forest

	
4.32 (0.05) b

	
19.89 (2.76) b

	
1.31 (0.03) b

	
65.1 (1.9) ab

	
18.8 (2.9) a

	
15.5 (4.7) c

	
3.5 (0.3) b

	
93.6 (0.9) a




	
Pine forest

	
4.47 (0.05) a

	
13.62 (0.55) b

	
0.88 (0.01) d

	
67.2 (3.3) a

	
18.5 (0.8) a

	
14.0 (2.8) c

	
2.5 (0.2) c

	
95.6 (0.7) a




	
Chestnut forest

	
4.10 (0.05) c

	
12.17 (1.90) b

	
1.05 (0.29) c

	
48.1 (0.6) c

	
21.9 (1.3) a

	
29.5 (1.8) a

	
1.5 (0.1) d

	
94.3 (0.4) a




	
Bamboo forest

	
4.32 (0.05) b

	
34.78 (8.36) a

	
2.21 (0.04) a

	
62.2 (1.9) b

	
13.8 (2.9) b

	
23.2 (1.5) b

	
6.5 (0.5) a

	
86.1 (2.9) b




	
20–40

	
Broad-leaf forest

	
4.54 (0.07) b

	
10.20 (0.99) b

	
0.64 (0.03) b

	
46.2 (2.3) b

	
25.8 (1.0) a

	
26.9 (1.3) b

	
1.2 (0.1) b

	
95.1 (0.4) a




	
Pine forest

	
4.62 (0.07) a

	
8.51 (1.45) b

	
0.35 (0.02) c

	
59.6 (1.7) a

	
18.2 (0.4) b

	
21.0 (2.1) c

	
0.9 (0.1) bc

	
96.6 (0.6) a




	
Chestnut forest

	
4.36 (0.05) c

	
6.25 (0.08) b

	
0.63 (0.02) b

	
33.5 (1.2) c

	
20.9 (2.2) b

	
44.3 (1.6) a

	
0.5 (0.01) c

	
94.7 (0.5) a




	
Bamboo forest

	
4.12 (0.05) d

	
31.56 (10.09) a

	
1.81 (0.01) a

	
41.3 (2.9) b

	
27.7 (1.4) a

	
28.9 (4.4) b

	
5.0 (0.7) a

	
88.7 (1.7) b






Note: Values presented are means and standard deviations (in brackets). Within each depth, values for each parameter followed by different lowercase letters were significantly different among the forest vegetation-land use types at p < 0.05; SOC: soil organic C. 




The total SOC concentration decreased with soil depth. Compared with the 0–20-cm soil layer, the total SOC in the 20–40-cm soil layer in the broad-leaf and chestnut forests had the largest decline (both at 49%), followed by the pine forest (38%) and the bamboo forest (9%); however, among the forest vegetation-land use types, the bamboo forest soil still had the highest total SOC concentration in the 20–4-cm soil layer (Table 1).

The dominant size fraction in both the 0–20- and 20–40-cm soil layers in the studied forest soils was the coarse fraction, except in the 20–40-cm layer in the chestnut forest, which had the highest proportion of medium and fine fractions (Table 1). The content of the coarse fraction was greater in the 20–40 than in the 0–20 cm soil depth. While the chestnut forest soil had the highest fine fraction in both soil layers, the proportion of the fine fraction increased with depth.

The proportion of the soil mass in the LF was significantly higher, while that in the HF was lower in the bamboo forest than in the other three forest vegetation-land use types in both soil layers. No significant difference was observed in the other three types of forest soils, and the LF decreased while the HF increased with depth (Table 1).





3.2. Distribution of Soil C in Particle Size Fractions

In the 0–20-cm soil layer, the SOC concentration in the coarse- and medium-sized fractions was greater in the bamboo than in the other three forest types (Figure 1). In the bamboo forest, SOC was higher in the coarse- and medium-sized fractions than in the fine fraction, but in the pine forest, the order was fine > medium > coarse fraction (Figure 1). No difference in SOC concentration among the size fractions was found in the broad-leaf and chestnut forests (Figure 1). The SOC concentration in the various fractions decreased with depth regardless of the forest type, except for the coarse fraction in the bamboo forest (Figure 1).

Figure 1. Soil organic carbon associated with different particle size fractions in the (a) 0–20-cm layer and (b) 20–40-cm layer under four types of forest vegetation-land use. Concentrations are per soil fraction mass. Means labeled with different lowercase letters are different between the vegetation-land use types within each particle size fraction. The three size fractions are coarse (>250 μm), medium (250–53 μm) and silt-clay fractions (<53 μm).
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Taking the SOC concentration and the particle size distribution (Table 1) together, we found that most of the SOC was associated with the coarse fraction (c-SOC) in the broad-leaf, pine and bamboo forests (ranging from 47.3% to 71.1%), except only 31.5% was in the coarse fraction in the chestnut forest soil (Figure 2). In the chestnut forest, the majority of the SOC (~45%) was distributed in the fine fraction. The SOC associated with the medium fraction (m-SOC) was similar (21.7% to 25.4%) among broad-leaf, pine and chestnut forests, while the bamboo forest soil had the lowest fine fraction of SOC (f-SOC) concentration (15.4%) (Figure 2).

Figure 2. Mean SOC distribution (%) in particle size fractions in the (a) 0–20-cm soil layer and (b) 20–40-cm soil layer under four types of forest vegetation-land use. The three size fractions are coarse (>250 μm), medium (250–53 μm) and silt-clay fractions (<53 μm).
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The c-SOC in the 20–40-cm soil layer was lower than that in the 0–20-cm layer. The c-SOC in the 20–40-cm soil layer was higher than SOC in any other size fraction in all vegetation-land use types other than in the chestnut forest soil (Figure 2). In contrast, the SOC distribution in the other size fractions increased with depth (Figure 2). A large increase (66%) was observed in SOC in the medium size fraction in the 20–40-cm soil layer as compared with the 0–20-cm layer in the bamboo forest soil.



3.3. Soil Organic C in the Light and Heavy Fractions

In the 0–20-cm layer soil, the SOC concentration in the LF was higher in the broadleaf and bamboo than in the pine and chestnut forests, and the SOC in the HF had the following order: bamboo forest > broadleaf forest > pine and chestnut forest (Figure 3). In the 20–40-cm soil layer, the light fraction C (LF-C) concentration had the following order: chestnut forest > broadleaf forest > pine forest > bamboo forest (Figure 3). Heavy fraction C (HF-C) in the bamboo forest soil slightly decreased in the 20–40-cm soil layer when compared with the top soil layer, while the other three soils had an over 40% decrease. The LF-C to total SOC ratio in the 0–20-cm soil layer of broad-leaf and bamboo forest soils were 36.5% and 35.6%, respectively, which were slightly higher than those in the other two vegetation-land use types (Figure 4). The HF-C to total SOC ratio ranged from 63.5% to 78.8%, and this ratio increased in the 20–40-cm soil layer of the studied forest soils, except in the chestnutforest soil, which had almost the same ratio in both layers (Figure 4).

Figure 3. Soil organic carbon in light and heavy fractions in the (a) 0–20-cm layer and (b) 20–40-cm layer under four types of forest vegetation-land use. Soil organic C concentrations are per soil fraction mass. Means labeled with different lowercase letters are different between the vegetation-land use types within each density fraction.
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Figure 4. Mean distribution of organic carbon in light and heavy fractions in the (a) 0–20-cm soil layer and (b) 20–40-cm soil layer under four types of forest vegetation-land use.
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4. Discussion


4.1. Forest Vegetation-Land Use Type Affected Soil C in Particle Size Fractions

Physical protection is one of the main mechanisms for soil C stabilization that is directly related to soil texture and structure [41,42]. The C associated with soil particles, especially clay- and silt-sized particles, has reduced accessibility for enzymes and microbial organisms, lowering the C turnover rate [43,44]. Thus, soils with higher clay and silt contents would sequester more SOC than soils with less fine fractions, even when the amount of OM input was the same. However, the capacity of physical protection for SOC stabilization is not unlimited according to research conducted in the Harden region in the Netherlands [23]. Carter et al. [45] studied soils in eastern Canada and found that C in the <50-μm fraction (g·C·kg−1 Soil) = 9.04 + 0.27 × % particles <50 μm. Based on this equation and the percent of particles distributed in the <50-μm size fraction in our soils, we consider that the capacity for physical protection in the four vegetation-land use types has not been exceeded, as the amount of organic C distributed in that size fraction determined for our soil was less than the values calculated using the equation.

Soil C concentration may largely depend on belowground and underground biomass production and input through litter fall, root exudation and the addition of plant residue [46,47,48]. The most interesting result regarding SOC concentrations in the different particle size fractions is the very high SOC concentration in the coarse fraction in the bamboo forest (Figure 1). This likely indicated the impact of the large quantities of mulching material applied on SOC incorporation into the coarse fraction; the SOC concentration in those intensively managed bamboo forest soils have been found to increase quickly over time [30]. Our data indicate that most of the large amount of SOC accumulated in the bamboo forest soil was present in the relatively unstable coarse fraction and is subject to mineralization. The higher SOC concentration in the fine fraction in the bamboo forest relative to that in the other forest soils (Figure 1) likely resulted from cultivation through which the SOC-rich surface material had been incorporated into the deeper layers. The surprisingly high SOC concentration in the fine fraction in the pine forest relative to other forest types (Figure 1) indicated that the product of soil organic matter decomposition was more stable in the pine forest.



4.2. Forest Vegetation-Land Use Type Affected Soil C in Soil Density Fractions

The range of SOC in the LF (146 to 281 g·C·kg−1 of fraction, Figure 3) in our study is similar to the 256–296 g·C·kg−1 in the LF reported in Barrios et al. [49], 170–49 g·C·kg−1 in Shen et al. [50] and 191–252 g·C·kg−1 in Xu et al. [51]. The SOC concentration in the LF was much higher than that in the HF (5–28 g·C·kg−1) or in the bulk soil (5–34 g·C·kg−1).

The ratio of LF-C to total SOC (21.2%–36.5%) in this study is within the range of 4%–60% suggested by Boone [52]. Among the investigated forest soils, the broad-leaf forest soil had the largest LF-C, followed by bamboo, pine and chestnut forest soils. The ratio of LF-C to total SOC was 25.3% in the pine forest soil, which was similar to that of the Pinus Massoniana forest soil in Changting in Fujian province [53] and the Slash pine soil in Florida in the United States [54], lower than that of soils in Dahurian larch, Quercus liaotungensis [55] and natural pine forests [56]. However, the ratio was higher than that in soils under American five-leaved pine and Acer saccharum Marsh soil. The LF-C to total SOC ratio in the surface layer in the chestnut forest soil was 21.2%, which was similar to the chestnut forest soil in Changting, Fujian province [53]. This significant difference in soils with different forest stands may be caused by: (1) the density of the fractionation liquid used [57]; (2) the soil dispersion; and (3) the geographic location, altitude, climate, soil type, vegetation, land management and sampling date.

The LF-C to total SOC ratio was both higher in the broad-leaf and bamboo forest soils (Figure 3). The broad-leaf forest had a more complex community structure and richer plant species diversity. This forest type had large aboveground biomass and had greater amounts of litter fall, which was the main source of LF-C in the forest ecosystem, leading to the greater LF-C concentration in the broad-leaf forest. The LF in the bamboo forest soil came from anthropogenic input, the straw and rice chaff placed on the soil surface to increase soil temperature during winter; the large quantities of mulching material placed on the soil surface increased the LF-C concentration in the surface layer. The chestnut forest soil had the lowest LF-C concentration, because of the relatively young forest age; the young trees produced little litter fall. In addition, there was almost no understory in this forest type because of tillage and weed control. The tillage practices likely increased the mineralization rates of the soil organic matter as compared with the other three forest soils. Tillage and weed control would substantially reduce the physical protection on LF-C [58].

In this study, we found that bamboo forest soil had much higher HF-C (27.71 g·C·kg−1) than the other three forest soils. This may be caused by long-term mineral fertilizer application, as well as straw and rice chaff coverage during winter; the decomposition of the mulching material provided an abundance of organic acids for complexation with soil mineral particles and the formation of HF-C [59,60]. The HF-C to total SOC ratio was 63.5%–78.8% in the four forest soils. The HF-C was the main component of SOC, which was important for the maintenance of soil fertility and for soil C sequestration [61].



4.3. Land Management Affected SOC Distribution

Land management practices can markedly affect the content and distribution of SOC in different vegetation types [29,46,62,63]. Among the four forest vegetation-land use types studied in this research, the broad-leaf and pine forests were natural forests with long rotations and were minimally affected by human activities. Even though the SOC concentration was relatively low in those forest soils, the percent of SOC associated with silt-clay fractions was high in both forest soils. The chestnut and bamboo forests were plantation forests with different land use management practices, which had significantly different C distribution patterns. The chestnut forest was operated with tillage and weeding, thus having the smallest aboveground biomass and litter fall. In addition, the chestnut forest was the youngest stand. The soil under this forest vegetation-land use had the lowest LF-C, HF-C and SOC in the different particle size fractions.

The bamboo forest was managed by intensive farming, with the soil surface covered by straw and rice chaff each winter, resulting in high LF-C and HF-C. However, the SOC distribution is as LF-C, and c-SOC was high in the bamboo forest under intensive farming; both SOC types belong to labile C pools with a fast turnover rate and poor stability. They would be more sensitive to land use management than the total SOC [61,64]. Soil C stability is considered high when it exists as HF-C or in the fine fraction of SOC. Furthermore, there was a close relationship between HF-C and SOC in the fine fraction, with a small percentage of SOC in the fine fraction and most of the SOC in the coarse fraction as LF-C [9]. Thus, increasing the silt-clay content would increase the organic C stability in the soil. While the silt-clay content in a soil is difficult to alter, the silt-clay content among the different soils is affected by the parent material, land use, vegetation type and management practices, resulting in differences in the degree of the stabilization of organic C in the soil.




5. Conclusions

The SOC concentration and its distribution in different particle size and density fractions were affected by vegetation-land use type and the associated management regime in four common forest land use types in subtropical China. Soil total organic C decreased in the order bamboo forest > broad-leaf forest > pine forest > chestnut forest, reflecting both the effect of vegetation-land use type and the intensive forest management practice in the bamboo forest. Intensive farming in the bamboo forest where a large amount of organic mulch material was added to the soil surface annually caused the bamboo forest soil to have the highest total SOC among the forest types studied. On the other extreme, disturbance from tillage and weed control without external organic matter input in the young chestnut forest likely led to the lowest total SOC and its distribution in the different particle size and density fractions. The SOC was mostly distributed in the coarse fraction in both studied soil layers in all studied forest soils, except in the chestnut forest soil, in which the SOC was mostly distributed in the silt and clay fractions (Figure 2). This study indicates that it is possible to use vegetation-land use type and management practices to influence the size and distribution of SOC in different soil fractions to alter the ecological services of forests.
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