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Abstract

:

Soil is the largest carbon (C) pool in terrestrial ecosystems. A small change of soil organic carbon (SOC) storage may have a substantial effect on the CO2 concentration in the atmosphere, potentially leading to global climate change. Forest stand density has been reported to influence SOC storage, yet the effects are often inconsistent. In order to reveal the mechanisms of effect of stand density on SOC storage, larch plantations with three different stand densities (which were 2000, 3300 and 4400 trees per hectare) were chosen. Soil properties were measured in three soil layers which are: 0–20 cm, 20–40 cm and 40–60 cm. An incubation experiment with 14C-labeled cellulose addition was subsequently conducted to study the decomposition of SOC and cellulose, as well as the enzymes activity involved in C and nutrients cycle. The results showed that SOC storage increased with increasing stand density in larch plantations, which was due to the higher C stored in heavy fraction instead of light fraction in higher density. The decomposition of added cellulose decreased with increasing stand density in each soil layer, as well as the cumulative soil derived CO2 emission rate. The activity of enzymes involved in C-cycle and C- and nitrogen (N)-cycle remained unaffected by stand density in the 0–20 cm and 20–40 cm layers. The enzyme activity involved in the phosphorus (P)-cycle did not change corresponding to the stand density in each soil layer. Enzymes involved in the N-cycle showed the highest activity in the middle stand density in 0–20 cm, but no difference was observed among different densities in the subsurface layer except for tyr in the 40–60 cm layer, which showed the lowest activity in high stand density. Cellulose addition stimulated the extracellular enzymes activity involved in the C-cycle and P-cycle in the 0–20 cm layer, and the stimulation declined with increasing stand density. However, significant stimulation of cellulose addition to C-cycle involved enzymes activity was not found in the subsurface layer. We aim to reveal the mechanism of effects of stand density of larch plantations on SOC storage by focusing on the cellulose and SOC decomposition and the corresponding extracellular enzymes activity. In the plots of higher stand density, larch plantations may lead to a weaker C output and stronger C input, which leads to the higher SOC storage.
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1. Introduction


Since the 1980s, a lot of plantations have been established due to the large scale of afforestation in Northeast China. The plantation establishment could increase C storage in biomass, and has significant effects on soil C storage in many different ways [1,2,3]. Although afforestation can compensate for the C emission load of nations according to the “Kyoto Protocol”, the C sequestration capacity of the plantations planted in different ways are discrepant. For example, the stand density of the plantation has a strong effect on SOC storage [4,5,6,7,8,9,10,11,12,13], which makes the stand density important in evaluating the C footprint offset by afforestation.



The C stored in soil can be separated as light fraction SOC and heavy fraction SOC according to its density [14]. The light fraction SOC is known as the residual of plants and animals, which has a high C concentration but low proportion in soils; while the heavy fraction SOC is known as refractory humus, which has a low C concentration but high proportion. This leads to the different implications of light fraction SOC and heavy fraction SOC on soil C sequestration and balance. Studies have shown that C stored in soil heavy fraction and light fraction are altered by different stand density [7,11,15]. However, it remains unclear whether the variation of total SOC storage that changed with stand density is mainly due to the variation of light fraction or the heavy fraction. Having better knowledge of it could help to expound the capability of soil C sequestration in the forests of different stand density.



It has been well documented that fresh organic carbon (FOC) inputting from litter and root can be changed concomitantly with stand density [16,17]. The transformation could affect the SOC mineralization and storage through altering the condition of energy and nutrients for microbes in soil [18,19]. This could be ascribed to the microbial consumption of FOC that will influence the SOC mineralization, which is called a “priming effect” [20,21]. Additionally, soil inorganic N altered by stand density [10,22] is also a key factor of priming effect, as it regulates the microbial utilization of FOC and SOC [23,24,25,26].



Normally, SOC can be accumulated by the residual of FOC with the consumption of microbes, as it is fresh energy abundant [27]. However, the input of FOC could offer energy to produce extracellular enzymes [28,29,30,31,32], which may accelerate SOC decomposition [20]. Meanwhile, inorganic N regulates the competition for energy between K-strategy microbes and r-strategy microbes, which also alters the decomposition rates of FOC and SOC [19], thereby changing the SOC storage. Furthermore, the plant derived FOC is always composed of components with great complexity [33]. Some constituents such as phenols [34,35] may suppress the microbial activity in soil, which leads to the decline of both FOC and SOC decomposition and thus changes the SOC storage [36]. The FOC input would increase with increasing stand density, but few studies have focused on the responses of SOC storage to microbial suppression caused by FOC. Therefore, it is important to keep researching on the effects of FOC on SOC in different stand densities.



In temperate forests, litter returning offers a large amount of FOC input to soil. It indicates the weak energy limit in the upper soil layer. The energy supply may be restricted due to the decline of FOC acquired with soil depth increases [37,38,39]. Since the availability of energy and nutrients crucially affect the competition between K- and r-strategists [19], and will further change the decomposition of SOC and FOC, we speculated that the differences of energy and nutrients availability between the upper and lower soil layer would alter the SOC pool in different soil depths as Salome et al. [40] suggested. However, the studies on C pool in deep soils are not sufficient; in particular, the C pool in deep soils of different stand density sites is not documented.



In order to gain energy and nutrients, microbes would need to produce extracellular enzymes to decompose substrate in soil, which makes the enzymes activity indicators for the microbial needs for energy and nutrients [41,42,43,44,45]. Studies have pointed out that the addition of FOC affected the activity of enzymes involved in soil C-, N- and P-cycles [46,47,48,49], leading to different processes in soil element cycling and SOC storage [50,51]. Nevertheless, how enzymes activity changes within different stand densities after FOC addition remains unclear. Additionally, this knowledge gap would hold back revealing the mechanisms of how stand density influences SOC storage under different stand densities.



In this study, 10-year-old larch (Larix spp.) plantations with different stand density were chosen to analyze the mechanism of effects of stand density on SOC storage. An incubation experiment was conducted to investigate the changing patterns of SOC storage in different soil layers by using 14C-labeled cellulose as added FOC, as cellulose is a significant composition in FOC in the natural environment. We hypothesized that the difference of SOC storage in different stand densities is mainly driven by the different patterns of SOC mineralization and FOC input.




2. Materials and Methods


2.1. Field Conditions


The study sites were located in Maoershan Experimental Station of Northeast Forestry University, Heilongjiang Province, China (127°32′41″ E, 45°21′51″ N), with an average altitude of 320 m. This region has a temperate continental monsoon climate with a mean annual temperature of 2.8 °C and mean annual precipitation of 700 mm. The natural forests in this region are mainly composed of Larix gmelini, Fraxinus mandshurica, Betula platylhylla, Acer mono, Phellodendron amurense, Populus davidiana, etc.



The larch plantations we chose were planted in 2007 on a clear-cutting blank from a natural secondary forest, with 3 stand densities (which were 2000, 3300 and 4400 trees per hectare). The larch trees were planted in each density as a square of 50 m × 50 m with 3 replicates that were randomly distributed in the middle of a west slope with a gradient < 10°, and with a soil type of Alfisol. No artificial management was conducted in the plantations. However, within the 10 years of growing until we started sampling in 2016, not all the trees survived. In 2014, forest liquidation was applied before this experiment was conducted. The residuals were moved out after liquidation.




2.2. Sampling


A sampling plot with the square of 20 m × 20 m was set in the middle of each density plantation (9 sampling plots in total) in early September of 2016. For sampling roots, 6 cores from each plot were randomly chosen 50 to 70 cm away from the trees. A soil core with an inner diameter of 60 mm was employed at the 0–20 cm layer, 20–40 cm layer and 40–60 cm layer for measuring the biomass of fine roots, which was defined as a diameter < 2 mm [52,53]. Meanwhile, for sampling soils, 3 profiles of 60 cm depth were dug in each plot, as the soil profile in this field is with 60 cm depth. Soil samples from the 3 profiles of each site were homogeneously and equally mixed, and passed through a 2 mm mesh to remove stones and plant debris before the soil properties were measured. All soil samples from the same soil layer have a similar mechanical composition, which is 40.63 ± 0.26% of sand, 41.35 ± 0.28% of silt and 18.02 ± 0.10% of clay in 0–20 cm, 54.82 ± 0.62% of sand, 29.49 ± 0.87% of silt and 15.69 ± 0.25% of clay in 20–40 cm and 59.29 ± 0.42% of sand, 31.03 ± 0.32% of silt and 9.68 ± 0.34% of clay in 40–60 cm. As described by Kirkby et al. [14], fractionation was employed for obtaining the refractory SOC fraction which was subsequently used for incubation by using a 0.4 mm mesh, which means the samples for incubation are known as the heavy fraction of SOC.




2.3. Incubation


A laboratory incubation study was conducted for 46 days at 20 °C. For each stand density and each soil layer, a control treatment and C treatment with 3 experimental replicates were set. For the incubation, 45 g (dry basis) of air-dried soil samples from each density site of 0–20 cm layer, 20–40 cm layer and 40–60 cm layer were weighed into 100 mL polyethylene flasks with a water content of 40% water holding capacity. All the flasks were put into airtight vessels sealed in the dark at 20 °C for 8 days of pre-incubation. After the pre-incubation, 14C-labeled cellulose was added into the C treatment samples with the C content approximately 5 times that of soil microbial biomass C (Cmic, which is 888.89 µg C g−1 in 0–20 cm layer, 148.22 µg C g−1 in 20–40 cm layer and 59.33 µg C g−1 in 40–60 cm layer). The added radioactivity was about 23 kBq for each C treatment and was added by mixing the 14C-labeled cellulose with the unlabeled cellulose under the assumption that 14C-labeled and unlabeled cellulose are degraded in the same way. The water content of all the samples was adjusted to 60% water holding capacity before the incubation started. The samples were incubated for 46 days at 20 °C in a respirometer (prw electronics, Berlin, Germany). CO2 was automatically measured every 4 h by determining changes in electrical conductivity in 15 mL 0.6 M, 10 mL 0.3 M and 10 mL 0.06 M KOH for samples from 0–20 cm layer, 20–40 cm layer and 40–60 cm layer, respectively, and placed inside the vessels. The amount of 14C-labeled cellulose derived CO2 was determined on day 3, 5, 7, 11, 14, 18, 24, 28, 35, 38, 42 and 46 by using liquid scintillation counting. A 1 mL subsample of KOH was mixed with 6 mL scintillation cocktail (Ultima Gold, Perkin Elmer, Waltham, MA, USA) and measured with a Tri-Carb 2800TR (Perkin Elmer, Waltham, MA, USA). After sampling, the KOH was renewed.




2.4. Physical and Chemical Analysis


C and N were analyzed by dry combustion using a vario El Cube elemental analyzer (Elementar Analysesysteme GmbH, Hanau, Germany). A chloroform fumigation-extraction method [54] was used to determine the Cmic. A total of 10 g moist soil was fumigated for 24 h at room temperature with chloroform. Fumigated and nonfumigated samples were shaken for 30 min with 40 mL 0.05 M K2SO4 and then filtered with 0.45 µm membrane. The total organic C in the solutions was determined using a Dimatoc 2000 (DIMATEC Analysentechnik GmbH, Essen, Germany). The Cmic was calculated as the differences of C content between fumigated and nonfumigated samples under k = 0.45. Dissolved organic C (DOC) was extracted by shaking 10 g soil with 40 mL 0.05 M K2SO4 for 30 min. Soil texture was analyzed after SOC removal with H2O2 by laser diffraction using an Analysette 22 MicroTec plus with a wet dispersion unit (Fritsch GmbH, Idar-Oberstein, Germany). Mineral N (Nmin) concentration was the sum of ammonium concentration and nitrate concentration, which was extracted by shaking 10 g soil with 100 mL 0.01 M K2SO4 for 60 min. The pH of the soil samples was measured in 0.01 M CaCl2 (1:2.5, w/v) after 1 h of equilibration with a glass electrode.




2.5. Extracellular Enzymes


Extracellular enzyme activities involved in the C-, N-, and P-cycle were analyzed using a fluorescence multiplate assay according to Marx et al. [55] at the end of incubation. Following this, methylumbelliferyl-labelled substrates were used to determine enzymes involved in the C-cycle: 4-methylumbelliferyl-β-D-xylopyranoside (β-xylosidase (β-xyl)), 4-methylumbelliferyl-β-D-glucoside (β-glucosidase (β-glu)) and 4-methylumbelliferyl-β-D-cellobioside (β-cellobiosidase (β-cello)). The enzyme involved in the P-cycle was measured by 4-methylumbelliferyl phosphate disodium salt (acid phosphatase (pho)). Enzymes involved in the N-cycle were measured using the following amidomethylcoumarin(AMC)-labelled substrates: L-tyrosine-7-AMC (tyrosine-aminopeptidase (tyr)) and L-arginine-7-AMC (arginine-aminopeptidase (arg)). N-Acetyl-β-glucosaminidase(N-acet), which is involved in the C- and N-cycle, was determined using 4-methylumbelliferyl-N-acetyl-β-D-glucosaminide.





3. Results


3.1. Soil Properties


The fine-root biomass in the high stand density sites presented 45.11%, 59.19% and 83.79% higher than those in the low stand density sites in the 0–20 cm, 20–40 cm and 40–60 cm soil layers, respectively (p < 0.05). The C and N concentration for soil samples used in incubation did not change with stand density. The C/N ratio in the 0–20 cm layer and the 20–40 cm layer was not affected by stand density, but in the 40–60 cm layer the C/N ratio was higher in the high stand density site. Cmic in the incubation sample declined with increasing stand density, ranging from 230.48 µg g−1 to 128.32 µg g−1 in the 0–20 cm layer, 39.04 µg g−1 to 26.27 µg g−1 in the 20–40 cm layer and 9.22 µg g−1 to 6.38 µg g−1 in the 40–60 cm layer. Nmin was not affected by the stand density in each layer. The Nmin/Cmic ratio increased with stand density in each soil layer. DOC concentration increased with increasing stand density, rising from 51.41µg g−1 to 73.66µg g−1 in the 0–20 cm layer, 44.53 µg g−1 to 57.38 µg g−1 in the 20–40 cm layer and 33.60 µg g−1 to 60.43 µg g−1 in the 40–60 cm layer. The pH stayed unchanged despite the stand density (Table 1).




3.2. SOC Storage and Its Allocation in Light Fraction and Heavy Fraction


SOC storages in high density sites were 29.37% and 44.83% higher than those in low density sites in the 0–20 cm and 40–60 cm layers (p < 0.05). However, no significant difference of SOC storage was found in the 20–40 cm layer (Figure 1). With stand density increasing, the percentage of heavy fraction in SOC storage changed differently in each soil layer, ranging from 94.81% to 96.94%, 96.83% to 98.36% and 96.91% to 97.24% in the 0–20 cm, 20–40 cm and 40–60 cm layers, respectively. The contribution of heavy fraction to the total SOC storage increased with increasing stand density in each soil layer, rising from 76.64% to 99.83% in the 0–20 cm layer, from 91.53% to 125.98% in the 20–40 cm layer and from 97.83% to 98.20% in the 40–60 cm layer (Figure 2).




3.3. Emission of 14C-CO2 and SOC Derived CO2


Emission of 14C-CO2 declined with increasing stand density. The effects of stand density on the emission of 14C-CO2 decomposition mainly happened in the first 5 days of incubation. After 20 days, 14C-CO2 was almost exhausted (Figure 3). The SOC derived CO2 emission in the control presented highest in the low stand density site in the 0–20 cm layer and 40–60 cm layer but remain unchanged in the 20–40 cm layer. With the amendment of cellulose, the SOC derived CO2 emission in the 0–20 cm layer was not altered by stand density changing, while in the 20–40 cm layer and 40–60 cm layer it declined with increasing stand density, ranging from 44.28 mg C-CO2 g−1 C to 21.57 mg C-CO2 g−1 C and 46.28 mg C-CO2 g−1 C to 17.48 mg C-CO2 g−1 C, respectively (Figure 4).




3.4. Extracellular Enzymes Activity


The activity of enzymes involved in the C-cycle and C- and N-cycle remained unaffected by stand density in the 0–20 cm layer and 20–40 cm layer; while in the 40–60 cm layer it changed differently to the stand density. The activity of pho did not change with the stand density in each soil layer, ranging from 1570.11–1983.20 μmol g−1C h−1 in the 0–20 cm layer and 12,301.62–13,397.28 μmol g−1C h−1 in 20–40 cm and 11,220.70–13,987.43 μmol g−1C h−1 in the 40–60 cm, respectively. Activity of enzymes involved in the N-cycle presented highest in the middle stand density site in the 0–20 cm layer. However, in the two subsurface layers, the enzymes activity involved in the N-cycle did not alter the stand density except tyr in the 40–60 cm layer, which was the lowest at the high stand density site.



The responses of enzymes activity to the cellulose addition were very different. In the 0–20 cm layer, the addition of cellulose stimulated the activity of enzymes involved in the C-cycle and P-cycle, where the stimulation appeared to be higher in low density sites. In the 20–40 cm layer, enzymes activity involved in C- and P-cycling were partly stimulated by cellulose, except β-glu in the middle density site and β-cello in low stand density site, which were suppressed by the cellulose addition. However, enzymes involved in the N-cycle activity were not significantly affected by the application of cellulose except arg in the sample from the high stand density site. In the 40–60 cm layer, no regular effects of stand density on the stimulation of cellulose addition to enzymes activity were found. The positive stimulation of cellulose addition only happened on β-xyl in low and middle stand density sites and pho in the middle stand density site. Nevertheless, suppression effects of cellulose addition were found on arg, as well as N-acet and β-cello in the low stand density site, β-xyl in the high stand density site and pho in the low and high stand density sites (Table 2).





4. Discussion


4.1. SOC Storage Changes with Stand Density


SOC storage increased with the increase in stand density at the 0–60 cm layers, ranging from 78.10 t ha−1 to 97.30 t ha−1. In each soil layer, the SOC storage was also more abundant in high stand density sites (Figure 1), indicating that more C can be sequestrated in soils, as the stand density increased from 2200 trees per hectare to 4400 per hectare. This was in line with the studies of how SOC storage changed within a 25 cm depth in different stand densities of 11-year-old Pinus radiata D. Don and Betula alba L. plantations [7] and within a 15 cm depth in different stand densities of invaded Acacia zanzibarica forests [10]. With the stand density increased, the increment of SOC storage in our study was mostly contributed to by the increase in heavy fraction rather than light fraction (Figure 2), implying the change of C stored in heavy fraction soil could have a key influence on SOC storage change, as it is also mentioned by Kirkby et al. [56].



The SOC storage could be regarded as the result of the balance between SOC output and input. In our study, its output was considered as the mineralization of SOC under the addition of cellulose, because FOC is continually accessed in the natural environment. Under cellulose amendments, no difference of the SOC mineralization between different stand densities was found; while in the subsurface soils, higher SOC mineralization in the low stand density site was found instead (Figure 4). We speculated that the SOC output in lower soil layers might decline when the stand density is higher, while in the top layer it might not be altered by the change of stand density. The SOC input in our study was taken as the residual after the decomposed cellulose was left in soil. Cellulose is one of the main components in litter and, most importantly, the applied cellulose was exhausted during the 46 days of incubation when the 14C-CO2 emission rate was found to be extremely low in the later period (Figure 3). It was also mentioned by Fontaine et al. [18], who indicated that the cellulose will be exhausted within two weeks. The cumulative FOC mineralization decreased with the increasing stand density, indicating that during the 46 days of incubation more cellulose derived C was retained in soils of higher stand density [57]. Meanwhile, there was a larger amount of fine-root biomass as the stand density increased (Table 1), which indicates a higher potential C input in soils [58,59]. Thus, we suggest that the increase in SOC storage with increasing stand density was due to the higher C input in the top soil layer; while in subsurface layer, it was due to the result of both increasing C input and decreasing C output.




4.2. The Explanations for SOC Storage Change


As Fountain et al. [19] proposed, microbes responsible for the SOC decomposition could be divided into two strategists, r-strategists and K-strategists. The K-strategists are responsible for the decomposition of the refractory C fraction which makes up the main part of SOC in our study; while the r-strategists are more likely to decompose the labile C, which is the cellulose in this case [18,60,61,62]. We found that the stand density had significantly affected the decomposition of both SOC and cellulose (Figure 3 and Figure 4), indicating that the variation of stand density may have influences on the soil microbial community (e.g., the activity of K- and r-strategies microbes). It has been reported that the composition of the soil microbial community is closely related to the condition of energy and nutrients [19]. As the extracellular enzymes activity reflects the microbial needs for energy and nutrients [41,42,63,64], it could represent the state of C energy and nutrients in soil. For the surface soils, the addition of cellulose stimulated the enzyme activity involved in the C-cycle (Table 2), indicating there was an energy lack in the surface layer [44,46,65]. In addition, the stimulation of cellulose to the enzyme activity involved in the C-cycle declined as the stand density increased (Table 2), indicating a decreasing energy limit with increasing stand density in the surface soil. This could also be verified by the increase in DOC concentration with increasing stand density (Table 1). For subsurface soil layers, no stimulation of cellulose addition to the C-cycle involved enzyme activities was found (Table 2), suggesting either energy was sufficient in subsurface soils, or the C-cycle involved enzyme activities were stimulated, which was caused by the energy limitation; however, we did not manage to detect it, as the added cellulose is often consumed quickly when N is rich. The soil samples used in the incubation experiment were fractionated with 0.4 mm mesh, resulting in the removal of most of light fraction C, while only DOC remained as the labile fraction in the sieved soils. However, the DOC concentration in subsurface layers was either lower or similar to that in surface soils (Table 1), indicating that the energy was not rich [38]. Meanwhile, the stimulation of cellulose addition to the pho activity showed a similar trend to the activity of the C-cycle involved enzymes (Table 2), suggesting the subsurface layers were sufficient in P. However, we did not find similar results in other studies. In this case, it is possible that the increasing pho activity was stimulated due to the lack of P but we did not observe it due to the ephemeral dynamics. Thus, we suggest there was an energy deficiency in the subsurface soils; however, the stimulation of added cellulose to the activity of the C-cycle involved enzymes occurred before the incubation ended. The trend in DOC concentration suggests there was a lower energy limit in subsurface soils in a higher stand density.



In our experiment, addition of cellulose did not stimulate the activity of enzymes involved in the N-cycle in the surface soil layer, suggesting no N deficiency was observed in the surface [24,66,67]. In subsurface soils, the Nmin/Cmic ratio was found to be higher than in the surface soil (Table 1), indicating that more N was available for microbes in the subsurface, suggesting there was sufficient N in the subsurface. It is possible that with sufficient N, the higher stand density soils might have a higher Cmic [65] and respiration [58,66] due to a lower energy limit. However, in our study, opposite results were found (Table 1; Figure 4), suggesting that the microbial competition for nutrients and energy might not be the key factor of the variation of SOC cycling in different stand densities and other reasons might be responsible.




4.3. Suppression of Microbes


In the incubation experiment, the cumulative unlabeled CO2 emission declined with the stand density increase (Figure 4), indicating that with the stand density going higher, both the SOC turnover and cellulose decomposition decreased. In addition, the Cmic followed the same trend as the SOC turnover and cellulose decomposition changed with stand density. As Bagchi et al. [36] reported, the accumulation of the SOC pool may be altered by the suppression of microbial activity due to the existence of herbivores. We speculated that there are some other factors that may suppress the activity of microbes in larch plantations. The declining SOC turnover and cellulose decomposition with increasing stand density could possibly be due to the suppression of microbial activity.



It has been reported that the microbial activity can be suppressed by the high amount of clay content of soil [68,69], due to the more concomitant inert fraction existing in high clay soil for low microbe consumption [70,71,72]. Meanwhile, the microbial activity can also be suppressed by soil acidification [24,73,74]. However, in our study, neither differences of clay content nor soil pH were found in the larch plantations of different stand density (Table 1), indicating the irrelevancy of the soil microbial activity suppression with the soil clay content or pH. Nevertheless, studies have pointed out that phenols released from root exudating or litter decomposing can suppress soil microbial activity [34,35]. Root exudates from larch contain a decent amount of phenols and benzoates as mentioned by Ji et al. [32], which can explain the increasing microbial activity suppression in the sites of high stand density. In the larch plantation, fine-root biomass in all soil layers was found to be increased when the stand density increases (Table 1), leading to a higher input rate of root exudates in high stand density sites [75,76,77]. At the same time, more aboveground litter is expected to return into the soil when the stand density increases. Thus, with the increase in stand density, a greater amount of suppresser enters into the soil, inducing the more intensive suppression of microbes.




4.4. Microbial Suppression Attributions to Soil C Storage


Generally, r-strategy microbes are mainly responsible for labile organic matters being decomposed, with a high sensitivity to environment change; while K-strategy microbes are mainly responsible for the refractory of organic matters, such as cellulose, being decomposed, with a low sensitivity to environment change [18,78]. Our results exhibited the declined 14C-CO2 emission rate with the stand density increasing, and the differences happened in the first 3–5 days (Figure 3). As the soil samples we used to incubate were fractionated to remove the labile organic matter [14], it demonstrated that r-strategy microbes are rapidly suppressed. In addition, soil K-strategy microbes were considered suppressed according to the cumulated 12C-CO2 emission rate, which presented lower in soils from high stand density sites along the soil profile (Figure 4). Thus, we brought up an idea that the increase in soil C storage with increasing stand density in larch plantations could be an outcome of soil microbial suppression, as both r- and K-strategies microbes were suppressed by substrate decomposing. In this case, the slower decomposition rate of SOC led to a lower soil refractory output, while less FOC, such as cellulose, was decomposed, which made more FOC derived C sequestrated in the soil.




4.5. Limitation of the Study


The study focused on the mechanisms of effect of stand density on SOC storage in larch plantations. However, there are still some limitations. On one hand, based on the results of the cellulose and SOC decomposition and the extracellular enzymes activity, the idea that microbial activity suppression by larch plantations may cause the accumulation of SOC in different stand density sites was brought up; however, we did not find confident evidence to prove this. On the other hand, in order to obtain the heavy fraction and light fraction from soil and use them for further experiments, the fractionation method we used was “dry sieving and winnowing”, which was referred from Kirkby et al. [14]. It could lead to a small difference compared to the traditional fractionation method using NaI solution with 1.84 g cm−1.





5. Conclusions


With stand density increasing, SOC storage increases in the surface and subsurface soil of larch plantations. The increment of SOC storage is mostly contributed to by the increase in heavy fraction rather than light fraction. Decomposition of cellulose declined with increasing stand density, leading to an increase in residue remaining as a C input into the soil. The cumulative soil derived CO2 emission rate also declined with the increase in stand density, leading to a lower C output in high stand density plots. With stand density increasing, the stimulation of cellulose to the activity of enzymes involved in the C-cycle went down, indicating a reduced energy limit in the higher stand density. Thus, the weaker soil C output and more imported C was kept in the soil of high-density sites, which caused higher SOC storage in larch plantations.
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Figure 1. The SOC storage of larch plantations with different stand density. Bars represent the means with standard error in error bar (n = 3), different letters represent significant differences among stand densities in the same layer (p < 0.05). LD, MD and HD represented low density, middle density and high density. 
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Figure 2. The allocation of SOC storage (A) and the increment of SOC storage (B) in light fraction and heavy fraction of larch plantations with different stand density. T, M and D represented the 0–20 cm layer, 20–40 cm layer and 40–60 cm layer. LD, MD and HD represented low density, middle density and high density. 
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Figure 3. Daily emission rate of cellulose derived CO2 (14C-CO2) from soils of larch plantations with different stand density in the 0–20 cm layer (A), 20–40 cm layer (B), and 40–60 cm layer (C). The error bar presents the standard error (n = 3; p < 0.05). LD, MD and HD represented low density, middle density and high density. 
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Figure 4. Cumulative SOC derived CO2 emission rate in control (A) and cellulose addition (B) of larch plantations with different stand density. Bars represent the means with standard error in the error bar (n = 3), different letters represent significant differences among stand densities in the same layer (p < 0.05). LD, MD and HD represented low density, middle density and high density. 
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Table 1. Fine root biomass, C concentration, N concentration, C/N ratio, Cmic, Nmin, Nmin/Cmic ratio, DOC and pH value for the incubation samples in the larch plantation with different stand density. Dates are presented as means with standard error in parentheses (n = 3); different letters represent significant differences among stand densities in the same layer (p < 0.05).
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Layer

	
Density

	
Fine Root Biomass

(g m−2)

	
C

(mg g−1)

	
N

(mg g−1)

	
C/N

	
Cmic

(μg g−1)

	
Nmin

(μg g−1)

	
Nmin/Cmic

(10−2)

	
DOC

(μg g−1)

	
pH






	
0–20 cm

	
LD

	
128.98 b (28.03)

	
31.21 a (6.48)

	
3.04 a (0.59)

	
10.20 a (0.51)

	
230.48 a (10.77)

	
18.56 a (1.98)

	
8.05 b (1.32)

	
51.41 c (3.14)

	
5.01 a (0.06)




	
MD

	
165.53 ab (23.36)

	
32.07 a (5.88)

	
3.04 a (0.53)

	
10.55 a (0.41)

	
189.50 b (25.83)

	
19.56 a (2.14)

	
10.84 b (2.19)

	
59.36 b (2.91)

	
5.29 a (0.14)




	
HD

	
187.16 a (26.18)

	
30.44 a (5.70)

	
2.88 a (0.48)

	
10.50 a 0.24)

	
128.32 c (15.92)

	
19.40 a (2.70)

	
15.12 a (3.06)

	
73.66 a (4.31)

	
5.20 a (0.06)




	
20–40 cm

	
LD

	
43.96 b (9.74)

	
10.62 a (1.84)

	
1.11 a (0.17)

	
9.51 a (0.44)

	
39.04 a (3.51)

	
17.14 a (1.42)

	
43.90 c (4.12)

	
44.53 b (3.37)

	
4.79 a (0.13)




	
MD

	
49.96 ab (11.43)

	
11.33 a (1.92)

	
1.15 a (0.10)

	
9.74 a (0.82)

	
30.32 b (2.18)

	
15.84 a (2.07)

	
52.24 b (6.18)

	
50.59 b (2.41)

	
5.00 a (0.13)




	
HD

	
69.98 a (16.57)

	
7.81 a (2.53)

	
0.83 a (0.27)

	
9.43 a (0.21)

	
26.27 b (1.83)

	
16.94 a (0.95)

	
64.48 a (5.60)

	
57.38 a (1.86)

	
5.01 a (0.03)




	
40–60 cm

	
LD

	
12.03 b (5.84)

	
3.63 a (0.57)

	
0.42 a (0.05)

	
8.69 b (0.26)

	
9.22 a (0.70)

	
3.21 a (0.35)

	
34.82 c (3.53)

	
33.60 b (4.19)

	
4.76 a (0.16)




	
MD

	
14.37 b (4.26)

	
5.99 a (1.81)

	
0.68 a (0.20)

	
8.73 b (0.67)

	
8.95 a (0.71)

	
4.70 a (0.39)

	
52.51 b (5.81)

	
34.13 b (3.79)

	
5.06 a (0.10)




	
HD

	
22.11 a (5.22)

	
5.86 a (0.87)

	
0.61 a (0.13)

	
9.87 a (0.80)

	
6.38 b (0.57)

	
4.99 a (0.53)

	
78.21 a (8.38)

	
60.43 a (9.71)

	
5.07 a (0.03)








Note: LD, MD and HD represented low density, middle density and high density.
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Table 2. Activity of extracellular enzymes (SOC normalized) of larch plantations after 46 days of incubation. Data are presented as means with standard error in parentheses (n = 3). Different letters represent significant differences among stand densities in the same treatment and asterisk represents the significant effect of treatment compare to control (p < 0.05). The unit of enzyme activity was expressed as μmol g−1C h−1.
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Layer

	
Treatment

	
Density

	
β-glu

	
N-acet

	
β-xyl

	
β-cello

	
pho

	
tyr

	
arg






	
0–20 cm

	
Control

	
LD

	
500.01 a (29.67)

	
240.78 a (20.45)

	
116.95 a (10.49)

	
85.76 a (16.29)

	
1983.20 a (167.84)

	
185.00 b (27.82)

	
258.69 b (28.46)




	
MD

	
859.12 a (103.54)

	
216.54 a (36.29)

	
128.66 a (11.13)

	
105.40 a (15.35)

	
1570.11 a (421.56)

	
350.67 a (13.8)

	
595.59 a (5.04)




	
HD

	
622.26 a (30.63)

	
304.82 a (21.31)

	
134.91 a (6.25)

	
95.47 a (14.03)

	
1861.63 a (150.35)

	
211.06 b (35.93)

	
340.14 b (43.30)




	
Cellulose

	
LD

	
3710.13 b (170.85) *

	
2759.40 a (218.98) *

	
791.96 a (36.43) *

	
715.70 a (166.82) *

	
18,159.09 a (521.17) *

	
243.48 b (12.38)

	
427.36 b (39.77) *




	
MD

	
4543.38 a (486.78) *

	
1389.09 c (153.62) *

	
724.97 a (58.73) *

	
446.70 b (68.65) *

	
10,902.76 b (885.14) *

	
390.96 a (43.05)

	
730.36 a (32.98)




	
HD

	
3373.42 b (193.90) *

	
2192.40 b (123.31) *

	
680.28 a (57.45) *

	
443.14 b (65.57) *

	
11,712.99 b (1748.08) *

	
306.82 b (27.64) *

	
516.48 b (24.72)




	
20–40 cm

	
Control

	
LD

	
1807.84 b (191.85)

	
1123.05 a (143.49)

	
672.21 a (32.80)

	
327.02 a (19.60)

	
12,301.62 a (368.78)

	
146.48 a (13.97)

	
242.27 a (46.96)




	
MD

	
2792.59 a (427.59)

	
1362.95 a (60.06)

	
824.95 a (68.19)

	
387.71 a (44.86)

	
12,557.36 a (273.12)

	
203.45 a (20.54)

	
295.42 a (32.47)




	
HD

	
1650.74 b (197.79)

	
1193.27 a (132.94)

	
663.68 a (121.98)

	
402.52 a (93.86)

	
13,397.28 a (648.90)

	
142.85 a (60.85)

	
183.01 a (71.83)




	
Cellulose

	
LD

	
2075.58 a (343.62)

	
1475.58 b (87.90) *

	
636.04 b (15.64)

	
158.18 c (45.61) *

	
14,279.66 b (541.38) *

	
167.46 a (42.64)

	
410.46 b (21.73)




	
MD

	
2027.89 a (116.52) *

	
1719.33 b (134.22) *

	
674.19 b (22.14)

	
387.48 b (16.55)

	
14,303.86 b (298.03)

	
153.76 a (18.98)

	
256.73 c (61.66)




	
HD

	
2229.84 a (116.12) *

	
2085.64 a (160.47) *

	
2049.15 a (64.08) *

	
939.41 a (47.07) *

	
25,002.57 a (773.87) *

	
176.89 a (5.07)

	
1460.92 a (85.52) *




	
40–60 cm

	
Control

	
LD

	
1639.56 a (130.29)

	
1955.34 a (114.28)

	
687.46 b (163.97)

	
560.03 a (63.29)

	
13,030.01 a (1537.30)

	
45.10 b (24.8)

	
900.74 a (58.51)




	
MD

	
1490.02 a (225.11)

	
1649.26 a (55.68)

	
467.42 b (18.13)

	
367.09 b (33.36)

	
11,220.70 a (138.31)

	
98.86 a (12.12)

	
941.19 a (62.18)




	
HD

	
2298.75 a (154.64)

	
1017.12 b (313.84)

	
1051.88 a (95.55)

	
690.48 a (51.53)

	
13,987.43 a (926.54)

	
118.59 a (8.06)

	
948.92 a (53.64)




	
Cellulose

	
LD

	
1014.58 b (308.63)

	
693.71 b (269.16) *

	
730.09 a (365.97) *

	
270.27 b (70.27) *

	
7295.34 c (3647.68) *

	
67.78 a (11.42)

	
576.35 a (182.81) *




	
MD

	
1653.36 a (107.32)

	
1528.03 a (62.80)

	
817.26 a (90.73) *

	
269.87 b (48.03)

	
16,227.29 a (1004.07) *

	
124.14 a (10.82)

	
227.89 b (38.91) *




	
HD

	
1826.48 a (101.26)

	
1376.07 a (43.9)

	
717.67 a (19.00) *

	
514.15 a (72.46)

	
11,286.67 b (579.34) *

	
106.03 a (23.08)

	
495.64 a (51.44) *








Note: LD, MD and HD represent low density, middle density and high density. β-glu for β-glucosidase, N-acet for N-acetyl-β-glucosaminidase, β-xyl for β-xylosidase, β-cello for β-cellobiosidase, pho for acid phosphatase, tyr for tyrosine-aminopeptidase, arg for arginine-aminopeptidase.
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