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Soil organic carbon, pH, and ammonium nitrogen controlled changes in bacterial community structure and functional groups after forest conversion
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Introduction: Land-use changes significantly impact soil properties in forests, which is an area of concern. Therefore, the effects of changing forest types on soil microbial communities and their functions in northern subtropical forest regions need to be further researched.

Methods: We used 16S rDNA sequencing and Functional Annotation of Prokaryotic Taxa (FAPROTAX) to assess the variation of soil bacterial communities and potential functions related to carbon (C) and nitrogen (N) cycling in two soil layers (0–10 and 10–30 cm) after the conversion of the secondary masson pine (Pinus massoniana, PM) forest to plantations of slash pine (Pinus elliottii, PE) and Chinese fir (Cunninghamia lanceolata, CL) located in Jingde County, Anhui Province, China.

Results: The study found that converting coniferous secondary forests to coniferous plantations resulted in a notable increase in soil pH and a decrease in nitrate nitrogen and organic carbon contents. Additionally, soil microbial diversity increased significantly, and microbial community structure changed, particularly in the topsoil. These changes might affect the C- and N-cycling mediated by soil bacteria. The analysis revealed a significant decrease in the abundance of functional groups associated with C-cycling and a significant increase in the abundance of functional groups associated with N-cycling, particularly those associated with denitrification. Soil organic carbon, pH, and ammonium nitrogen were the most critical variables affecting changes in the soil microbial community.

Discussion: These findings provide valuable information for ecological restoration and future sustainable forest management.
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1 Introduction

The global area of naturally regenerating forests is about 3.737 billion hectares, which decreased at a declining rate of loss since 1990 (FAO, 2020). Rapid social and economic development and the expansion of agribusiness activities have resulted in ecosystem degradation and widespread conversion of primary and secondary forests into agricultural fields and tree plantations (Drescher et al., 2016; Tateishi et al., 2021). Generally, primary forests (including secondary forests) are naturally occurring forests that have not been cultivated or less disturbed by humans, and in primary forests, there are companion tree species, young trees and other ground covers in addition to dominant species. Their species richness is usually higher than those in plantations (Hua et al., 2022). The plantation forest has a specific business purpose, commonly with intensive management practices such as tending and intermediate harvesting. Moreover, plantations are generally even-aged with a low species composition and a simple hierarchical structure. The conversion of secondary forests to monoculture plantations has great impacts on ecosystem functions and services, including a reduction in species diversity and changes in microbial communities (Diaz-Vallejo et al., 2021). In southeastern China, large areas of natural secondary forests have been cut down and burned for planting economic conifers, especially Chinese fir (Cunninghamia lanceolata), to renovate and improve the existing inefficient forest ecosystems and to increase their productivity (Zhou et al., 2016). This conversion through a series of management measures (e.g., logging, refining mountains, land preparation) is an essential form of land use change (Keenan et al., 2015), which resulted in intensive disturbance of belowground ecosystems (Paz-Ferreiro and Fu, 2016; Lyu et al., 2017). Thus, forest conversion is a major cause of influencing the soil ecological environment (Bruun et al., 2015). It also affects the cycling of major bioelements in the terrestrial ecosystem (Camponi et al., 2022; Zhu et al., 2022). For example, Mayer et al. (2020) showed that forest management practices, such as site preparation, restoration harvesting, and species replacement, significantly affect the capacity of soil organic carbon (SOC) stock. As SOC decreased, microbial nitrogen (N) turnover also decreased, which in turn reduced N mineralization rates (Burton et al., 2007). In addition, an experiment conducted in a subtropical forest in southern China showed that forest conversion reduced soil water content, available phosphorus (AP), total nitrogen (TN), microbial biomass, and enzyme activity (urease, protease, and acid phosphatase) (Guo et al., 2022). It could result from soil disturbances and/or organic matter input from litterfall production and fine root turnover (Sewerniak, 2020; Ni et al., 2021). Therefore, the study of forest conversion on soil C and N cycling is crucial in subtropical forest ecosystems.

Soil microorganisms play an active role in forest biogeochemical cycles (Bardgett and Van der Putten, 2014). As the most dominant microbial group, bacteria are vital in the cycling of basic elements such as C, N, and P (Dennis et al., 2013). They are particularly sensitive to microenvironment changes and thus can serve as an indicator to reflect changes in soil habitat (Wu et al., 2014). For example, Proteobacteria is one of the most diverse microbiota on Earth (Bradley and Pollard, 2017). It exhibits a huge functional library, including phototrophic, autotrophic, and heterotrophic (Zhou Z. et al., 2020). It is an ideal lineage to study the link between genome diversification and environmental adaptation. In addition, Proteobacteria can regulate soil organic matter mineralation (González et al., 2000). While Actinobacteria can produce a variety of secondary metabolites. The effects of Actinobacteria on other microorganisms varied significantly under different nutrient conditions, with neutral effects dominating the interactions. It accounted for 68% under eutrophic conditions, indicating that high nutrient levels promoted the active metabolism of Actinobacteria. Whereas, the effect under poor nutrient conditions was an indication of overlapping ecological niches (Alvarez et al., 2017; Yan et al., 2021). Different tree species composition can affect soil properties, nutrient cycling, and soil microbiota diversity (Liu J. L. et al., 2018; Nakayama et al., 2019; Kitson and Bell, 2020). Therefore, changes in forest types and species composition strongly influence the quality and quantity of forest litterfall inputs (Yang et al., 1997; Wang J. et al., 2020), thereby altering soil bacterial community properties and functions. Conversion of tropical rainforests to plantations altered soil bacteria composition, decreasing Alphaproteobacteria and increasing Acidobacteria (Kerfahi et al., 2016; Berkelmann et al., 2018). Forest conversion significantly altered soil bacterial beta-diversity, and this variation had significant seasonal differences (Liu S. G. et al., 2018). It is evident that forest conversion is an important driver of changes in soil bacterial composition and diversity (Nakayama et al., 2019).

Soil microorganisms and their functional groups are crucial for maintaining biogeochemical cycle, particularly in the period of forest succession (Paula et al., 2014; Tian et al., 2019). C and N are important elements in the biogeochemical cycle. It has been widely noticed that the C- and N-cycling processes are mediated by soil microorganisms (Rivett and Bell, 2018; Castro et al., 2019; Chen and Sinsabaugh, 2021). The conversion of natural broadleaf forests to plantations has led to a decrease in the taxa abundance of soil carbon fixation, carbon degradation, and methane metabolism, which may be due to the reduction of microbial biomass carbon (MBC), dissolved organic carbon (DOC), and pH by forest conversion (Luo et al., 2022). In the process of N-cycling, microorganisms are mainly involved in nitrate reduction, nitrogen fixation, nitrification, denitrification, and ammonia oxidation (Levy-Booth et al., 2014; Wang S. Y. et al., 2020). Merloti et al. (2019) showed that forest conversion altered microbial composition and function and increased nitrification and denitrification in agricultural lands. However, due to the complexity and spatial heterogeneity of soil microbial communities in natural environments, particularly in mountain forests, there is limited researches on the potential mechanisms of forest conversion on soil ecological functions. In addition, most of the studies on forest conversion were from natural or secondary forests to coniferous plantations, and rarely from coniferous secondary forests to coniferous plantations. Therefore, further studies are necessary to comprehensively understand the effect of coniferous forest conversion on soil bacterial communities and their functional groups.

In this study, the primary objective was to evaluate the effects of forest conversion on soil microbial communities, especially those potential functional groups associated with C- and N-cycling, in the northern subtropical region in east China. We used 16S rDNA sequencing technology and the FAPROTAX platform to examine alterations in both the structure and functional groups of soil bacteria in different soil layers following the conversion of secondary masson pine (Pinus massoniana, PM) forest to plantations of slash pine (Pinus elliottii, PE) and Chinese fir (Cunninghamia lanceolata, CL). We had three main hypotheses: Firstly, changes in soil properties led to significant changes in soil bacterial community composition and diversity. Secondly, reduced nutrient availability in plantations increased the abundance of bacterial functional groups associated with N-cycling. Finally, soil pH and N availability may be the most critical factors influencing soil bacterial communities and potential functional structure after forest conversion.



2 Methods and materials


2.1 Site description

The experimental site is located in the Caijiaqiao Forest Farm (118°29′8″ E, 30°20′53″ N), which is a State-owned forest covering a total area of 3,577 hectares in Jingde County, Anhui, China. This area belongs to the subtropical humid monsoon climate zone. The average annual temperature is 16.7°C and the average annual precipitation is 1476 mm. The primary soil type is yellowish-red soil, corresponding to the typic Ultisols in soil taxonomy (USDA Classification). The zonal vegetation at the study site is subtropical forest dominated by evergreen broad-leaved tree species, such as Castanopsis eyrei (Champ. ex Benth.) Tutcher, C. sclerophylla (Lindl.) Schottky, Quercus glauca Thunb. The secondary forest is dominated by Pinus massoniana Lamb. with deciduous and evergreen broad-leaved species (Liquidambar formosana Hance, Sassafras tzumu (Hemsl.) Hemsl., Q. variabilis Blume, and C. sclerophylla) covering large area in this forest farm. Since the 1980s, a large number of secondary P. massoniana forests has been harvested, and replaced by coniferous plantations, such as Cunninghamia lanceolata (Lamb.) Hook., Pinus elliottii Engelm. for the timber production.

The sampling forests included the secondary masson pine forest (P. massoniana, PM; 39 years old), plantation forests of Chinese fir (C. lanceolata, CL; 10 years old) and slash pine (P. elliottii, PE; 11 years old) converted from the secondary masson pine forest.



2.2 Sampling

On August 23, 2020, we collected soil samples from the above-mentioned forest stands. A randomized block design (9 replicates) was arranged, with each replicate plot of 20 m × 20 m in size spaced at least 100 m apart to avoid mutual interference. Supplementary Appendix Table 1 contains the standing conditions of the sample plots. The management measures were consistent for different forest types.

In each replicate plot, soil samples were collected from 0–10 to 10–30 cm layers after removing surface litterfall. Five cores were randomly mixed to form a composite sample from each layer. All sampling tools were sterilized at high temperatures before sampling. 54 samples were collected (3 treatments, 2 layers, and 9 replicates). They were immediately transferred to the laboratory in a cooler box with ice. In the laboratory, samples were further homogenized and screened (2 mm) and then split into two. One portion was stored at −80°C for subsequent microbial extraction, while the other was air-dried for soil property analysis.



2.3 Soil properties analysis

Soil pH was measured in a soil and water suspension with a pH meter, using a ratio of 1 part soil to 2.5 parts water. The soil organic carbon (SOC) and total nitrogen (TN) concentrations were analyzed by dry combustion on an elemental analyzer (EA 3000, Vector, Italy). Ammonium and nitrate nitrogen concentration were extracted using 1 mol ⋅ L–1 KCl, and total phosphorus (TP) was digested with mixed acids (HNO3: HClO4, 3: 1 by volume) and subsequently determined using a flow injection analyzer (Alliance Futura, France). The previous study provided detailed measurements (Teng et al., 2020).



2.4 Soil samples DNA extraction and bioinformatics analysis

The total genomic DNA of the soil was extracted with a soil DNA kit (D4015, Omega, Inc., USA). Afterward, agarose gel electrophoreses and UV spectrophotometers were used to detect the quality and quantify DNA samples, respectively. The v3-v4 variable regions of the 16S rDNA gene were then amplified by primers 341F (5′-CCTACGGGGNGGCWGCAG-3′) and 805R (5′GACTACHVGGGTATCTAATCC-3′). Amplification products were purified and quantified. The final amplicon library was sequenced on the NovaSeq PE250 platform (Teng et al., 2018).

The raw data were obtained after the up-sequencing was completed. Paired-end reads were spliced using overlap, and quality control and filtering were performed to obtain high-quality clean data. Noise reduction of the sequence was performed by calling DADA2 (Divisive Amplicon Denoising Algorithm), which recovered the true microbial sequence in the sample through two steps: error correction and denoising. Error correction utilized machine learning methods to build an error model and used that model to correct the sequencing data. Denosing utilized Bayesian methods to make denoising decisions for each ASV to obtain the final Feature table and characterized sequences. The SILVA (release 132) reference dataset was used to train and annotate the feature sequences. QIIME2 was utilized to calculate the alpha and beta diversity of the soil bacterial community. At last, the 16S rDNA sequencing results were in turn annotated by the FAPROTAX platform to clarify the potential functions of biogeochemical cycles (Louca et al., 2017).



2.5 Statistical analysis

Two-way repeated measures analysis of variance (ANOVA) was used to analyze significant differences among soil layers (0–10 cm and 10–30 cm) and three stands (masson pine, slash pine, and Chinese fir), respectively, and the LSD test for pairwise comparisons using SPSS 22.0 software. The Galaxy platform1 was used to perform linear discriminant analysis Effect Size (LDA) to detect differences in bacterial taxa and functional groups among forest types, with significance at p < 0.05 and LDA > 3. Principal coordinate analysis (PCoA) was used to analyze soil bacterial compositions. Spearman correlation and redundancy analysis (RDA) were used to evaluate the relationship between soil properties, soil bacterial compositions, and functional groups. The statistical analyses were performed using SPSS version 22.0, and Origin 2019b was used for plotting. Statistical significance was considered at p < 0.05 in all analyses.




3 Results


3.1 Soil properties

The variation in soil properties was influenced by both forest type and soil layer (Table 1). Compared with the secondary forests, the pH and NH4+-N concentration in the plantations were significantly increased, while NO3–-N and SOC were significantly decreased (p < 0.05). Furthermore, a significant decrease in SOC, TN, and NH4+-N was detected with soil depth in all three stands (p < 0.05). A similar significant decrease in TP and NO3–-N was observed with soil depth in the secondary forest and Chinese fir plantation (p < 0.05).


TABLE 1 Soil chemical properties among the secondary Pinus massoniana forest (PM), the plantation forests of Pinus elliottii (PE), and Cunninghamia lanceolata (CL).
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3.2 Composition and diversity of soil bacterial community

There were notable differences in soil bacterial community structure between secondary and plantation forests (Figure 1). The Adonis test confirmed that forest conversion altered the soil bacterial community structure (p < 0.05, Table 2). The alpha-diversity indices (Shannon and Simpson indices) and soil bacterial community richness (Observed species and Chao1) demonstrated a significant increase in the slash pine plantation compared to the secondary forests. No significant differences were found between the two plantations. The alpha-diversity indices and community richness of the secondary forest varied between soil layers (0–10 cm, 10–30 cm), while no statistically significant differences were found in the plantation forests (Figure 2).
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FIGURE 1
The bacterial communities in 0–10 cm (A) and 10–30 cm (B) among the secondary forest of Pinus massoniana (PM), the plantation forests of Pinus elliottii (PE) and Cunninghamia lanceolata (CL) were analyzed using principal coordinate analysis (PCoA) based on Weighted UniFrac distances.



TABLE 2 Differences in soil bacterial community composition among the secondary forest of Pinus massoniana (PM), the plantation forests of Pinus elliottii (PE) and Cunninghamia lanceolata (CL) based on Adonis analysis.
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FIGURE 2
Diversity (A,B) and richness (C,D) measurements of soil bacterial communities among the secondary Pinus massoniana forest (PM), the plantation forests of Pinus elliottii (PE), and Cunninghamia lanceolata (CL). D1 and D2 indicate 0–10 cm and 10–30 cm soil layers, respectively. Error bars represent the standard error of nine independent replicates. The different letters indicate significant differences between different soil layers among the three forest types (p < 0.05).


The most abundant phyla (mean abundance > 1%) in all soil samples were Acidobacteria, Proteobacteria, Chloroflexi, Actinobacteria, Verrucomicrobia, Planctomycetes, Gemmatimonadetes, WPS-2, and Rokubacteria (Figure 3), which accounted for more than 95.85% of the taxon tags. In the 0–10 cm layer, the relative abundance of Verrucomicrobia, Rokubacteria, and Chloroflexi was significantly higher in the plantations than in the secondary forest (p < 0.05, LDA > 3, Supplementary Appendix Figure 1), while the abundance of Proteobacteria and Actinobacteria was significantly lower. In the 10–30 cm layer, the abundance of Planctomycetes and Rokubacteria was significantly higher while Actinobacteria was significantly lower in plantations than in the secondary forest (p < 0.05, LDA > 3, Supplementary Appendix Figure 1). Significant differences were detected among the predominant phyla Acidobacteria, Proteobacteria, and Chloroflexi in the two soil layers of the three stands (Supplementary Appendix Figure 2).
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FIGURE 3
Changes of the relative abundance of the 9 most dominant phyla among the secondary Pinus massoniana forest (PM), the plantation forests of Pinus elliottii (PE) and Cunninghamia lanceolata (CL) (mean abundance > 1%). D1 and D2 indicate 0–10 cm and 10–30 cm soil layers, respectively.




3.3 Functional prediction of microbial community related to C- and N-cycling

With the annotation results of 16S rDNA sequences, 4150 features (10.11% of the total) were categorized into 92 functional groups using FAPROTAX. These functional groups were predominantly associated with biogeochemical cycles. The potential functions of soil bacterial communities in the various forest stands are presented in Supplementary Appendix Table 2.

The study focused on functional groups associated with C- and N-cycling. The relative abundance of functional groups participating in C- and N-cycling varied across stands (Figure 4). In the C-cycling functional groups, the abundance of chemoheterotrophy (23.65%), aerobic chemoheterotrophy (23.28%), and cellulolysis (9.63%) was significantly lower in the plantations than in the secondary forest in the 0–30 cm soil layer. In contrast, the presence of predatory or exoparasitic (1.74%) and animal parasites or symbionts (1.66%) were significantly higher in the plantations than in the secondary forests (p < 0.05, LDA > 3, Supplementary Appendix Figure 3). In the soil profile, the relative abundance of cellulolysis, animal parasites or symbionts in the secondary forest, and chemoheterotrophy, aerobic chemoheterotrophy in plantation forests were significantly elevated in deeper soil (Supplementary Appendix Figure 4). Furthermore, based on the analysis of functional group annotated pathways, the predominant bacterial groups involved in the C-cycling were found to be Verrucomicrobia, Actinobacteria, Proteobacteria, and Acidobacteria (Supplementary Appendix Figure 5). Of these, Bacteroidaceae, Acidobacteriaceae, and Solibacteraceae_(Subgroup_3) were all specialized anaerobic or heterotrophic aerobic types that metabolize carbohydrates.
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FIGURE 4
The significantly distinct functional groups in 0–10 cm (A) and 10–30 cm (B) involved in C- and N-cyclings among the secondary Pinus massoniana forest (PM), the plantation forests of Pinus elliottii (PE) and Cunninghamia lanceolata (CL). Chemoheterotrophy, aerobic chemoheterotrophy, cellulolysis, predatory or exoparasitic, and animal parasites or symbionts are functional groups related to C-cycling, while the others related to N-cycling (relative abundance > 5%). Error bars represent the standard error of nine independent replicates.


On the other hand, the abundance of functional groups participating in nitrate reduction (2.81%), nitrate respiration (2.56%), nitrogen respiration (2.56%), nitrite respiration (2.55%), denitrification (2.54%), nitrogen fixation (1.97%), and aerobic ammonia oxidation (1.45%) in the N-cycling was significantly higher in the plantations than in the secondary forest in the 0–30 cm layer (p < 0.05, LDA > 3, Supplementary Appendix Figure 3). In the soil profile, the relative abundance of nitrite respiration, denitrification, nitrate reduction, nitrate respiration, and nitrogen respiration decreased significantly in all three stands (Supplementary Appendix Figure 4). With further analysis, it was found that Proteobacteria is the main contributor to the N-cycling in our study (Supplementary Appendix Figure 5). The most active among them were the Bradyrhizobiaceae, Hyphomicrobiaceae, and Acetobacteraceae, both belonging to the b Proteobacteria family, which can perform nitrogen fixation, nitrate respiration, and aerobic ammonia oxidation, and play important roles in the N-cycling process.



3.4 Factors driving the variation of soil bacterial community structure and composition

According to the Spearman and RDA analysis, our findings indicate that soil bacterial phyla were significantly influenced by SOC, NO3–-N, NH4+-N, and pH (Figures 5, 6). In the 0–10 cm layer, soil pH was positively correlated with Verrucomicrobia, Planctomycetes, and Rokubacteria, while was negatively correlated with Gemmatimonadetes and WPS-2. NO3–-N was positively correlated with Gemmatimonadetes and WPS-2, and negatively correlated with Verrucomicrobia. NH4+-N was positively correlated with Actinobacteria. TN was negatively correlated with Acidobacteria. SOC was positively correlated with Actinobacteria. RDA analysis revealed that NH4+-N (11.8%) was the most significant driver affecting the soil bacterial phyla (Figure 6A and Table 3). In the 10–30 cm layer, soil pH was found to be positively correlated with Planctomycetes and Rokubacteria, whereas it showed a negative correlation with WPS-2. NO3–-N was negatively correlated with Planctomycetes and Rokubacteria. SOC was positively correlated with Actinobacteria, and negatively correlated with Acidobacteria. According to the RDA result, SOC (13.3%) had a more significant contribution than the other environmental factors (Table 3).
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FIGURE 5
Spearman correlation analysis of bacterial phyla and soil properties (A: 0–10 cm, B: 10–30 cm), functional groups and soil properties (C: 0–10 cm, D: 10–30 cm) among the secondary Pinus massoniana forest (PM), the plantation forests of Pinus elliottii (PE) and Cunninghamia lanceolata (CL).
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FIGURE 6
Redundancy analysis (RDA) of bacterial phyla and soil properties (A: 0–10 cm, B: 10–30 cm), functional groups and soil properties (C: 0–10 cm, D: 10–30 cm) among the secondary Pinus massoniana forest (PM), the plantation forests of Pinus elliottii (PE) and Cunninghamia lanceolata (CL).



TABLE 3 Distance-based RDA determines the explanation rate of different environmental factors on soil bacterial phyla.

[image: Table 3]

Similarly, the correlation between soil properties and bacterial functional groups was analyzed (Figures 5C, D). The result revealed that RDA explained 47.66% and 29.58% of the total variation in the different soil layers, respectively (Figures 6C, D). Soil pH was the primary driver of the total variation of the bacterial functional groups (Table 4). In the 0–10 cm layer, soil pH explained 33.2% of the variation, while in the 10–30 cm layer, it explained 16.1% (Table 4).


TABLE 4 Distance-based RDA determines the explanation rate of different environmental factors on soil bacterial functional groups.
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4 Discussion


4.1 Forest conversion on soil properties

The conversion of natural or secondary forests to plantations strongly influenced soil properties, particularly soil C, N, and pH (Wang et al., 2017; Peng et al., 2021). In this study, compared with secondary forests, the contents of SOC in the Chinese fir plantation and NO3–-N in the slash pine plantation were significantly reduced. The soil pH was significantly higher in the surface soil layers in plantation stands than in the secondary forest (Table 1). These changes could be attributable to site preparations, such as slash burning and land reclamation (Berthrong et al., 2009; Huang et al., 2013). These management practices could result in the loss of soil nutrient particularly during the early stage of the plantation establishment (Jandl et al., 2007). According to Yang et al. (2019), the first year after forest conversion resulted in a significant loss of organic carbon, 10% of which was through erosion, 11% through fire-related volatilization, and 7% due to increased soil microbial respiration after burning. On the other hand, in comparison to the secondary forest, the vegetation coverage of the planted forests decreased, and the litterfall input to the soil decreased after forest conversion (Ni et al., 2021). These changes altered soil temperature and humidity, which accelerated the decomposition of litterfall and organic matter, leading to a decrease in SOC and NO3–-N content in the plantations (Xu et al., 2014). This is consistent with the results of other studies (Beillouin et al., 2023; Wang et al., 2023). According to Zhu et al. (2022), the average annual litterfall yield was significantly higher in natural forests than in monoculture rubber plantations, and temperature and light were the main driving factors for the change in litterfall yield. The increase in soil pH after conversion was probably related to the slash burning and the decreased litterfall input from coniferous tree species (Yang et al., 1997). As a result, changes in soil C and N content and pH after forest conversion can be due to a variety of factors, such as litterfall amount, fine root biomass, etc. (Ni et al., 2021; Peng et al., 2021).

Owing to the continuously high atmospheric deposition, soil N deficiency is less severe in most of the natural ecosystems. Unlike soil N, the significance of soil P as a limiting nutrient element has markedly escalated in recent decades (Zhang et al., 2016; Tahovska et al., 2018). Generally, the conversion of natural forests to plantations leads to a reduced availability of soil nutrient (Yang et al., 2019). However, our results showed no statistically significant difference in soil P content between the secondary forest and plantations without external phosphorus fertilizer input. P is known to be an essential nutrient element and less available to plants under most soil conditions. Previous studies suggested that a reduction in litterfall following forest-type conversion might lead to a decrease in P input to soils and thus affect the P pool (Yang et al., 2021). Zhang et al. (2016) showed that soil P had not significantly changed in a secondary succession of tropical forest with significant changes in P fractions in different stages. The significant correlation between the potency of soil phosphorus and microbial activity, as well as its chemical properties, is undeniable (Zaidi et al., 2009; Zhang et al., 2014).



4.2 Forest conversion on soil bacterial community diversity

Soil microbial community diversity largely depended on the above-ground vegetation in the ecosystem (Meng et al., 2019). Studies have shown that soil bacterial diversity is positively correlated with plant diversity (Lange et al., 2015; Steinauer et al., 2015). With the increase of plant diversity, the biomass and activity of soil microorganisms increased significantly (Sewerniak, 2020). In this study, bacterial diversity increased significantly after forest conversion, with different effects between slash pine and Chinese fir plantations (Figure 2). On the one hand, this may be related to differences in plant species (Xu et al., 2015). Plant species is a key factor influencing soil bacterial diversity (Meng et al., 2019). Ding et al. (2021) found an increase in bacterial diversity in bamboo forests despite a decrease in above-ground plant diversity in southeastern China. This result also supports this point of view. On the other hand, according to Zhou Z. et al. (2020), soil pH can also be used to explain changes in microbial diversity due to forest types conversion. Studies have shown that the conversion of natural or secondary forests into plantations increased microbial richness and diversity (Liu et al., 2020), and these may have something to do with the rising soil pH. Soil pH is a key factor in regulating soil microbial diversity (Bárcenas-Moreno et al., 2016). It may be due to the reason that soil pH plays an important role in the stabilization of cell membrane proton pumps and proteins, thus directly exerting physiological stresses on microorganisms, and when soil pH is outside a certain range (ecological niche), the net growth of unviable individual taxa decreases, which may alter the outcome of the competition (Zhou Z. C. et al., 2020; Hu et al., 2024). That is appropriate soil pH promotes microbial activity and bacterial growth. Conversely, soil acidification would inhibit microbial activity and bacterial growth. Soil disturbance also raised bacterial diversity in plantations (Wang H. et al., 2020). Moreover, the surface and subsurface soil microbial communities showed a clear stratification because of the strong ecological function of filtration in the soil vertical space (Eilers et al., 2012). It is due to the huge accumulation of litterfall on the soil surface in forest ecosystems. Therefore, owing to differences in nutrient availability and the involvement of rhizosphere soil microorganisms, substrates in surface and subsurface soils differ significantly leading to relatively high microbial diversity in surface soil (Xu et al., 2014).

The land-use change affects the soil bacterial community structure, increasing the relative abundance of oligotrophic taxa (e.g., Acidobacteria and Chloroflexi) and decreasing the relative abundance of eutrophic taxa (e.g., Proteobacteria and Actinobacteria) (Lee-Cruz et al., 2013; Wang J. et al., 2020). Our results showed that the dominant groups were Acidobacteria, Proteobacteria, Chloroflexi, and Actinobacteria, which was consistent with previous results on the soil bacterial community composition after forest conversion (Merloti et al., 2019). The predominant bacterial phyla are ubiquitous and abundant in various terrestrial ecosystems (Ranjan et al., 2015). Acidobacteria, Proteobacteria, and Actinobacteria have been reported to dominate in coniferous forest ecosystems (Baldrian et al., 2012). This result could be potentially explained by the copiotroph/oligotroph functional classification model (Li et al., 2022). Soil C, N, and pH were considered as the main factors influencing the variation of soil bacterial community composition (Meng et al., 2019; Wang et al., 2021). The findings demonstrated that the relative abundances of Verrucomicrobia and Rokubacteria were notably elevated in slash pine and Chinese fir plantations compared to the secondary masson pine forest. Some of the genes of Verrucomicrobia have biological nitrogen-fixing capability (Khadem et al., 2010). Additionally, The distribution of the Verrucomicrobia community was found to be associated with alteration in soil C dynamics (Ranjan et al., 2015). Verrucomicrobia were relatively slow-growing taxa and thrived under nutrient-limited conditions (Fierer et al., 2013). On the other hand, Verrucomicrobia can be capable of degrading polysaccharide by sulfate under eutrophic conditions (Martinez-Garcia et al., 2012), and increase soil mineral nutrients by facilitating mineral solubilization through plant-microbe interactions as well (Nixon et al., 2019). This result also supports our findings. Clearly, Verrucomicrobia plays a key role in terrestrial ecosystems. Rokubacteria was also prevalent in terrestrial ecosystems (Becraft et al., 2017). Prior studies indicated that the relative abundance of Verrucomicrobia and Rokubacteria was positively correlated with soil pH (Shen et al., 2017; Ivanova et al., 2022). It is consistent with our findings (Figures 5A, B). The abundance of eutrophic groups decreased as the content of SOC decreased (Figure 5). Actinobacteria belonging to eutrophic groups observed a significant decrease in their relative abundance after forest conversion. In conclusion, forest conversion leads to a transition from the eutrophic to the oligotrophic system due to changes in pH and nutrient availability.



4.3 Forest conversion on the microbial function

Soil C cycling is one of the most important and complex metabolic processes in the biogeochemical cycles (Lynn et al., 2017; Wang J. et al., 2020), regulating global climate change (Bardgett et al., 2008). In forest ecosystems, the abundance of the functional groups involved in soil microbial C-cycling is closely correlated with plant species and soil properties (Wang et al., 2019). Their variation affects the carbon metabolism function of microbial communities (Wang et al., 2021). Our study showed that the most metabolized functional groups of microorganisms in soils were chemoheterotrophic, aerobic chemoheterotrophic, and cellulolysis associated with C-cycling (Figure 4). The conversion of the secondary masson pine forests to slash pine and Chinese fir plantations significantly reduced the relative abundance of these functional groups. These functional microorganisms are mainly heterotrophic microorganisms with low carbon sequestration efficiency. This is because heterotrophic microorganisms can only take in readily available organic matter from the outside world as a source of energy to sustain their growth and metabolic activities. Among the microbial taxa involved in soil C-cycling were mainly Verrucomicrobia, Actinobacteria, Proteobacteria, and Acidobacteria (Supplementary Appendix Figure 5). They are also the most abundant of all the bacteria phyla and the main C-fixing group. With the conversion of secondary forests to plantations, the relative abundance of Proteobacteria and Actinobacteria decreased significantly. The abundance of C-cycling functional groups tends to be positively correlated with SOC content, which is mainly derived from microbial carbon sequestration and its residues (Tang et al., 2015). The study confirmed that abundant carbon sources can satisfy microbial growth, and the abundance of C-cycling functional groups can characterize the carbon sequestration capacity of soil microorganisms (Chen et al., 2021). The finding of Luo et al. (2022) revealed a significant reduction in the abundance of genes associated with C-fixation, methane metabolism, and C-degradation, following the conversion of natural forests to plantations. Therefore, it is seen that the conversion of forest types reduces the C input, stability, and turnover of litterfall production and fine root turnover, which in turn affects the soil bacterial functional groups (Wei et al., 2014). It was found that soil NH4+-N, NO3–-N, and pH might be the main factors regulating the functional groups (Deng et al., 2022). These findings suggest that changes in bacteria associated with C-cycling may be more influenced by environmental factors and soil properties (Wang et al., 2023). pH is a key factor influencing soil bacterial diversity, and high concentrations of H+ inhibit bacterial growth. The pH of plantations was significantly higher than that of secondary forests (Table 1). pH indirectly affects organic matter decomposition and nutrient release, leading to changes in the abundance of microbial populations and their functional groups, which are more sensitive to habitat changes. As abovementioned, this forest conversion led to a reduction in vegetation litterfall and C input and thus caused significant changes in soil organic carbon and pH. These changes accounted for the notable reduction in the relative abundance of C-cycling functional groups. Besides, forest conversion significantly increased the relative abundance of predatory or exoparasitic related to the transformation of soil organic matter (Sokol et al., 2022). This is not without the role of Actinobacteria.

In addition, forest conversion resulted in a decrease in the abundance of the C-cycling functional groups, while the abundance of the N-cycling functional groups increased. The active participation of soil bacteria in N-cycling processes, such as nitrogen fixation, ammonification, nitrification, and denitrification (Canfield et al., 2010), is critical. Specific functional groups of microorganisms determine their ability to facilitate the transformation of different forms of N. In this study, we found that the relative abundance of nitrate reduction, nitrate respiration, nitrite respiration, denitrification, nitrogen fixation, and aerobic ammonia oxidation related to N-cycling exhibited significant elevation in plantation forests compared to secondary forests. This suggests that forest conversion might have enhanced microbial nitrification and denitrification, as well as nitrogen fixation. One explanation for this might be the higher availability of microbial nutrients in plantation forests. This is supported by the higher soil available nitrogen and SOC content in plantation forests (Table 1). Interestingly, all these functional groups were significantly and positively correlated with soil pH (Figure 5). It has been reported that soil environmental conditions, particularly NH4+-N, NO3–-N, and pH, have a significant impact on the distribution of N-cycling functional groups (Liang et al., 2020). This may be attributed to the increasing pH after forest conversion that promotes N mineralization, affecting N availability in the soil (Zhang et al., 2019). Meanwhile, the shift from eutrophic to oligotrophic taxa also promoted N mineralization to meet the N demand (Wang Y. et al., 2020). According to the nitrogen metabolism pathway, the functional groups involved in the N-cycling are mainly from Proteobacteria (Supplementary Appendix Figure 5). Proteobacteria are very sensitive to N availability, and play the most dominant role in organic matter decomposition. Among them, Bradyrhizobiaceae, Hyphomicrobiaceae, and Acetobacteraceae were more involved, all of which were engaged in nitrogen fixation, nitrate nitrogen respiration, and aerobic ammonia oxidation. It is known that ammonia-oxidizing bacteria and nitrite-oxidizing bacteria belong to Proteobacteria (Daims et al., 2016; Gao et al., 2016). Xu et al. (2021) concluded that Proteobacteria, Chloroflexi, Actinobacteria, and Verrucomicrobia were the dominant functional microorganisms involved in nitrate reduction, nitrogen fixation, and ammonia oxidation processes in the Napa Sea Plateau wetland ecosystem. Our findings corroborate those of Lammel et al. (2015) and Merloti et al. (2019), who also observed that land use change augments the abundance of microbial functional groups associated with N-cycling, particularly denitrifying bacteria. Denitrifying bacteria, a group of bacteria that reduce nitrate into N2. In an agroforestry system, the denitrification process is mainly accomplished by microbial respiration, and the relevant microorganisms are usually found in anoxic environments (Zumft, 1997). Therefore, the abundance of denitrifying bacteria can be used to detect soil fertility status. An increase in the abundance of denitrifying bacteria following forest conversion may pose a potential issue. This is primarily because a high abundance of denitrifying bacteria could elevate N2O emission (Li et al., 2017). Alterations in soil properties and the abundance of denitrifying bacteria might indicate a potential source of N2O following forest conversion. Further research is warranted in this regard.




5 Conclusion

In summary, this study examines how forest conversion affects soil properties, bacterial communities, and functional groups in both surface and subsurface layers. The results indicated that converting coniferous secondary forests to coniferous plantations led to a significant increase in soil pH and a concurrent significant decrease in soil organic carbon and nitrate. After forest conversion, soil microbial diversity increased significantly, and the community composition changed significantly, especially in the topsoil. The abundance of functional groups related to C-cycling decreased significantly, while significantly increased in the abundance of functional groups related to N-cycling, particularly those involved in denitrification. Soil microbial community variation was primarily driven by soil pH, SOC, and NH4+-N. The study highlights the impact of converting secondary coniferous forests to plantations on C and N cycling in forest ecosystems and provides useful information for sustainable management of plantation forestry.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://dataview.ncbi.nlm.nih.gov/object/PRJNA1037004?



Author contributions

XC: Writing – original draft, Visualization, Methodology, Investigation, Formal analysis. KX: Writing – original draft, Visualization, Methodology, Investigation, Formal analysis, Conceptualization. HZ: Writing – review and editing. PD: Writing – review and editing, Investigation. ZT: Writing – review and editing, Methodology. XX: Writing – review and editing, Supervision, Investigation, Funding acquisition, Conceptualization.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (Grant No. 31770672) and the National Key Research and Development Program of China (Grant No. 2016YFD0600304-03).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/ffgc.2024.1331672/full#supplementary-material

SUPPLEMENTARY APPENDIX FIGURE 1
The LEfSe analysis of soil bacterial groups in different forest types at the phyla level. PM, secondary Pinus massoniana forest; PE, Pinus elliottii plantation; CL, Cunninghamia lanceolata plantation. D1 and D2 indicate 0–10 cm and 10–30 cm soil layers, respectively. The threshold value of the log LDA score for discriminating features was 3.0. LDA scores represent the degree of influence of significantly different species between different groups.

SUPPLEMENTARY APPENDIX FIGURE 2
The LEfSe analysis of bacterial groups in different soil layers at the phyla level. PM, secondary Pinus massoniana forest; PE, Pinus elliottii plantation; CL, Cunninghamia lanceolata plantation. D1 and D2 indicate 0–10 cm and 10–30 cm soil layers, respectively. The threshold value of the log LDA score for discriminating features was 3.0. LDA scores represent the degree of influence of significantly different species between different groups.

SUPPLEMENTARY APPENDIX FIGURE 3
The LEfSe analysis of soil bacterial groups in different forest types. PM, secondary Pinus massoniana forest; PE, Pinus elliottii plantation; CL, Cunninghamia lanceolata plantation. D1 and D2 indicate 0–10 cm and 10–30 cm soil layers, respectively. The threshold value of the log LDA score for discriminating features was 3.0. LDA scores represent the degree of influence of significantly different species between different groups.

SUPPLEMENTARY APPENDIX FIGURE 4
The LEfSe analysis of bacterial functional groups in different soil layers. PM, secondary Pinus massoniana forest; PE, Pinus elliottii plantation; CL, Cunninghamia lanceolata plantation. D1 and D2 indicate 0–10 cm and 10–30 cm soil layers, respectively. The threshold value of the log LDA score for discriminating features was 3.0. LDA scores represent the degree of influence of significantly different species between different groups.

SUPPLEMENTARY APPENDIX FIGURE 5
The number of OTUs assigned to functional groups related to dominant phyla.

SUPPLEMENTARY APPENDIX TABLE 1
Basic situation of the sampling stands. PM: secondary forest of Pinus massoniana; PE: Pinus elliottii plantation; CL: Cunninghamia lanceolata plantation.

SUPPLEMENTARY APPENDIX TABLE 2
The relative abundance of functional groups in the different forest types (PM, PE, and CL). The functional groups with average relative abundance > 0.5% are displayed. PM: secondary forest of Pinus massoniana; PE: Pinus elliottii plantation; CL: Cunninghamia lanceolata plantation.


Footnotes

1      http://huttenhower.sph.harvard.edu/galaxy/
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