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Abstract

:

Forests worldwide store large quantities of carbon (C), particularly in soils as soil organic C (SOC). In northeastern China, two dominant forest types, secondary mixed forest (MF) and larch plantation forest (LF), cover extensive areas. However, we lack an understanding of the patterns and the mechanisms of SOC storage and stabilization in MF and LF, especially in deep soil layers. This research aims to illustrate the vertical distribution and mineral protection of SOC over soil depth; we also used δ13C values of soil fractions to evaluate SOC stability. Samples from the surface litter (Oi), organic layer (Oa+e), and 0–40 cm mineral soils were collected from both MF and LF plots. We used two different methods to separate bulk soils into distinguished fractions: (1) macro- and micro-aggregates and the non-aggregated fraction, and (2) particulate organic matter (POM) and mineral-associated organic matter (MAOM). The C concentrations, C stocks, and δ13C of all soil fractions were determined. Our findings were as follows: (1) SOC was mainly stored in mineral soils and was 13.6% lower in LF (8609 ± 1180 g C m−2) than MF (9969 ± 2084 g C m−2). (2) In both MF and LF, the SOC stock was mainly stored in aggregates (averaged 92.7%); macroaggregates dominated in the surface layers (Oa+e layer and 0–10 cm) but microaggregates dominated in the deep layers (10–20 cm and 20–40 cm). In mineral soils, MAOM was the dominant fraction of the C stock (averaged 81.6%). (3) The proportion of C distributed in microaggregates and MAOM increased from Oa+e to the 20–40 cm layer. (4) The C/N ratios and δ13C values of MAOM were smaller and heavier compared to those of POM. Our study demonstrated that in both forests, aggregate formation and mineral association predominantly contributed to SOC storage, and large stocks of SOC were distributed in the deep soil. The increasing proportion of SOC in microaggregates and MAOM along the soil depth, most likely derived from microbial turnover and microbial necromass, influenced SOC stability in both forest types.
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1. Introduction


According to IPCC (2021), the global surface air temperature increased by 1.0 °C during 2001–2020 relative to 1850–1900, and will increase by 1.4–4.4 °C by the end of this century [1]. Atmospheric carbon dioxide (CO2) abatement is a priority in order to limit climate warming. Enhancing the terrestrial ecosystem C sink is an important way to slow down the continuous increase in atmospheric CO2. Soil is the largest organic carbon pool in the terrestrial ecosystem, storing more than three times the amount of C found in both the atmosphere and in living plants [2]. In recognition of the potential of using soil as a C sink, the mechanisms used to control soil carbon sequestration and the management practices to encourage these mechanisms have attracted considerable attention [3,4,5].



Soil organic carbon (SOC)’s response to environmental disturbance may differ among ecosystems. Soil contains a mixture of heterogeneous C pools with different C sources and turnover rates [3,6,7,8,9]. Studies have emphasized that SOC accumulation was much more related to the complex interactions between organic matter and its environments rather than the recalcitrant nature of SOC [3,10]. SOC associated with macroaggregates (>250 μm) is often fresh C and a labile fraction, and SOC associated with microaggregates (53~250 μm) is much more stable than in macroaggregates (>250 μm) due to the separation of substrate and microbial activity [11]. In previous decades, the crucial role of SOC associated with the mineral soil matrix has been widely recognized [10,12,13,14,15] as being responsible for the long-term stability of SOC [16,17]. Mycorrhizal symbiosis also mediates the C distribution of soil fractions due to different plant nutrient economies and litter quality, and the impact can vary with the soil depth [15]. However, most studies investigating SOC fraction and stability focused on the upper layers (0–20 cm, or more commonly 0–10 cm or less) of the mineral soil with the highest C concentrations [18], and less on deep soils [19]. Deep soils contain a large fraction of SOC stocks and could be more sensitive to environmental disturbance [20]. Furthermore, the mechanisms leading to SOC stabilization in surface and deep soils could be quite different due to different C sources, environmental conditions, and microbial communities [21,22,23]. There is evidence that aggregate and mineral-associated protection exerted an important mechanism on the SOC dynamic in deeper soil layers [23]. Therefore, a consideration of the whole profile is needed to understand the mechanisms controlling SOC storage and stability [24]. In addition, isotope values of bulk soil are often used to explore the underlying mechanisms of C stabilization [25,26]. However, fewer data showed the δ13C pattern of soil fractions, especially the stabilized SOM fractions along soil depth, which could be more sensitive to environment conditions than bulk soils [27].



Forest ecosystems act as a large carbon sink that offsets ~25% of the yearly anthropogenic C emissions [2], thus playing a key role in balancing the global budget of greenhouse gases [28,29,30,31,32]. Reforestation and afforestation have been carried out globally for decades, and are widespread in China [30,33]. In northeastern China, secondary forests are the dominant type due to a century of excessive timber harvesting [34]. Since the 1950s, to promote rapid economic development and to meet the objectives of key Chinese forestry programs, a range of larch species (Larix olgensis, Larix kaempferi or Larix gmelinii) have been planted in northeastern China as commercial timber trees to replace the secondary forests [34]. Currently, the total area of secondary forests occupies 26.1 million ha, accounting for 78.0% of the total forest area in northeastern China (33.5 million ha; Liaoning, Jilin, and Heilongjiang province) [35]. Larch forest occupies 2.1 million ha in northeastern China, comprising 33.7% of the total area of plantation in northeastern China [35]. Compared with secondary forest, studies demonstrated that larch forest resulted in soil acidification, nutrient leaching, and soil quality decline, thereby affecting ecosystem C sequestration [36,37,38]. However, despite these efforts, there are still fewer reports on the vertical distribution of SOC lower than the 20 cm soil layer, and SOC stability mechanisms associated with aggregate formation and mineral-associated protections.



We aimed to conduct a comparative study of the two dominant forest types in the northeastern region of China. First, we quantified the vertical distribution pattern of SOC over soil depths, and, in each layer, we determined the aggregate and mineral-association contributions to SOC storage. Next, we explored the potential mechanisms of SOC stability, including whether δ13C values were different among soil factions in two forests along the soil depth. We selected both MF (secondary mixed forest) and LF (larch plantation forest) sites, and collected soils from the organic layer all the way down to 40 cm mineral soils. Soil fractions were separated for each layer, including aggregates, particulate organic matter (POM), and mineral-associated organic matter (MAOM). The concentrations, stocks, and 13C isotopic composition of SOC in both bulk soil and soil fractions were measured. We hypothesized that (1) in both MF and LF, SOC would be mainly stored in mineral soil layers, especially in deep soils; (2) SOC stability would increase with depth along the soil profile because of increasing aggregate formation and mineral-associated protection in deep soils; and (3) 13C and C/N ratios would be closely associated with SOC stabilization due to the aggregate and mineral protection of SOC.




2. Materials and Methods


2.1. Site and Soil Sampling


The study was carried out at the Qingyuan Forest CERN, National Observation and Research Station, Liaoning Province, northeastern China (41°51′ N, 124°54′ E, 500–1100 m a.s.l.). This region has a continental monsoon climate. The mean annual precipitation is approximately 800 mm, with >80% falling from June to August [39]. The mean annual temperature is 4.7 °C. The forest site was originally occupied by primary broadleaved trees and Korean pines (Pinus koraiensis) until the 1930s [36]. Subsequently, the forests were subjected to decades of unregulated timber removal. Controlled burns were used in the early 1950s to clear out the original forest and a mixture of naturally regenerated broadleaved tree species colonized the site. In the 1960s, patches of the secondary-growth forests were partially cleared for larch (Larix kaempferi) plantations. In our study site, part of the larch plantation was managed for wood production by cleaning seedlings or clones of other plants, while another part was left unmanaged, allowing natural regeneration from seeds of broadleaved trees [40]. This led to a gradual development of two distinct forest types: a larch plantation forest (hereafter referred to as larch forest—LF) and a secondary mixed forest (hereafter referred to as mixed forest—MF). The soil mechanical composition (Table 1), determined using the hydrometer method, shows a clay loamy soil, and is classified as Orthic Luvisols (brown forest soil in Chinese Soil Taxonomic System) in the World Reference Base.



Three replicate plots (each 20 m × 10 m) were selected in each forest within a <1 km2 area from the experimental station. Larix kaempferi is the only dominant canopy tree in the LF, whereas several broadleaf species coexist with Larix kaempferi in the MF, including Juglans mandshurica and Quercus mongolica. For each forest type, we calculated the relative abundance of arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) trees based on the basal area (Table 2). The mycorrhizal type of each tree species presented in the studied sites was identified according to the PlutoF database [41]. Accordingly, larch forest is considered to be ECM dominated, while mixed forest is considered to be an AM-ECM co-dominated forest. In June 2014, samples were collected from six randomly distributed quadrats (20 cm × 20 cm) in each plot for both forests. In each quadrat, forest floor samples were collected via excavation with hand spades to the top of the mineral soil, and divided into an Oi layer (standing litter) and Oa+e layer. After that, 1–2 cores (2.5 cm in diameter) were used to sample mineral soils at 0–10 cm, 10–20 cm, and 20–40 cm depths. Forest floors (Oi and Oa+e) were thin in MF, about 1~3 cm, and 3~5 cm in LF. Samples from the 6 quadrats were combined into 1 pooled sample by layer for each plot. The fresh soils were sieved (2 mm) to remove roots and rocks, homogenized by hand, and analyzed to determine their physicochemical properties or air-dried for later analyses. One bulk density profile was created outside each plot and the bulk density was calculated by dividing the weight of the dried soil (corrected by the gravel weight) by the volume of soils (100 cm3).




2.2. Soil fractionations


Aggregate size fractionation was applied to the bulk soil using the wet sieving method [42,43]. Briefly, 50 g of air-dried soil (<2 mm) was spread evenly on a 250 μm sieve, and the sieve was immersed in water for 5 min (slaking). The sieve was then moved up and down at a rate of 50 strokes for 2 min. Floatable material was decanted and saved, since it was part of the <2 mm fraction. Materials that passed through the 250 µm sieve were collected or passed through a sieve with the opening of 53 µm. The three fractions were washed into pre-weighed pans, i.e., macroaggregates (250~2000 µm), microaggregates (53~250 μm), and non-aggregated silt and clay fraction (<53 μm).



The bulk soils were also fractionated into particulate organic matter (POM) and mineral-associated organic matter (MAOM) [43,44]. Briefly, 20 g of air-dried bulk soil (<2 mm) was dispersed for 18 h with 50 mL of sodium hexametaphosphate (NaPO3)6 solution (5 g L−1) on a reciprocal shaker (180 rpm), after which the solution was passed through a 250 μm and a 53 μm sieve, and rinsed with distilled water until a clear solution was obtained. The remains on the 250 μm sieve were defined as coarse POM (cPOM, 250~2000 μm) and on the 53 μm sieve as fine POM (fPOM, 53~250 μm). The solution that passed through the 53 μm sieve was defined as MAOM.



All aggregate size classes, POM and MAOM, were transported into pre-weighed aluminum pans, oven-dried at 60 °C, weighed, and ground to a fine powder for analysis.




2.3. Analyses of Soil Physicochemical Properties


Carbon and nitrogen concentration, natural abundance of 13C (δ13C) of plant litter, bulk soils, and soil fractions were determined using an element analyzer (vario MICRO cube; Elementar Analyser Systeme GmbH, Hessen Hanau, Germany) coupled with a continuous flow isotope ratio mass spectrometer (IsoPrime 100, Isoprime Ltd., Cheadle Hulme, UK). Four kinds of amino acids were used as references: L-histidine, D-glutamic, glycine, and acetanilide. The analytical precision of this method for δ13C is 0.2‰.




2.4. Data and Analyses


The soil C stocks in the mineral soils at a specific depth were calculated as


SOCs = C ×T × BD



(1)




where SOCs represents the soil organic carbon stock (g m−2), C is the respective soil organic carbon concentration (%), T is the thickness of soil depth (cm), and BD is the bulk density (g cm−3). In this study, we used the average bulk density of three soil profiles as the estimated value of bulk density of all plots in each forest.



Statistical analyses were performed using R (v. 3.6.0, R Core Team 2019; v. 1.2.1335, RStudio Team, 2014). ANOVA was used to determine the effects of soil depth and particle size on the distribution of soil C stocks, C concentrations of soil fraction, the proportion of C stock, and δ13C values, followed by Tukey’s HSD comparison at a significance level of p < 0.05.





3. Results


3.1. Bulk Soil C Concentration and Stock


Carbon concentrations and C/N ratios decreased from the Oi layer to 20–40 cm mineral soil in both MF and LF forests (Table 1). Soil C was mainly concentrated in the mineral soils, accounting for 94.2% and 89.8% of the overall soil C stocks (from Oi to 40 cm) in MF (9969 g C m−2) and LF (8609 g C m−2), respectively. In MF, C stocks in the 0–10 cm layer were higher than those in the 10–20 cm layer, but, in LF, C stocks were similar between 0–10 cm and 10–20 cm layers. There was slightly more O-layer C stock in LF than in MF, while the opposite was true for mineral soil C stock. Overall, C stocks from Oi to 0–40 cm depth in LF were 13.6% lower than those in MF.



Soil δ13C ranged from −28‰ to −24‰ in both MF and LF (Table 1). Soil δ13C values in MF steadily increased from the surface Oi layer to the deeper mineral soil layers, but in LF there was a sharp increase in δ13C from the Oa+e layer to 0–10 cm layer, with little further change to deeper layers.




3.2. Soil Aggregates: Mass Distribution, C Concentration, and C Stock


The mass recovery using the aggregation fractionation technique was greater than 93% for all soils sampled (Table 3). The aggregate mass distribution in MF and LF was similar either among fractions (macro- and microaggregates, and non-aggregated silt and clay) or based on the soil depth. There was a significant difference among soil aggregate sizes in each depth (p < 0.05). The macroaggregate was the dominant fraction in Oa+e and the 0–10 cm layer, averaging 70% and 52% of the total soil mass, respectively. In contrast, in the 10–20 cm and 20–40 cm soil layers, the microaggregate was the dominant fraction, accounting for 52% and 59% of the total soil mass, respectively (Table 3). The non-aggregated silt and clay fraction contributed from 2.5% to 14% along the soil profile, accounting for more soil mass in the mineral soil layers than in the Oa+e layer (Table 3).



In both forests, the C concentration of aggregates decreased significantly from the Oa+e layer to the mineral soil layers (Figure 1a,b; p < 0.001). In the Oa+e layer, the C concentration was lowest in the silt and clay, but in the deeper 20–40 cm layer, it was lowest in the macroaggregates. The C stock of aggregate fractions showed a similar pattern to the distribution of soil mass, concentrated in different mineral soil depths with minimal distribution in the Oa+e layer (Figure 2a,b). The proportions of C stock distributed in macroaggregates gradually declined from 78.6% in the Oa+e layer to 12.8% in the 20–40 cm layer for MF, and from 72.4% to 14.8% for LF (Figure 2c,d). In contrast, the proportions of C stock distributed in microaggregates significantly increased from 19.8% to 75.1% and from 26.7% to 77.0% for MF and LF, respectively (Figure 2c,d). Overall, the average proportion of C protected in aggregates is 92.7% across the soil profile in both MF and LF. The proportion of C stock that accumulated in the silt and clay fraction also increased from the Oa+e layer to the 20–40 cm layer in both forests.




3.3. POM and MAOM: Mass Distribution, and Fraction-Based C Concentration and Stock


The mass recovery of POM and MAOM averaged 93% across the soil profile in both MF and LF (Table 3). Soil mass was significantly associated with MAOM fraction in mineral soils (Table 3; p < 0.001), even though POM was not corrected for sand mass and cPOM and fPOM contained coarse (>250 µm) and fine (>53 µm) sand, respectively. There was no difference in the C concentrations among fractions in the Oa+e layer, but C concentrations were significantly higher in the MAOM in most mineral soil layers (Figure 1c,d; p < 0.01). In both forests, the C concentrations of POM and MAOM decreased with the soil depth (Figure 1c,d). SOC stocks were strongly bound with MAOM in mineral soils (Figure 3a,b). SOC was concentrated in cPOM and fPOM only in the Oa+e layer but dominated in MAOM in mineral soils. The proportions of C stock distributed in MAOM were not different in the mineral layers along the soil’s depth, averaging at 81.6% for both MF and LF (Figure 3c,d).




3.4. C/N Ratios and δ13C Values of Soil Aggregates, POM and MAOM


Among aggregate fractions, the C/N ratios were generally lowest in the silt and clay fraction in both MF and LF (Figure 4a,b). The C/N ratios of macroaggregates and silt and clay fraction were higher in the Oa+e layer than in mineral soils (statistically significant only in LF), but did not differ among mineral soil layers by depth. The C/N ratios of soil microaggregates decreased significantly with soil depth (Figure 4a,b; p < 0.01). The δ13C values of aggregates ranged from −27.8‰ to −23.9‰ (Figure 5a,b) and were higher than those of the plant leaf and litter. In both forests, the δ13C of aggregates was enriched the most in the silt and clay fraction and least in the macroaggregates (Figure 5a,b), but the significant differences among aggregate fractions were only observed in the Oa+e layer and in 20–40 cm soils. In accordance with the SOC of bulk soils, δ13C values of aggregate fractions in MF steadily increased from the organic layer to the deep mineral soil layers. However, in LF, there was a sharp increase in δ13C for the aggregate fractions from the organic layer to 0–10 cm mineral soils, though there was little change to the deep soils (Figure 5a,b).



Among POMs and MAOM, the C/N ratios of MAOM were lower than cPOM and fPOM in both forests. The C/N ratios of MAOM decreased significantly with the soil depth, but those of cPOM and fPOM did not change with the soil depth (Figure 4c,d; p < 0.01). The δ13C values of MAOM were heavier than those of cPOM and fPOM in both MF and LF (Figure 5c,d; p < 0.05). The δ13C values of cPOM, fPOM, and MAOM showed a consistent pattern with the δ13C of bulk soils along the soil’s depth.





4. Discussion


4.1. Soil Organic C Storage and Distribution in the Mixed Forest and Larch Forest


In both MF and LF, two dominant forest types in northeastern China, we found that mineral soils are major pools for SOC storage, accounting for 94.2% and 89.8% of the overall soil C. In surface soil layers, the SOC stock in MF was higher in the 0–10 cm layer, while in LF the SOC was higher in the Oa+e layer, reflecting different C inputs, C loss via litter decomposition, and C sequestration. Our results supported those of previous studies [45] in that SOC stocks from the forest floor to 40 cm mineral soils were lower (13.6% less) in LF compared with MF (8609 vs. 9969 g C m−2), mainly due to higher C stocks in mineral soils (0–40 cm) in MF.



The proportions of C protected in aggregates averaged 92.7% in the studied soils (Figure 2c,d), suggesting the importance of aggregation in SOC stability. The proportions of C distributed in macroaggregates in the surface layers were significantly higher than those in microaggregates (Table 3 and Figure 2), but the opposite occurred in the deeper layers (10–20 cm and 20–40 cm). The formation of macroaggregates was mainly influenced by the input of fresh C from surface litter and fine root [46,47,48]. This is supported by the higher C/N ratios and lighter δ13C of macroaggregates than microaggregates (Figure 4a,b and Figure 5a,b), although the differences were not always statistically significant. A previous study at this site found that fine root biomass was significantly higher in the 0–10 cm soil than in the deeper soil, accounting for approximately 30% in MF and 34% in LF across an 80 cm soil profile [45]. Unlike surface horizons, SOC was distributed more in the microaggregates than in the macroaggregates in deeper layers (Figure 2c,d). However, the formation mechanisms of microaggregates in deeper soils are still subject to debate. It was suggested that the formation of aggregates 53–212 μm in size could benefit from either the formation of aggregates with a size of 20–53 μm (i.e., bottom-up model) or from macroaggregates (i.e., top-down model) [49]. In addition, the lower microbial activity (mainly fungi) due to soil compaction might lead to a decline in the fractions of microaggregates compared to those of macroaggregates [50]. From the surface Oa+e layer to the 20–40 cm mineral soil layer, in both MF and LF, the macroaggregate proportion decreased, while the soil bulk density increased (Table 1 and Table 3).



The proportions of C associated with MAOM averaged 81.6% in mineral soils, highlighting the importance of SOM interactions with minerals in the soil organic complex. In addition, our results supported the findings of the previous study [51], which stated that particle size fractionation is an effective method for separating SOC into fractions with different C/N ratios and δ13C values, showing different SOC stabilization mechanisms. In both forests, C/N ratios and δ13C of MAOM were significantly heavier than POM (Figure 5c,d). This is because the C residing in MAOM had undergone a greater degree of microbial decay than POM fractions, and was thus more stable than that in POM [4,24]. In addition, the formation of MAOM involves the sorption of SOC to mineral surfaces [3,11], including silt and clay particles. It has been reported that the amount of protected SOC had a positive correlation with silt and clay contents in natural forest soils [11] and arable soils [52]. In this study, silt and clay particles accounted for 70–80% of bulk soils (Table 1), which might benefit the formation of MAOM and provide great potential for forest C sequestration in northeastern China.




4.2. Soil C Stability along Soil Depth in the Mixed Forest and Larch Forest


Our study provided strong evidence that deeper mineral soil stored a large quantity of SOC (Table 1). Soils sampled at 10–20 cm and 20–40 cm depths contributed 61.3% and 64.0% of the total soil C (including those in the surface Oi and Oa+e layers) in the MF and LF, respectively. Globally, deep soil (up to 1 m depth and between 1 and 3 m) contains a large quantity of terrestrial soil C [53], yet most soil studies are restricted to the surface soil only. The mechanisms leading to SOC stabilization between deeper and surface soils are quite different. Deep soils are older and less disturbed. At the same time, the SOC stock was lower in deeper layers than in surface layers, due to less plant C inputs from litter and root turnover. Together, these soil properties govern the formation and stability of soil organic matter along the soil’s depth. In this study, the higher SOC stability in deeper soils than surface soils were supported by the higher proportion of C distributed in microaggregates and MAOM in both forest types. The important role of the formation of aggregates and the interaction with minerals on SOC stabilization in the deeper soils has also been reported in previous grassland and forest studies [12,23].



The higher SOC stability in deeper soils was supported by the declining C/N ratios and heavier δ13C of bulk soils with soil depth, consistent with previous studies [26,54]. C/N ratios and δ13C values of relatively stabilized soil fractions (microaggregates and MAOM) showed the same pattern as bulk soils, supporting their contribution to SOC stabilization. Two important factors may be responsible for the 13C enrichment of deeper soils. One is the increasing atmospheric 13CO2 due to fossil fuel burning (Suess effect) [55], and the other is the increasing contribution of microbial-derived C [56]. The Suess effect may account for a 1.5‰ increase in δ13C along the soil depth [55]. However, there are 3.5‰ and 3‰ increases from the organic layer to 20–40 cm mineral soils for MF and LF, respectively (Table 1). Therefore, the increasing contribution of microbial-derived C along the soil’s depth could result in the increasing δ13C values in bulk soils and soil fractions, which have been proven to be highly stabilized in soils [4], and have contributed to long-term SOC accumulation [5]. Alternatively, the C/N ratios of MAOM (8.3~10.7; Figure 4) did not exceed the microbial range (fungi, 4.5~15; bacteria, 3~5), indicating a higher contribution of microbe-derived OM to the MAOM fraction in these systems [10].



Despite similar deep soil contributions to C stocks, and MAOM and microaggregates’ contribution to C stability in both MF and LF, our study found that LF had a different profile pattern of δ13C from MF, indicating different SOM formation dynamics. The 13C enrichment in the 0–10 cm soils relative to the organic layer was larger in LF (3.7‰) than in MF (1.9‰). In this study, LF can be considered an ECM-dominated forest, and MF an AM–ECM co-dominated forest (Table 3). In order to obtain nutrients (such as N) for plant growth, ectomycorrhizal fungi produce enzymes to decompose SOM [57]. This nutrient economy could promote the microbial decomposition of old SOM (priming effect), resulting in a decline in C concentrations but heavier 13C values of residual soils [58]. This effect tends to be stronger in the 0–10 cm and 10–20 cm soils in LF, partially due to the higher fine root biomass in those layers [40]. Alternatively, the slow decomposition of LF litter can reduce the C flow to deeper soil layers and may result in the accumulation of plant-based C on the surface (Table 1). Furthermore, the δ13C values of cPOM and fPOM in MF were similar except in the 10–20 cm layer, while in LF, the δ13C values of cPOM and fPOM were different. This difference indicated that the formation and turnover of cPOM and fPOM in LF could be independent of each other. Together with the higher surface SOC stock in LF, these findings suggested that the SOC turnover in LF, especially in the surface soils, could be slow and would be more vulnerable to disturbance caused by future land use and climate changes. Effective forest management practices should be considered to maintain and/or restore soil C storage in LF, such as through the reservation of shrubs to reduce C and nutrient losses [59].





5. Conclusions


We conducted a comparative study of soil C in two major types of forest in northeastern China, secondary mixed forest (MF) and larch plantation forest (LF), and found substantial SOC stocks in both forests, especially in the deeper mineral soil layers (10–20 and 20–40 cm), thus demonstrating the presence of potential terrestrial C pools in northeastern China, which is a major forest region in the nation. We found that larch forest had lower C stocks (13.6% less) than mixed forest after 50 years of forest development, indicating the higher C benefits of natural secondary forests, in addition to biodiversity ecosystem values, compared to the larch plantation. For both forests, SOC was protected by association with soil minerals and via occlusion within soil aggregates. Our results demonstrated that SOC stability increased with soil depth because of the increased C proportion in microaggregates and MAOM in deeper soils. Furthermore, the declining C/N ratios, as well as heavier δ13C values of soil fractions, indicated that the majority of SOC in deeper soils was microbially derived, which led to higher SOM stability. Our results may help to evaluate the SOC storage capacity of MF and LF in northeastern China and may have broader implications for forest SOC evaluation worldwide.
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Figure 1. Carbon concentration (mean ± 1 se, n = 3) of soil aggregates, as well as soil cPOM, fPOM, and MAOM in the mixed forest (a,c) and the larch forest (b,d). Different small letters indicate significant difference among soil fractions in each soil depth, and different capital letters indicate significant difference among soil depths for each fraction in each forest at 0.05 significance level, based on Tukey HSD analysis. Data from MF and LF plots were analyzed separately. 
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Figure 2. Soil C stock and SOC proportion of aggregate in a mixed forest (a,c) and a larch forest (b,d). Data are mean ± 1 se, n = 3. Different small letters indicate significant difference among fractions in each soil depth, and different capital letters indicate significant difference among depths for each size fraction at 0.05 significance level, based on Tukey HSD analysis. Data from MF and LF plots were analyzed separately. 
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Figure 3. Soil C stock and proportion of cPOM, fPOM, and MAOM fractions in the mixed forest (MF: (a,c)) and the larch forest (LF: (b,d)). Data are mean ± 1 se, n = 3. Different superscript small letters indicate significant difference among fractions in each soil depth, and different superscript capital letters indicate significant difference among depths for each fraction at 0.05 significance level, based on Tukey HSD analysis. Data from MF and LF plots were analyzed separately. 
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Figure 4. C/N ratios (mean ± 1 se, n = 3) of soil aggregate, and soil cPOM, fPOM, and MAOM fractions in the mixed forest (MF: (a,c)) and the larch forest (LF: (b,d)). Different lowercase letters indicate significant difference among soil fractions in each soil depth, and different capital letters indicate significant difference among depths for each fraction at 0.05 significance level, based on Tukey HSD analysis. Data from MF and LF plots were analyzed separately. 
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Figure 5. δ13C values of leaf, bulk soil, and various soil fractions in the mixed forest (MF: (a,c)) and the larch forest (LF: (b,d); mean ± 1 se, n = 3). Asterisk indicates significant difference among soil fractions in each soil depth; *, p < 0.05, ** p < 0.01. 
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Table 1. Soil texture, C concentration, soil C/N ratios, and C stocks in the mixed forest (MF) and the larch forest (LF).
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	Forest/

Depth
	Sand (%)
	Silt (%)
	Clay (%)
	Bulk Density

(g cm−3)
	C (mg g−1 soil)
	C/N
	C Stock (g C m−2)
	δ13C (‰)





	MF
	
	
	
	
	
	
	
	



	Oi
	
	
	
	
	390.8 ± 5.7 A
	24.8 ± 2.1 A
	447 ± 58 B
	−27.9 ± 0.1 C



	Oa+e
	
	
	
	
	115.6 ± 6.9 B
	13.0 ± 0.3 B
	68 ± 14 B
	−28.0 ± 0.3 C



	O layer
	
	
	
	
	
	
	515 ± 46
	



	0–10 cm
	17.2 ± 0.4 cB
	52.8 ± 0.5 aA
	30.0 ± 0.2 bA
	0.7 ± 0.03 A
	45.7 ± 8.3 C
	10.9 ± 0.1 BC
	3343 ± 608 A
	−26.1 ± 0.3 B



	10–20 cm
	16.8 ± 0.6 cB
	54.4 ± 0.7 aA
	28.8 ± 0.5 bB
	1.0 ± 0.05 B
	24.0 ± 4.1 D
	9.7 ± 0.1 C
	2481 ± 426 A
	−25.0 ± 0.2 A



	20–40 cm
	21.0 ± 1.5 cA
	53.0 ± 1.2 aA
	26.0 ± 0.6 bB
	1.1 ± 0.08 B
	15.9 ± 4.7 D
	9.4 ± 0.2 C
	3630 ± 1081 A
	−24.4 ± 0.2 A



	0–40 cm
	
	
	
	
	
	
	9454 ± 2114
	



	Total
	
	
	
	
	
	
	9969 ± 2084
	



	LF
	
	
	
	
	
	
	
	



	Oi
	
	
	
	
	424.9 ± 3.8 A
	27.5 ± 1.0 A
	591 ± 16 B
	−27.4 ± 0.1 B



	Oa+e
	
	
	
	
	164.1 ± 9.0 B
	14.3 ± 0.1 B
	273 ± 46 B
	−28.2 ± 0.5 C



	O layer
	
	
	
	
	
	
	864 ± 60
	



	0–10 cm
	27.6 ± 1.1 bA
	46.4 ± 1.0 aA
	26.1 ± 0.1 bA
	1.0 ± 0.07 A
	23.2 ± 1.9 C
	9.7 ± 0.3 C
	2239 ± 181 A
	−24.5 ± 0.2 A



	10–20 cm
	27.4 ± 1.4 bA
	47.7 ± 1.5 aA
	24.9 ± 1.2 bA
	1.1 ± 0.04 AB
	22.4 ± 5.8 C
	9.7 ± 0.2 C
	2409 ± 628 A
	−24.2 ± 0.1 A



	20–40 cm
	32.7 ± 4.4 bA
	44.1 ± 3.1 aA
	23.2 ± 1.3 bA
	1.2 ± 0.03 B
	13.1 ± 2.8 C
	9.1 ± 0.2 C
	3097 ± 650 A
	−24.4 ± 0.1 A



	0–40 cm
	
	
	
	
	
	
	7745 ± 1123
	



	Total
	
	
	
	
	
	
	8609 ± 1180
	







Data are mean ± 1 se, n = 3. Different capital letters indicate significant differences among depths in each forest at 0.05 significance level. Different lowercase letters indicate significant differences among soil particles at 0.05 significance level.
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Table 2. Vegetation composition based on mycorrhizal type in the mixed forest and the larch forest.
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Mixed Forest

	
Larch Forest




	
Species

/Mycorrhizal Type

	
Total Density

(Stems ha−1)

	
Biomass

(t ha−1)

	
Total Density

(Stems ha−1)

	
Biomass

(t ha−1)






	
Larix kaempferi (ECM)




	

	
442 ± 76

	
68.9 ± 16.5

	
567 ± 36

	
147.9 ± 3.8




	
Juglans mandshurica (AM)




	

	
109 ± 21

	
49.5 ± 7.8

	
33 ± 27

	
9.1 ± 5.3




	
Quercus mongolica (ECM)




	

	
59 ± 13

	
8.4 ± 1.7

	
-

	
-




	
Other species

	
201 ± 51

	
8.9 ± 1.2

	
327 ± 51

	
6.9 ± 0.5




	
AM

	
84 ±20

	
6.7 ± 2.1

	
250 ± 51

	
4.7 ± 0.6




	
AM and ECM

	
117 ± 24

	
2.2 ± 0.9

	
42 ± 10

	
0.6 ± 0.1




	
ECM

	
-

	
-

	
34 ± 10

	
1.6 ± 0.5




	
Total

	
811 ± 53

	
135.7 ± 13.5

	
927 ± 72

	
163.9 ± 3.6








Data are mean ± 1 se, n = 3. ECM: ectomycorrhizal; AM: arbuscular mycorrhizal.
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Table 3. The mass distribution of soil aggregates, as well as soil cPOM, fPOM, and MAOM in the mixed forest (MF) and the larch forest (LF).
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Forest/

Depth

	
Proportion of Total Mass of Soil Aggregates and Non-Aggregate (%)

	

	
Proportion of Total Mass of POM and MAOM (%)

	




	

	
Macroaggre.

(250~2000 μm)

	
Microaggre.

(53~250 μm)

	
Silt and Clay

(<53 μm)

	
Recovery

(%)

	
cPOM

(250~2000 μm)

	
fPOM

(53~250 μm)

	
MAOM

(<53 μm)

	
Recovery

(%)






	
MF

	

	




	
  Oa+e

	
71.2 ± 3.3 Aa

	
21.3 ± 3.2 Cb

	
3.5 ± 0.5 Bc

	
96.0 ± 2.3

	
27.4 ± 4.3 Ab

	
19.1 ± 4.3 Ab

	
41.1 ± 2.4 Ba

	
95.4 ± 4.3




	
  0–10 cm

	
50.9 ± 4.1 Ba

	
34.9 ± 4.0 Bb

	
7.3 ± 0.7 ABc

	
93.2 ± 0.7

	
14.7 ± 1.3 Bb

	
15.7 ± 0.9 Ab

	
61.2 ± 1.2 Aa

	
90.9 ± 0.9




	
  10–20 cm

	
28.9 ± 3.1 Cb

	
53.7 ± 2.5 Aa

	
10.1 ± 1.8 Ac

	
92.7 ± 1.4

	
16.9 ± 3.6 ABb

	
17.4 ± 1.4 Ab

	
59.8 ± 4.5 Aa

	
90.4 ± 2.4




	
  20–40 cm

	
24.8 ± 2.0 Cb

	
59.5 ± 2.3 Aa

	
10.6 ± 1.6 Ac

	
94.9 ± 1.4

	
19.9 ± 2.3 ABb

	
20.7 ± 0.6 Ab

	
54.0 ± 1.4 Aa

	
96.7 ± 3.3




	
LF

	

	




	
  Oa+e

	
69.2 ± 3.1 Aa

	
26.3 ± 3.9 Bb

	
2.5 ± 0.3 Bc

	
98.0 ± 1.3

	
26.4 ± 4.3 Aa

	
26.1 ± 4.3 Aa

	
42.9 ± 2.4 Ba

	
87.6 ± 6.4




	
  0–10 cm

	
53.0 ± 4.5 Ba

	
30.4 ± 4.4 Bb

	
10.8 ± 0.1 Ac

	
94.1 ± 0.1

	
18.5 ± 2.9 Ab

	
13.4 ± 5.4 Bb

	
59.0 ± 6.2 Aa

	
91.6 ± 1.2




	
  10–20 cm

	
30.6 ± 5.5 Cb

	
51.0 ± 3.5 Aa

	
13.9 ± 4.4 Ac

	
95.5 ± 0.6

	
17.7 ± 2.8 Ab

	
11.7 ± 1.2 Bb

	
61.0 ± 1.2 Aa

	
94.1 ± 0.6




	
  20–40 cm

	
28.4 ± 2.9 Cb

	
58.8 ± 2.5 Aa

	
8.2 ± 1.3 ABc

	
95.4 ± 0.4

	
23.1 ± 4.8 Ab

	
10.8 ± 2.0 Bb

	
62.8 ± 4.3 Aa

	
94.6 ± 3.3








Data are mean ± 1 se, n = 3. Mass distribution was not correct for sand: macroaggregate and cPOM contains coarse sand (>250 µm) while microaggregate and fPOM contains fine sand (>53 µm). Different superscript small letters indicate significant difference among soil fractions in each soil depth, and different superscript capital letters indicate significant difference among depths for each soil fraction in each forest at 0.05 significance level, based on Tukey HSD analysis.
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