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Abstract

:

Ecological stoichiometry is an essential tool to understand carbon (C), nitrogen (N), and phosphorus (P) cycles and nutrient limitations. Plantations are usually managed to maintain specific age structures, but the impact of such management on microbial biomass and stoichiometric ratios remains unclear. We compared the stand ages of four Larix principis-rupprechtti Mayr. Plantations that were 15 years old, (young plantation, Lar15), 24 years old, (middle aged plantation, Lar24), 40 years old, (near-mature plantation, Lar40), and 50 years old, (mature plantation, Lar50), respectively, to determine the main factors that drive differences in the C:N:P stoichiometry of microorganisms. We demonstrated that the temperature, moisture, and nutrient concentrations in surface soil increased significantly with forest age. The stoichiometric ratios of elements in soil and microorganisms reached their maxima in the Lar40 and Lar50 plantations. Additionally, forest stand ages had a great influence on the biomass of microbial communities. Moreover, soil microbial community and soil abiotic factors are closely related to soil microorganisms’ C:N:P stoichiometric ratios. Specifically, changes in the microbial biomass C:N (MBC:MBN) were primarily correlated with bacteria, Gram-positive bacteria (G+), temperature, NH4+-N, and moisture in soil. Shifts in G+, actinobacteria, soil temperature, and total phosphorus were primarily associated with variation in microbial biomass C:P (MBC:MBP). Alterations in microbial biomass N:P (MBN:MBP) were correlated with bacteria, NH4+-N, water content, Gram-negative bacteria, and soil temperature. Overall, these results suggest that microbial elemental stoichiometric ratios could be affected by stand age and emphasize the importance of microbial communities and soil abiotic factors in shifting this dynamic change process.
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1. Introduction


Ecological stoichiometry has been used to understand nutrient cycling in terrestrial ecosystems [1,2]. Soil stoichiometric ratios also reflect the rates of nutrient element (e.g., C, N, and P) mineralization in soil following human management. Generally, the elemental ratios of forest soil and microorganisms might vary across successional gradients and have positive impacts on ecosystem nutrient cycling through their effects on biological communities and soil micro-environmental factors [3,4,5]. Therefore, the responses of soil and microbe element stoichiometry to plantation management models have attracted the attention of ecological researchers.



Understanding the influences of forest management methods (e.g., afforestation) on element cycling and microbial activity is undoubtedly necessary for increasing the yield of forest tree products and maintaining ecosystem functioning [6,7]. Many plantations are managed according to specific age structures. Emerging evidence indicates that plantation age may affect the vertical structure of forest by influencing the gap size, soil hydrothermal conditions, or other understory micro-climate conditions [8,9]. Moreover, manipulation of the forest age directly affects the net ecosystem productivity of the tree layer and indirectly changes the elemental content in plant organs and woody debris [10,11]. Furthermore, forest age could influence the decomposition efficiency of plant residue by adjusting understory micro-environmental conditions, microbial characteristics, and soil properties [12,13]. To date, the effects of stand ages on stoichiometric ratios in soil and microorganisms remain unclear.



Owing to the close relationships between aboveground vegetation and belowground microorganisms [14], their responses to plantation age gradients may be coupled. Recent studies reveal that age structure could alter the net primary productivity and composition of plantations, and the characteristics of plant residue may respond strongly to changes in aboveground vegetation characteristics. The variations in litter or root residues have been proven to be intimately related to soil element concentrations and microbial community compositions [15]. Liu et al. (2020) [16] demonstrated that the stoichiometric ratio of soil can be very sensitive to changes in elemental concentrations and ratios in leaves, litter, and roots after afforestation. Moreover, forest age could alter soil nutrient elemental contents by altering soil moisture conditions and light intensity [17,18]. These results indicate that the concentration and ratios of soil elements may depend strongly on forest age and changes in aboveground vegetation characteristics.



Other previous results also indicated that soil microbial biomass is a relatively labile nutrient component in soil and that changes in forest soil microbial stoichiometric ratios may also be tightly correlated with plantation age. An increasing body of evidence shows that elemental composition normally varies among bacteria, fungi, actinobacteria, or other microbial groups [19,20]. Therefore, stand age can greatly influence microbial stoichiometry characteristics via driving soil temperature, water content, nutrient content, microbial groups, and other ecological factors [21,22]. Evaluating the dynamic characteristics and driving mechanisms of soil and microorganisms’ stoichiometric ratios across stand ages would benefit the management and conservation of plantation ecosystems. However, whether microbial biomass C:N:P ratios could be affected by soil abiotic factors and the microbial community after afforestation remains unclear.



Larix principis-rupprechtii Mayr, the primary conifer tree species planted in Shanxi Province, northern China, has been predominantly utilized for timber production and soil erosion prevention since the late 1960s [23,24], and the elemental contents and ratios in the soil may vary with forest age in Larix plantations [23]. Liu et al. (2020) [16] observed a significant decrease in the ratios of C:P and N:P in microorganisms along an age gradient in a Robinia pseudoacacia plantation. Conversely, the soil microbial C:N ratio remained stable in the surface soil. Additionally, variations in stoichiometric ratios of elements in different plant tissues during plantation development have been reported. Zeng et al. (2017) [24] and Liang et al. (2017) [25] indicated notable changes in C:N:P ratios across different plant organs, including leaves, fine roots, and branches, with plantation age. Hence, plantations of varying stand ages provide a chronological sequence for comprehending the ecological regulatory mechanisms underlying the variation in microbial C:N:P stoichiometry within managed ecosystems. While earlier studies on plantation management methods focused on improving stand structure, soil nutrient levels, and enhancing plantation biodiversity [25], recent research remains inconclusive regarding whether plantation age can modify stoichiometric ratios in microorganisms and soil by regulating soil properties, microbial communities, and other ecological factors.



We posit that elemental C, N, and P contents, as well as their ratios, in both soil and microbial biomass, are likely to exhibit correlations with stand age. These correlations are expected to be influenced by shifts in vegetation communities, stemming from the intricate interconnections between above- and below-ground ecosystems. Concurrently, we anticipate that environmental variables, including litter characteristics, soil physical and chemical attributes, and microbial biomass, may not exhibit a linear relationship with stand age. Instead, they might peak at an optimal age structure, as certain age configurations are more apt to enhance soil nutrient levels and augment forest product yield. Furthermore, we hypothesize a significant influence of stand age on soil parameters and microbial composition, consequently prompting shifts in the stoichiometry of microbial C:N:P within plantations.




2. Materials and Methods


2.1. Site Description and Experimental Design


Our research was conducted on Taiyue Mountain, situated in the subalpine region of Shanxi Province, northern China. This area features a warm continental mountainous climate (111°59′45″–112°02′23″ E, 36°38′00″–36°42′23″ N). The average annual temperature of the region is 6.2 °C, and the mean annual precipitation varies from 1700 to 2450 mm, with 60%–70% occuring between May and October. The soil type prevalent in this area is Haplic luvisol (IUSS Working Group WRB, 2015) originating from limestone parent material [20,26,27]. Its bulk density varies from 1.18 g cm−3 to 1.41 g cm−3 (Table S1). This soil type exhibits a brown coloration and generally maintains a thickness exceeding 30 cm before reaching the bedrock [26]. The predominant vegetation within the study area is temperate deciduous broad-leaved forest, dominated by L. principis-rupprechtii Mayr. and Pinus tabuliformis Carr. trees. Rosa xanthine Lindl and Dendranthema chanetii Stapf are the dominant understory species. The main moss species are Barbula constricta Mitt, Marchantia polymorpha L., and Thuidium kanedae Sak. The main animals in this study area were Otis tarda, Sus scrofa, Siberian roe deer, and Strigiformes.



Since the late 1960s, L. principis-rupprechtii plantations have been one of the main species used in afforestation in the study area. The local forestry management department has also taken measures to protect natural forests. Following topographic and vegetation surveys, we established twelve plots (i.e., three replicates per stand age) to study four growth stages of Larix plantations: 15 years old (young plantation, Lar15), 24 years old (middle-aged plantation, Lar24), 40 years old (near mature plantation, Lar40), 50 years old (mature plantation, Lar50). These were established in July 2014, except for the middle-aged plantation, which was established in August 2016. Each age treatment is at least 2 km apart from the next closest and has similar topography, climate, and understory plant species compositions (Tables S1 and S2). We included three replicate plots for each plantation age, for a total of twelve sampled plots. We kept each 20 × 30 m plot separated from its nearest neighbor by at least 8 m to avoid potential edge effects. The detailed site information of each forest age treatment is listed in Table S1.




2.2. Sampling and Laboratory Analysis


Soil temperature at a depth of 0–10 cm was measured in each of the twelve plots using temperature loggers. Additionally, the water content (SWC) of the soil at the same depth was determined using a moisture meter. Concurrently, nine replicate samples were collected from the surface soil using a tailor soil auger. Following the removal of plant residue through a soil sieve with a 2 mm mesh width, samples were divided into three parts. One part was utilized to assess the concentrations of available nutrients and microbial biomass in the soil and was stored at 0 °C. Another portion was stored at −20 °C for the analysis of soil microbial community characteristics. The third part underwent an air-drying process and was prepared for measuring the pH value and nutrient indices of the soil.



To sample fresh, undecomposed litter and live fine roots, we collected samples from the twelve plots according to methods described by Zeng et al. (2017) [24]. We selected seven to ten healthy Larix trees in each plot and collected fine root samples with a tailor fine root auger (10 cm diameter). We also collected undecomposed leaf litter from all plots. The fine root and leaf litter samples underwent a drying process in which they were placed in an oven at 105 °C for 15 min, followed by further drying at a minimum temperature of 60 °C for 48 h. Once completely dry, the root and litter samples were crushed and prepared for laboratory analysis.



Soil pH was assessed by preparing a water suspension with a soil-to-water ratio of 1:5, and measurements were taken using a pH meter [28]. Total soil carbon (STC) and nitrogen (STN) were determined using an elemental analyzer (Thermo Fisher Scientific, FLASH 2000 CHNS/O, Thermo, Third Avenue, Waltham, MA, USA) [20]. For total soil phosphorus (STP), the HClO4-H2SO4 oxidation digestion method was employed, and samples were then measured on an AA3 continuous flow analytical system (AA3, SEAL, Norderstedt, Germany) [28]. Soil ammonium nitrogen (NH4+-N) and soil nitrate nitrogen (NO3−-N) concentrations were measured using the KCl extraction method. Additionally, the soil available phosphorus (SAP) concentration was determined using the NaHCO3 extraction method. These analyses were also conducted using an AA3 continuous flow analytical system. For the analysis of litter and root samples, we determined the carbon content through a process involving H2SO4-dichromate oxidation [29,30]. To ascertain the nitrogen concentration within these samples, we utilized the Kjeldahl method [31]. Additionally, the phosphorus contents of litter and root samples were measured using the AA3 system after acid-H2O2 digestion [28].




2.3. The Characteristics of Microbial Communities Analysis


Microbial biomass C (MBC) and N (MBN) were assessed using the fumigation-extraction method. To accomplish this, half of the fresh samples underwent fumigation with chloroform under vacuum conditions for at least 24 h. Following the fumigation process, the samples were subjected to extraction and treated with 0.5 M K2SO4. Subsequently, measurements were conducted on all soil samples using a total organic nitrogen/carbon analyzer (Multi N/C 3100, Analytik Jena AG, Konrad-Zuse-Straße, Berlin, Germany) [28]. The methodology outlined by Wu et al. (2006) [32] and Hedley and Steward (1982) [33] was employed for the determination of microbial biomass P (MBP). In this procedure, the fumigation process also necessitated the use of chloroform. However, for the test samples, an extraction step with 0.5 M NaHCO3 was conducted prior to applying the colorimetric method for the quantification of their biomass.



We examined the diversity of soil microbial community structure and composition using phospholipid fatty acid (PLFA) analysis. The process involved the extraction of lipids from each sample (which had been dried and stored at low temperatures) using a mixture containing chloroform, methanol, and phosphate. Following this, fatty acid methyl esters were obtained through mild alkaline methanolysis. Further details can be found in Table S3, which provides comprehensive information regarding the analysis.




2.4. Statistical Analyses


We employed the least significant difference (LSD) multiple comparison method to analyze changes in soil properties, root and litter characteristics, stoichiometric ratios in soil and microorganisms, as well as bacterial and fungal biomass across stands of varying ages. Additionally, we utilized repeated measures analysis of variance (ANOVA) to examine the impact of plantation ages and sampling years on soil physical and chemical properties, stoichiometric ratios in both soil and microorganisms, and the biomass of microbe groups. For investigating the variation in the ratios of elements in the soil and microbial biomass, as well as their connections with pH, moisture, temperature, and nutrient concentrations, we conducted Pearson’s correlation analysis. To evaluate the associations between soil microbial element ratios and microbial community biomass, regression analyses were applied. In order to enhance the variance distribution of soil microbial biomass stoichiometry, all data were subjected to a log-10 transformation. Furthermore, we utilized multiple linear stepwise regression to explore whether variations in microbial carbon, nitrogen, and phosphorus ratios were linked to nutrient factors and microbial groups within the soil.





3. Results


3.1. Variation in Environmental Parameters with Plantation Age


The age of the plantation significantly influenced the concentrations of various chemical elements, including carbon (C), nitrogen (N), and phosphorus (P), within leaf litter and fine roots. Specifically, the carbon and nitrogen contents in leaf litter were notably higher in Lar50 and Lar15 plantations compared to Lar24 and Lar40 plantations, whereas the phosphorus concentration in litter followed the order Lar24 < Lar15 < Lar40 < Lar50 (as shown in Table 1). Furthermore, fine roots from Lar24 plantations exhibited a significantly lower carbon content when compared to those from Lar40 and Lar50 plantations. The concentrations of nitrogen and phosphorus in roots also exhibited significant variation across different plantation ages, particularly noticeable in Lar40 and Lar50 plantations. Regarding the litter layer biomass, it was found to be 16% to 31% higher in Lar24, Lar40, and Lar50 plantations in comparison to the Lar15 plantation (as indicated in Table 1). Interestingly, the impact of plantation age on the Shannon diversity, richness, and evenness indices of shrub and herbaceous vegetation appeared to be limited. However, the highest diversity of understory species was observed in mature plantations (as detailed in Table S2).



During August of both 2016 and 2017, the age of the plantation exhibited a pronounced influence on the levels of total and available soil nutrients, as detailed in Table S4. Notably, the concentrations of total carbon (STC), total nitrogen (STN), total phosphorus (STP), nitrate nitrogen (NO3−-N), and ammonium nitrogen (NH4+-N) (with the exception of available phosphorus (SAP)) had a significant increase in the near-mature and mature plantations. This trend was evident in the age-based sequence (Table 2). Harvest year affected nutrient concentrations (except the STC content in the mature plantation) in four different plantation ages (Table S4). Soil moisture and temperature ranged from 30.2% to 47.7% and from 9.4 °C to 16.1 °C, respectively (Figure 1). The maximum soil pH was 6.47 (mature plantation) and the minimum soil pH was 5.95 (young plantation; Figure 1).




3.2. The Characteristics of Soil and Microorganisms


The contents of microbial C, N, and P within the topsoil increased along the age gradient in August 2016 and August 2017 (Table S5). The soil microbial biomass C in Lar24 and Lar40 decreased significantly compared with that of the mature-age plantation and had higher concentrations than that of the youngest age plantation. The microbial biomass N in soil followed a similar pattern, increasing with stand age and reaching its peak in the Lar50 plantation. In addition, the microbial biomass P in surface soil showed few differences between Lar15 and Lar24, which may indicate that growing Larix for 15–24 years has little influence on the soil microbial biomass phosphorus (Table 3).



The stoichiometry characteristics of microbial biomass exhibited a similar trend (Table 3). Plantation age had a considerable impact on the ratios of MBC:MBN and MBC:MBP. However, the N:P ratio within the microbial biomass did not exhibit significant differences among the various plantation ages in August 2016.



The abundance of microorganisms demonstrated a correlation with the stand age (Figure 2, Table S6). In August 2016 and August 2017, compared with the Lar15 plantation, total PLFAs were higher in the Lar24, Lar40, and Lar50 plantations. This pattern was consistent across the average abundance of Gram-positive bacteria, Gram-negative bacteria, fungi, and actinobacteria. These were all 1.23–2.75 times higher in the Lar24, Lar40, and Lar50 plantations than in the Lar15 plantation. Additionally, the variation in bacteria and Gram-positive bacteria between Lar24 and Lar40 did not demonstrate significant differences, similar to the variation in fungi PLFA concentrations between Lar50 and Lar40. In general, throughout the development of Larix plantations, the biomass of major microbial groups experienced an increase (Figure 2).




3.3. The Stoichiometric Ratios of Elements in Soil and Microbial Biomass


In 2016, soil C:N (10.60 ± 0.51), C:P (60.98 ± 0.61), and N:P (5.77 ± 0.34) ratios in Lar15 were significantly lower compared to the middle-aged plantation, near-mature plantation, and mature plantation (Table 3). The soil C:N ratio (12.47 ± 0.50) and C:P (93.87 ± 1.61) ratios in the near-mature plantation were higher than in Lar50 (12.12 ± 0.85, 92.43 ± 2.26, respectively). Soil C:N (13.61 ± 0.68) ratios in the near mature plantation were higher than in Lar50 (13.48 ± 0.98) in 2017. Notably, the carbon, nitrogen, and phosphorus ratios within the young plantation remained the lowest among the plantations (Table 3).



In comparison to the soil stoichiometric ratios, the alteration in microbial stoichiometric ratios with varying plantation ages appeared relatively modest. During both August 2016 and August 2017, the ratios of MBC:MBN, MBC:MBP, and MBN:MBP within the near-mature and mature plantations demonstrated a notable tendency to increase significantly, distinguishing them from the other two plantation types (Table 3).




3.4. Combined Effects of Soil Properties and Microbial Communities on Microbial Stoichiometric Ratios


The C:N, C:P, and N:P ratios in soil were not significantly correlated with soil temperature (Table S7). However, soil C:N exhibited positive associations with soil pH, soil water content, and soil available phosphorus content (R2 = 0.485 *, R2 = 0.586 **, and R2 = −0.629 **, respectively; Table S7). Similarly, the soil N:P showed positive correlations with pH value, soil water content, NH4+-N content, and soil available phosphorus (R2 = 0.680 **, R2 = 0.869 **, R2 = 0.693 **, and R2 = 0.671 **, respectively; Table S7). Additionally, significant positive associations were observed between soil pH value, soil moisture, NO3−-N content, NH4+-N content, and the C:N ratio (R2 = 0.624 **, R2 = 0.844 **, R2 = 0.455 *, and R2 = 0.736 **, respectively) within the soil (Table S7).



Pearson correlations further revealed that the microbial C:N ratio showed positive correlations with soil properties except for soil NO3−-N content and soil available phosphorus content (R2 = 0.378 and R2 = −0.233; Table S8), and the microbial C:P ratio had positive associations with all soil properties, except for soil available phosphorus content (R2 = −0.240; Table S8). The microbial N:P ratio demonstrated positive correlations with all soil properties except soil pH value and soil available phosphorus content (R2 = 0.393 and R2 = −0.154; Table S8).



Regarding correlations between microbial stoichiometric ratios and microbial biomass, there were no significant associations with the biomass of fungi (all p > 0.05, Figure 3, Figure 4 and Figure 5). In contrast, significant correlations were identified between microbial C:N and the biomass of Gram-positive bacteria (R2 = 0.176 *), Gram-negative bacteria (R2 = 0.326 *), and total bacteria (R2 = 0.348 *; Figure 3). Microbial C:P showed significant positive correlations with the biomass of bacteria, Gram-positive bacteria, Gram-negative bacteria, and actinobacteria (R2 = 0.426 *, R2 = 0.531 *, R2 = 0.664 *, and R2 = 0.482 *, respectively; Figure 4). Moreover, the microbial N:P ratio demonstrated a significant association with bacterial biomass and Gram-negative bacterial biomass (R2 = 0.412 * and R2 = 0.525 *, Figure 5).



In addition, the changes in microbial biomass stoichiometric ratios were associated with soil microbial groups and soil properties (Table 4). Specifically, shifts in the microbial C:N ratio were associated with variations in soil temperature soil moisture, NH4+-N content, bacteria, and Gram-positive bacterial abundance. Variations in the microbial C:P ratio were related to changes in soil temperature, soil total P, and actinobacteria and Gram-positive bacterial abundance. Furthermore, variations in the microbial N:P ratio were linked to fluctuations in bacterial abundance, actinobacteria abundance, soil temperature, and soil moisture (Table 4).





4. Discussion


4.1. Shifts in Basic Environmental Variables under Different Plantation Ages


Our findings revealed a clear increase in fine root nutrient concentrations as plantation ages advanced, reaching its peak in mature plantations. Previous research has suggested that the age of forests could influence the efficiency of nutrient absorption by fine roots, the contents of available nutrients in soil, and microbial abundance, ultimately leading to significant shifts in carbon, nitrogen, and phosphorus concentrations within roots [34]. Yuan et al. (2011) [34] indicated that the content of nitrogen in soil was closely associated with elemental concentrations in roots. Chen et al. (2016) [35] also reported that the carbon and nitrogen concentrations in fine roots of Pinus tabulaeformis plantations are related to the concentration of soil elements, a result similar to our own.



We found that the concentrations of litter nutrients in Lar15 were significantly lower than in other plantation age classes. McGroddy et al. (2004) [36] found that the soil nutrient concentration could affect the nutrient adsorption capacity of leaves. Aber et al. (1989) [37] found that in nutrient poor conditions, plants have a relatively poor ability to resorb nutrient elements. Therefore, the reduction in the soil nutrient pool might lead to a decrease in nutrient concentrations in leaf litter. Moreover, in August 2016 and August 2017, young and middle-aged plantations showed lower soil temperatures and water content compared to Lar40 and Lar50 plantations. This phenomenon could be attributed to the relatively greater mean tree height, diameter at breast height, and litter layer biomass in Lar40 and Lar50 plantations, which might contribute to elevated surface soil temperatures and humidity. A thick litter layer may prevent soil water content from drying out and increase soil temperature.




4.2. The Influence of Forest Age on the Soil Elemental Stoichiometric Ratios and Microbial Characteristics


Our research indicates that plantation age had significant effects on soil stoichiometric ratios (Table 3 and Table S5), particularly in Lar40 and Lar50 plantations. In line with the findings of Tian et al. (2018) [38], soil elemental ratios showed significant relationships with soil properties including moisture, temperature, and texture. For instance, the age of the forest could be positively linked to improvements in soil moisture and temperature conditions, stemming from enhanced stem growth in plants. This, in turn, could create a more favorable hydric and thermal environment for the mineralization of carbon (C) and nitrogen (N) within the soil, thereby influencing nutrient concentrations and stoichiometric ratios. Therefore, age sequence affects the stoichiometric ratios of soil elements by changing hydrothermal conditions and available nutrients in soil. Moreover, increases in forest age can increase litter and root biomass, thus improving available substrate supply, soil enzyme activity, and understory vegetation diversity [34,35,36]. These changes in the forest understory’s microenvironment could potentially impact microbial metabolic efficiency and nutrient turnover rate, ultimately leading to the accumulation of soil nutrients [15,37].



Over time, there was a discernible increase in soil nutrient availability, as indicated by higher contents of NO3−-N, NH4+-N, and SAP in the near-mature and mature plantations. However, contrary to this trend, soil pH did not exhibit the same pattern across the four plantation ages. A similar observation was reported in a study conducted in a Pinus massoniana plantation, where available nutrient contents (such as NH4+-N and SAP) in soil exhibited significant increases in mature-age plantations. In parallel, Chen et al. (2016) [35] reported notable rises in soil available nitrogen and available phosphorus concentrations in Pinus tabulaeformis and Robinia pseudoacacia plantations as they matured. Such disparities could potentially stem from variations in element concentrations, plant organ biomass, and the promotion of litter decomposition (including leaves and roots), consequently contributing to increased available nutrients within the soil. Moreover, the soil N:P ratio has been utilized as an indicator of nutritional limitations during the growth phase. Ren et al. (2018) [39] and Fan et al. (2015) [40] suggested that soil phosphorus becomes increasingly limited compared to nitrogen and potassium in forest soils. Although total soil phosphorus content might exhibit an increase as plantation age advances, available phosphorus concentrations could decline as stand age increases. In alignment with this hypothesis, our study found that Lar40 and Lar50 plantations showed higher total nitrogen and total phosphorus contents in soil, while SAP decreased significantly with plantation age. These findings suggest that phosphorus could be the limiting nutrient for the growth of Larix plantations.



Our study also revealed a significant influence of plantation age on soil microbial community characteristics. This finding is in line with a range of previous studies that have observed an increase in microbial community diversity and abundance with progressing age gradients [39,40,41]. In comparison to young and middle-aged plantations, near-mature and mature plantations exhibited higher relative abundances of microbial groups, including bacteria, fungi, and actinobacteria. In general, forest age can induce shifts in the vertical structure, litter characteristics, and understory micro-environment [42,43], which were also apparent in our study. The maturation of forests can modify their composition and structure, resulting in reduced competition among trees and understory plants. This, in turn, enhances nutrient utilization efficiency among plants, leading to increased leaf and root litter production [44,45,46]. As forest age advances, the quantity of decomposing material, such as leaf litter and root litter, tends to increase. This shift in resource availability and competition dynamics may improve microbial community activity and elevate microbial biomass [16,47,48]. Additionally, the activity of microbial communities is intricately linked with factors such as soil moisture, root exudates, and soil carbon content. Younger forests might exhibit smaller crown areas and lower heights of the lowest branches, potentially impacting soil moisture and subsequently reducing carbon substrate content and root exudates. These factors, in turn, could influence microbial abundance and activity [49,50].



Soil microbial biomass is regarded as an indicator of the growth status of soil microorganisms and can be influenced by various factors, including vegetation growth, soil moisture and temperature conditions, and the availability of labile carbon compounds in the soil. Typically, as forest stands age, the growth of microbial communities tends to be promoted. This phenomenon can be attributed to older stands providing a greater abundance of decomposable carbon and nitrogen substrates, thereby facilitating microbial anabolism and metabolic activities. Chen et al. (2018) [41] also observed that the microbial carbon content in young forest is much lower than that in mature forest. In our study, we found that the content of microbial biomass elements in Lar50 plantations was significantly higher than in other plantation age classes, a pattern that echoes the findings of previous research. This observation reinforces the notion that as forests mature, they can offer a more conducive environment for microbial communities to thrive in due to the increased availability of organic substrates that fuel their growth and activity.




4.3. Strong Linkages between Microbial C:N:P Ratios, Soil Properties, and Microbial Communities


Our results suggest that alterations in soil temperature, soil moisture, soil nutrient concentrations, and the biomass of various microbial groups are likely crucial determinants of shifts in soil microbial C:N:P stoichiometry across varying forest ages [22]. Previous research has indicated that forest management practices can exert a significant impact on soil pH, water content, and soil properties, leading to alterations in soil microbial biomass [51,52,53]. Our results also reflect this trend. Furthermore, soil water content and nutrient concentrations showed significant associations with microbial biomass C, N, and P ratios (Table 4 and Table S8). In areas characterized by high soil moisture or atmospheric humidity, soil microorganisms tend to exhibit enhanced capabilities to sequester C and N elements [54,55]. In this context, the utilization efficiency of C and N by microorganisms may surpass that of P (due to phosphorus being derived from rock weathering). Consequently, the effect of plantation age on soil water content and nutrient concentrations could contribute to a relatively higher accumulation of carbon and nitrogen in microbial biomass, thereby influencing the ratios of MBC:MBN and MBC:MBP.



Moreover, it is theorized that microorganisms commonly have specific elemental stoichiometries (e.g., the C:N ratio of bacteria is four and that of fungi is ten) [19]. Additionally, clear differences in metabolic rate and nutrient requirements have been observed among microbial groups [56]. For example, the metabolic rates and P requirements of fungi are lower than those of bacteria. Compared with bacterial groups, fungi groups tend to utilize substrates with higher C:N ratios. Thus, alterations in soil nutrient concentrations, substrate availability, and physicochemical properties as forests age can influence the composition and abundance of soil microbial groups. This, in turn, may bring about shifts in microbial stoichiometric ratios. Our observations were close to those of previous studies.



Previous research has provided evidence that forest age is related to variation in the vertical structure, litter properties, root properties, hydric and thermal conditions, and other micro-environment factors which influence soil nutrient concentrations. These intricate relationships have a direct influence on the stoichiometric ratios of microbial C:N:P in soil [57], which aligns with our findings. As forests mature, there is a likelihood of enhanced stem growth, improved soil moisture, and elevated soil temperature, leading to accelerated decomposition rates and an increase in C-rich substrates such as litter, fine roots, and branches [35,42,58]. These conditions foster the accumulation of soil nutrients, thus reducing the competition among microbial communities for these essential elements [19,20]. In an environment with reduced nutrient competition, microbial groups are likely to experience growth and expansion along with heightened rates of nutrient utilization. Consequently, this dynamic leads to changes in the carbon, nitrogen, and phosphorus content within microbial cells, altering the stoichiometric ratios of the microbial community as a whole [2,19,59]. Across the span of the four distinct stand ages we studied, the transformations in vertical plant structure, soil hydrothermal conditions, and litter quantity and decomposition rates could collectively drive variations in soil microbial community activity. This, in turn, could influence shifts in microbial biomass stoichiometric ratios, particularly the microbial C:N and N:P ratios.



Furthermore, previous studies indicated that the PLFA method may miss some other microbes (such as prokaryotes, fungi, and other eukaryotes). In contrast, high-throughput sequencing technologies, such as next-generation sequencing, offer the advantage of analyzing a wide range of genetic material from environmental samples. This approach provides a more comprehensive view of microbial diversity, allowing researchers to identify a broader spectrum of microorganisms, including those that may have been missed by PLFA analysis. It enables the identification of specific microbial taxa at various taxonomic levels and can reveal more nuanced insights into community dynamics and response processes to environmental changes. Thus, combining multiple methods, such as PLFA analysis and high-throughput sequencing, can provide a more comprehensive understanding of microbial community dynamics and ultimately contribute to a more holistic comprehension of ecosystem functioning and responses to management practices.





5. Conclusions


Our findings demonstrated that the increase in chemical element contents of fine roots and litter, coupled with higher soil nutrient concentrations and microbial biomass in mature plantations, indicates the positive influence of plantation age on ecosystem nutrient availability and microbial activity. The observation of an increasing soil N:P ratio with plantation age suggests that phosphorus might become a limiting factor for Larix plantations as they mature. This insight has implications for forest management practices, as it suggests that phosphorus supplementation or management strategies to enhance phosphorus availability might be beneficial in maintaining healthy and productive plantation ecosystems. Additionally, the close relationship between changes in microbial biomass stoichiometric ratios and soil microbial group biomass, along with the influence of soil properties, emphasizes the complex interplay between abiotic and biotic factors in shaping microbial elemental stoichiometry. This finding underscores the importance of considering both soil characteristics and microbial community structure when analyzing ecosystem nutrient cycling processes. Overall, our research contributes valuable insights into ecological stoichiometry and its relationship to forest age and microbial communities. The results offer practical guidance for forest management strategies, especially in terms of nutrient management and understanding the intricate connections between soil properties and microbial processes in forest ecosystems.
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Figure 1. Soil pH, water content and temperature in four plantation age classes. SWC: soil water content. Error bars indicate standard error (n = 3). Distinct lowercase letters are used to indicate significant differences between treatments within the measured soil physical properties (p < 0.05). 
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Figure 2. The biomass of different soil microbial PLFAs in August 2016 and August 2017. Error bars in the figures represent the standard error (n = 3). Different lowercase letters are used to denote significant differences between treatments (p < 0.05). G+: Gram-positive bacteria; G−: Gram-negative bacteria; Act: actinobacteria. 
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Figure 3. The connections between the MBC:MBN ratio and microbial groups in soil across four plantation age classes. G+: Gram-positive bacteria; G−: Gram-negative bacteria; Act: actinobacteria. 
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Figure 4. The connections between the MBC:MBP ratio and microbial groups in soil across four plantation age classes. G+: Gram-positive bacteria; G−: Gram-negative bacteria; Act: actinobacteria. 
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Figure 5. The connections between the MBN:MBP ratio and microbial groups in soil across four plantation age classes. G+: Gram-positive bacteria; G−: Gram-negative bacteria; Act: actinobacteria. 
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Table 1. The characteristics of litter and roots in Larix plantations.
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Treatments

	
Litter Characteristics

	
Root Characteristics




	
Biomass

(t ha−1)

	
Element Content

(g kg−1)

	
Element Content

(g kg−1)




	
C

	
N

	
P

	
C

	
N

	
P






	
Lar15

	
50.68 ± 6.78 a

	
70.71 ± 1.48 ab

	
6.57 ± 0.65 ab

	
0.59 ± 0.04 a

	
52.07 ± 2.11 ab

	
3.05 ± 0.24 a

	
0.33 ± 0.02 a




	
Lar24

	
58.74 ± 11.26 b

	
66.92 ± 1.14 a

	
5.88 ± 0.34 a

	
0.51 ± 0.02 b

	
48.91 ± 1.04 a

	
3.48 ± 0.19 a

	
0.42 ± 0.01 b




	
Lar40

	
56.93 ± 8.10 b

	
68.34 ± 1.31 ab

	
6.21 ± 1.03 ab

	
0.62 ± 0.04 a

	
57.46 ± 3.72 b

	
4.11 ± 0.43 b

	
0.51 ± 0.03 c




	
Lar50

	
66.21 ± 13.79 c

	
72.48 ± 1.64 b

	
6.92 ± 0.71 b

	
0.66 ± 0.01 a

	
63.77 ± 2.34 c

	
4.27 ± 0.56 b

	
0.56 ± 0.02 c








The values are presented as mean ± standard error. Distinct lowercase letters are used to indicate significant differences between treatments (p < 0.05). Lar15: young plantation; Lar24: middle-aged plantation; Lar40: near-mature plantation; Lar50: mature plantation.













 





Table 2. Soil nutrient concentrations and microbial biomass for each sampling period across four plantation ages classes.
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Sampling Time

	
Thinning Treatments

	
STC

(g kg−1)

	
STN

(g kg−1)

	
STP

(g kg−1)

	
MBC

(mg kg−1)

	
MBN

(mg kg−1)

	
MBP

(mg kg−1)

	
NO3−-N

(mg kg−1)

	
NH4+-N

(mg kg−1)

	
SAP

(mg kg−1)






	
August 2016

	
Lar15

	
16.41 ± 0.42 Aa

	
1.42 ± 0.26 Aa

	
0.28 ± 0.02 Aa

	
371.37 ± 16.46 Aa

	
92.49 ± 3.74 Aa

	
20.64 ± 2.40 Aa

	
6.77 ± 1.32 Aa

	
3.00 ± 0.47 Aa

	
2.74 ± 0.17 Ac




	
Lar24

	
33.04 ± 1.51 Ab

	
2.84 ± 0.25 Ab

	
0.39 ± 0.01 Ab

	
460.62 ± 17.63 Ab

	
106.93 ± 5.48 Ab

	
23.41 ± 1.14 Aa

	
9.37 ± 0.65 Ab

	
4.31 ± 0.03 Ab

	
2.62 ± 0.21 Ab




	
Lar40

	
45.65 ± 0.89 Ac

	
3.66 ± 0.08 Ac

	
0.49 ± 0.00 Ac

	
626.00 ± 6.55 Ac

	
143.61 ± 10.07 Ac

	
32.45 ± 0.64 Ab

	
12.43 ± 4.13 Ac

	
5.49 ± 0.50 Ac

	
2.25 ± 0.57 Aab




	
Lar50

	
52.71 ± 2.85 Ac

	
4.35 ± 0.11 Ad

	
0.57 ± 0.02 Ac

	
783.37 ± 9.36 Ad

	
175.53 ± 4.22 Ad

	
37.24 ± 0.93 Ac

	
11.89 ± 6.19 Ac

	
7.30 ± 0.15 Ad

	
1.84 ± 0.76 Aa




	
August 2017

	
Lar15

	
12.23 ± 1.12 Ba

	
1.13 ± 0.10 Ba

	
0.19 ± 0.02 Ba

	
226.04 ± 67.86 Ba

	
64.49 ± 11.17 Ba

	
19.31 ± 2.77 Aa

	
3.20 ± 1.14 Ba

	
2.08 ± 0.27 Ba

	
5.48 ± 0.50 Bb




	
Lar24

	
26.24 ± 1.36 Bb

	
2.10 ± 0.18 Bb

	
0.28 ± 0.03 Bb

	
355.28 ± 12.85 Bb

	
92.26 ± 10.43 Ab

	
22.76 ± 1.08 Aa

	
6.46 ± 3.72 Bb

	
3.33 ± 0.28 Bb

	
5.19 ± 0.21 Bb




	
Lar40

	
37.76 ± 2.40 Bc

	
2.77 ± 0.09 Bb

	
0.39 ± 0.01 Bc

	
620.67 ± 42.46 Ac

	
142.27 ± 7.20 Ac

	
32.07 ± 1.76 Ab

	
6.36 ± 2.21 Bb

	
4.78 ± 0.37 Bc

	
3.87 ± 0.11 Ba




	
Lar50

	
51.09 ± 3.98 Ad

	
3.79 ± 0.09 Bc

	
0.48 ± 0.02 Bd

	
756.70 ± 21.82 Ac

	
170.86 ± 11.15 Ad

	
36.31 ± 1.02 Ab

	
8.50 ± 3.13 Bc

	
6.32 ± 0.34 Bd

	
3.35 ± 0.06 Ba








Different capital letters signify significant differences in soil indicators between 2016 and 2017; distinct lowercase letters are used to denote significant differences between treatments within the measured nutrient parameters (p < 0.05).













 





Table 3. Effect of different plantation ages on microbial biomass and its stoichiometric ratios and soil stoichiometric ratios.
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Treatment Methods

	
Soil Stoichiometry

	
Microbial Biomass

	
Microbial Biomass Stoichiometry




	
STC:STN

	
STC:STP

	
STN:STP

	
Microbial Biomass C

(mg kg−1)

	
Microbial Biomass N

(mg kg−1)

	
Microbial Biomass P

(mg kg−1)

	
MBC:MBN

	
MBC:MBP

	
MBN:MBP






	
2016

	
Lar15

	
10.60 ± 0.51 a

	
60.98 ± 0.61 a

	
5.77 ± 0.34 a

	
371.37 ± 16.46 a

	
92.49 ± 3.74 a

	
20.64 ± 2.40 a

	
4.01 ± 0.02 a

	
18.21 ± 2.81 a

	
4.53 ± 0.67 a




	
Lar24

	
11.71 ± 1.51 b

	
84.44 ± 5.68 b

	
7.25 ± 0.48 b

	
460.62 ± 17.63 b

	
106.93 ± 5.48 b

	
23.41 ± 1.14 a

	
4.32 ± 0.29 b

	
19.69 ± 0.65 b

	
4.57 ± 0.19 a




	
Lar40

	
12.47 ± 0.50 c

	
93.87 ± 1.61 c

	
7.53 ± 0.22 c

	
626.00 ± 6.55 c

	
143.61 ± 10.07 c

	
32.45 ± 0.64 b

	
4.37 ± 0.32 b

	
19.29 ± 0.39 b

	
4.43 ± 0.39 a




	
Lar50

	
12.12 ± 0.85 c

	
92.43 ± 2.26 c

	
7.64 ± 0.36 c

	
783.37 ± 9.36 d

	
175.53 ± 4.22 d

	
37.24 ± 0.93 c

	
4.47 ± 0.16 c

	
21.05 ± 0.77 c

	
4.71 ± 0.03 a




	
2017

	
Lar15

	
11.84 ± 0.25 a

	
69.13 ± 6.74 a

	
5.85 ± 0.69 a

	
226.04 ± 67.86 a

	
64.49 ± 11.17 a

	
19.31 ± 2.77 a

	
3.51 ± 1.01 a

	
11.65 ± 3.06 a

	
3.33 ± 0.12 a




	
Lar24

	
12.53 ± 0.61 b

	
93.40 ± 3.79 b

	
7.46 ± 0.31 b

	
355.28 ± 12.85 b

	
92.26 ± 10.43 b

	
22.76 ± 1.08 a

	
3.87 ± 0.29 a

	
15.62 ± 0.30 b

	
4.05 ± 0.26 b




	
Lar40

	
13.61 ± 0.68 c

	
97.06 ± 6.18 b

	
7.13 ± 0.36 b

	
620.67 ± 42.46 c

	
142.27 ± 7.20 c

	
32.07 ± 1.76 b

	
4.36 ± 0.14 b

	
19.42 ± 2.07 c

	
4.44 ± 0.06 bc




	
Lar50

	
13.48 ± 0.98 c

	
107.00 ± 9.02 c

	
7.94 ± 0.16 c

	
756.70 ± 21.82 d

	
170.86 ± 11.15 d

	
36.31 ± 1.02 c

	
4.44 ± 0.36 b

	
20.85 ± 0.71 c

	
4.70 ± 0.24 c








Distinct lowercase letters are used to signify significant differences between treatments (p < 0.05).













 





Table 4. The results of stepwise regression analysis, revealing the relationship between microbial C:N:P stoichiometry, soil nutrient factors, and soil microbial communities within Larix plantations.
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Predicted Variables

	
R2

	
Sig.

	
Contribution of the Individual Predictor (%)

	




	
Bacteria

	
Actinobacteria

	
Gram-Positive Bacteria

	
Gram-Negative Bacteria

	
Soil Temperature

	
SWC

	
STP

	
NH4+-N






	
Microbial C:N

	
0.27

	
<0.05

	
29.1

	

	
23.8

	

	
22.4

	
10.4

	

	
14.3




	
Microbial C:P

	
0.53

	
<0.01

	

	
26.9

	
33.7

	

	
23.5

	

	
15.9

	




	
Microbial N:P

	
0.20

	
<0.05

	
34.6

	

	

	
13.9

	
14.9

	
17.3

	

	
19.3
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