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Differentiated response mechanisms of soil microbial communities to nitrogen deposition driven by tree species variations in subtropical planted forests
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Introduction: The increasing rate of atmospheric nitrogen deposition has severely affected the structure and function of these ecosystems. Although nitrogen deposition is increasing globally, the responses of soil microbial communities in subtropical planted forests remain inadequately studied.

Methods: In this study, a four-year experimental simulation was conducted to assess the impacts of varying nitrogen deposition levels (CK: 0 g·N·m−2·a−1; N10: 10 g·N·m−2·a−1; N20: 20 g·N·m−2·a−1; N25: 25 g·N·m−2·a−1) on two subtropical tree species, Pinus yunnanensis Franch. and Pinus armandii Franch. High-throughput sequencing was performed using the Illumina MiSeq platform. Statistical analyses, including analysis of variance (ANOVA), linear mixed-effects models, principal coordinate analysis (PCoA), analysis of similarity (ANOSIM), redundancy analysis (RDA), random forest analysis, and structural equation modeling (SEM), were used to examine the short-term responses of soil nutrients, bacterial communities, and fungal community structures to nitrogen deposition.

Results and discussion: The results showed that species differences led to variations in soil properties between the two forests, particularly a significant increase in soil pH in P. yunnanensis Franch. forests and a significant decrease in soil pH in P. armandii Franch. forests. Nitrogen addition did not significantly affect microbial diversity in either P. yunnanensis Franch. or P. armandii Franch. soils; however, forest type differences had a significant impact on bacterial diversity. The nitrogen addition significantly affected the relative abundance of specific microbial communities in both forest types, particularly altering the fungal community structure in the P. yunnanensis Franch forests, while no significant changes were observed in the bacterial community structure in either forest type. Furthermore, nitrogen addition increased the network complexity of bacterial communities in P. yunnanensis Franch. forests while decreasing network complexity in P. armandii Franch. forests. Structural equation modeling indicated that nitrogen addition regulates soil bacterial and fungal diversity in both forest types by modifying nitrogen availability.

Purpose and significance: These findings provide insights into the potential long-term impacts of nitrogen deposition on subtropical planted forest ecosystems and offer a theoretical basis for sustainable forest management and regulatory practices.
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1 Introduction

Human activities, such as fossil fuel combustion and agricultural practices, have significantly increased global nitrogen deposition, attracting considerable attention. From 2008 to 2020, the average total nitrogen (TN) deposition in China was 22.0 ± 0.8 kg·N·ha−1·yr−1 (Chen et al., 2023), ranking it as the third-largest region for nitrogen deposition worldwide. Recent studies indicate that although nitrogen deposition in China has stabilized, it remains elevated, with nitrogen deposition in some areas reaching 30–50 kg·N·ha−1·yr−1 (Zheng et al., 2022). Moderate nitrogen deposition can improve litter quality, enhance ecosystem productivity, and increase terrestrial carbon sink capacity (Lu et al., 2021). However, excessive deposition leads to nitrogen saturation in soils, reducing plant diversity, lowering the relative abundance and metabolic capacity of soil microbial communities, and causing other adverse effects (Janssens and Luyssaert, 2009; Kearns et al., 2016; Zhang et al., 2018). Soil microorganisms, as key components of ecosystems, play a crucial role in promoting key processes such as organic matter decomposition, carbon storage, and nutrient mineralization (Sokol et al., 2022; Kang et al., 2024). These processes are essential for maintaining soil health and functionality, directly shaping soil ecological functions. The global increase in nitrogen deposition is an important regulator of soil microbial communities, directly affecting microbial growth and turnover (Chen Y. et al., 2024).

Forest ecosystems are a crucial component of terrestrial ecosystems. The extensive surface area of forest canopies facilitates direct nitrogen deposition, while soil microbial communities beneath them, which occupy a substantial portion of the land surface, exhibit significant microbial diversity (Lladó et al., 2017) and are particularly sensitive to increased nitrogen deposition, especially elevated soil reactive nitrogen levels (Wang X. et al., 2023). Studies have shown that nitrogen deposition significantly alters soil parameters, leading to negative impacts on soil functions. For example, increased nitrogen deposition results in soil acidification, loss of nutrient-rich basic cations, and a reduction in nutrient utilization efficiency and buffering capacity. Additionally, nitrogen deposition may affect soil microbial dynamics by decreasing microbial biomass and altering microbial community structure through increased nitrogen availability. However, some studies have found that artificial nitrogen addition may lead to an increase in the abundance of key microbial groups, thereby promoting soil bacterial interactions and network complexity. This phenomenon may be linked to the complexity and heterogeneity of forest soils. Therefore, the impact of nitrogen deposition on microbial communities varies depending on the environmental conditions of forest soils, which limits the precision and applicability of research findings. Responses of microbial communities to nitrogen deposition vary with changes in overstory vegetation. Tree species associated with ectomycorrhizal fungi show improved survival and growth, while those linked to arbuscular mycorrhizal fungi exhibit reduced survival rates (Quinn Thomas et al., 2010). Variations in plant types alter soil physical and chemical properties, which act as filters for microbial community composition, influencing the diversity and richness of soil microbial communities (Lu et al., 2022). In ecosystems, microorganisms interact through direct or indirect ecological processes such as cooperation, competition, and antagonism, forming microbial networks (Wagg et al., 2019). Microbial co-occurrence networks provide insights into these complex interactions (Ramirez et al., 2018), where interspecies relationships often play a more critical role than species abundance and diversity (Deng et al., 2012). Nitrogen deposition significantly impacts soil functions by altering soil properties, with profound effects on microbial community structure and diversity. The type of vegetation and its interactions with microorganisms further exacerbate these effects. Studying the influence of nitrogen deposition on soil properties and microbial communities helps us better understand its long-term impact on forest ecosystems and provides a scientific basis for strategies aimed at improving soil health and maintaining ecological balance in forests.

The launch of the “United Nations Decade on Ecosystem Restoration” (Geekiyanage, 2022) has accelerated global afforestation efforts on degraded and deforested lands, generating significant environmental and societal benefits (Chazdon and Brancalion, 2019). In China, forest cover has increased from 13% in 1978 to 23% in 2019, with projections suggesting a rise to 26% by 2035 (Yao et al., 2024). This expansion has substantially enhanced the carbon sink capacity of terrestrial ecosystems. As a key nature-based solution, afforestation has been widely adopted to increase surface carbon storage, prevent soil erosion, conserve water resources, and produce timber, delivering critical ecosystem services and biodiversity gains (Hua et al., 2022). While considerable research has focused on the effects of nitrogen deposition on bacterial and fungal communities in forest ecosystems (Cao et al., 2023), studies addressing the responses of soil microbial communities in subtropical planted forests at low latitudes and high altitudes remain limited. Therefore, investigating the mechanisms underlying microbial responses to nitrogen input in planted forests under increasing global nitrogen deposition is essential for understanding the adaptive capacity and long-term ecological dynamics of these ecosystems in the context of global change.

This study employed a simulated nitrogen addition experiment at the Yuxi Forest Ecosystem National Observation and Research Station to explore the responses of soil microbial communities in Pinus yunnanensis Franch. and Pinus armandii Franch. plantations in the subtropical central Yunnan region to environmental changes and stress induced by long-term nitrogen addition. This research seeks to address the gap in studies on microbial responses to nitrogen deposition in the central Yunnan region. The hypotheses tested were: (1) Nitrogen addition decreases soil microbial diversity, with no significant effect of tree species differences on microbial diversity; (2) bacterial community structure responds significantly to nitrogen addition, while fungal communities show no significant response; and (3) changes in soil properties will drive shifts in both bacterial and fungal communities. Our findings provide microbiological insights for the scientific management of subtropical planted forests under nitrogen deposition and deepen our understanding of soil microbial functions and ecosystem processes in the context of global change.



2 Materials and methods


2.1 Study area overview

This study was conducted at the Yuxi Forest Ecosystem National Observation and Research Station (23°46′18″ ~ 23°54′34″N, 101°16′06″ ~ 101°16′12″E) (Figure 1), where simulated nitrogen deposition began in January 2019. The station is situated in a climatic transition zone between northern and southern subtropical Yunnan, characterized by a subtropical low-latitude plateau monsoon climate with distinct mountain features. Elevations range from 1260.0 to 2614.4 m, with an average annual precipitation of 1,050 mm and an average annual temperature of 15°C. The region experiences temperature extremes of 33°C and −2.2°C, with distinct wet (May to October) and dry (November to April) seasons, where rain and heat coincide during the wet season. The primary soil type in the area is Argi-Udic Ferrosols, with localized occurrences of Hapli-Udic Argosols, as classified by the World Reference Base for Soil Resources. Soils are predominantly medium to thick, though thin layers are present in some areas. The forest coverage exceeds 86%, dominated by primary and secondary evergreen broadleaf forests typical of the montane semi-humid zone. Vegetation displays vertical zonation with altitude and includes species such as P. yunnanensis Franch., P. armandii Franch., Keteleeria evelyniana Mast., and plants from the Magnoliaceae Juss. family etc.
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FIGURE 1
 Study area location map.




2.2 Plot design and sample collection

This study investigated two types of planted forests: P. yunnanensis Franch. forests and P. armandii Franch. forests. The P. yunnanensis Franch. forest is undergoing natural succession to increase species richness, while the species composition in the P. armandii Franch. forest is relatively simple. Through field surveys (Table 1), three representative 20 m × 20 m plots were selected in typical areas, with a minimum spacing of 10 m between plots. Each plot was subdivided into four 3 m × 3 m subplots using a split-plot design, separated by a 1 m buffer zone and walkway to prevent cross-treatment effects. Nitrogen addition levels were determined based on the atmospheric nitrogen deposition flux in Southwest China (Leng et al., 2018), the regional annual increase in nitrogen deposition (0.05 g·N·m−2·a−1) (Xing et al., 2024), seasonal deposition rates (15 g·N·m−2·a−1 in the dry season, 10 g·N·m−2·a−1 in the wet season) (Song et al., 2024), and future nitrogen deposition trends in the region. Four nitrogen addition treatments were established relative to the baseline annual nitrogen deposition of 3.84 g·N·m−2·a−1: 0 g·N·m−2·a−1 (CK), 10 g·N·m−2·a−1 (N10), 20 g·N·m−2·a−1 (N20), and 25 g·N·m−2·a−1 (N25). Experimental-grade urea [CO(NH₂)₂, ≥99.0%] was used as the nitrogen source. The total annual nitrogen addition for each treatment was divided into 12 equal portions, dissolved in 1 L of deionized water, and applied to the subplots monthly using a backpack sprayer. Control subplots received an equivalent volume of deionized water. Applications were conducted mid-month to ensure consistent treatment delivery.



TABLE 1 Site characteristics of two forest types.
[image: Table1]

Soil samples were collected from the treatment subplots in P. yunnanensis Franch. and P. armandii Franch. forests on July 20, 2023 (during the wet season). During soil collection, surface litter was removed from the subplots. A five-point sampling method was employed, with a soil auger collecting samples from the 0–20 cm depth. Soil samples from three replicate subplots within the same treatment were thoroughly mixed and sieved through a 2 mm nylon mesh to remove roots and stones. The homogenized samples were then divided into two portions: one portion was stored at −80°C for high-throughput sequencing analysis, while the other portion was air-dried for soil property assessment.



2.3 Soil property measurements

Soil chemical properties were analyzed following the methods described by Bao (2000). TN was determined using the semi-micro Kjeldahl method. Available phosphorus (AP) was measured with inductively coupled plasma optical emission spectrometry (ICP-OES). Available potassium (K+) was determined using the flame photometric method with 1 mol·L−1 neutral NH₄OAc as the extractant. Soil organic matter (SOM) was calculated by first measuring organic carbon content using the K₂Cr₂O₇ heat-extraction method, then converting the value by multiplying the organic carbon content by a constant factor of 1.724. Soil ammonium nitrogen (NH₄+-N) was measured using the indophenol blue colorimetric method. Soil nitrate nitrogen (NO3−-N) was analyzed through ultraviolet spectrophotometry. Soil pH was assessed utilizing a glass electrode method with a soil-to-water ratio of 1:2.5 (w/v).



2.4 DNA extraction and microbial high-throughput sequencing

Microbial DNA from soil samples was extracted utilizing the E.Z.N.A™ Mag-Bind Soil DNA Kit (OMEGA Bio-tek, United States). The quantity of genomic DNA was measured with the Qubit® 4.0 DNA quantification kit (Thermo Fisher Scientific, Shanghai, China) to ensure sufficient DNA for PCR amplification. Soil bacterial communities were analyzed by amplifying the V3–V4 region of the 16S rRNA gene using the primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) (Logue et al., 2016). For fungal communities, the ITS region was amplified using the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) (Gardes and Bruns, 1993) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) (White et al., 1990). The purified and pooled PCR products were sequenced by Sangon Biotech (Shanghai) Co., Ltd. on the Illumina MiSeq platform for high-throughput sequencing.



2.5 Microbial data analysis and co-occurrence network construction

Raw sequence data underwent quality control and filtering before OTU clustering was performed using Usearch 11.0.667 software (Edgar, 2013) on non-redundant sequences (excluding singleton sequences), with a 97% similarity threshold for OTU definition. Chimera sequences were removed during clustering (Edgar et al., 2011). After OTU clustering, sequences were preprocessed by trimming adapter sequences and removing low-quality reads with FastQC (version 0.12.0) and Trimmomatic (version 0.39). Bacterial communities were classified using the SILVA database (version 132), and fungal communities were classified utilizing the UNITE database (version 8.0). Microbial community α-diversity and richness were calculated with Mothur 1.43.0 software, with the Shannon index used to quantify community diversity (Shannon, 1948) and the Chao index to estimate community richness (Chao, 1984). For OTU-based co-occurrence networks, OTUs with relative abundances above 0.1% in bacterial and fungal communities were included, while OTUs with zero abundance in two-thirds of the samples were excluded. Spearman correlation was used to calculate the pairwise similarity matrix, and Random Matrix Theory (RMT) determined the optimal similarity threshold for network construction. Molecular Ecological Networks (MENs) were analyzed using the Integrated Network Analysis Pipeline (iNAP) platform (updated on June 6, 2023, https://inap.denglab.org.cn/, accessed on July 18, 2024) (Feng et al., 2022). The node and edge data were then exported, and co-occurrence networks for bacterial and fungal communities were visualized with Gephi 0.10.1 software.



2.6 Data analysis methods

Statistical analysis was performed using SPSS 26.0 (SPSS Inc., Chicago, Illinois, United States). Analysis of variance (ANOVA) and Duncan’s test were employed to assess the effects of nitrogen treatments on soil chemical properties and microbial α-diversity. A linear mixed-effects model was applied to evaluate nitrogen addition effects, using tree species as a random factor and nitrogen addition as a fixed factor. Tukey’s Honest Significant Difference (HSD) test was applied at a significance level of 0.05 if significant effects were detected. In R software (version 4.3.1; http://www.r-project.org/, accessed July 20, 2024), the “vegan” (Oksanen et al., 2013) and “ggplot2” (Wickham et al., 2016) packages were used for principal coordinates analysis (PCoA) and analysis of similarities (ANOSIM) based on microbial genus-level classification. Bray–Curtis dissimilarity was calculated to assess differences in microbial community structure across nitrogen addition treatments. Redundancy analysis (RDA) was also performed to identify key soil properties influencing bacterial and fungal community composition in forest soils. The “random Forest” package (R ColorBrewer and Liaw, 2018) was employed to evaluate the importance of soil chemical properties in shaping microbial community composition, with the first axis of PCoA representing community composition. Structural equation modeling (SEM) was conducted utilizing the “lavaan” package (Svetina et al., 2020) to assess the impact of nitrogen addition and soil properties (NO3−-N, NH4+-N, K+, pH) on microbial communities. The chi-square test (χ2) was used to assess the overall model fit by comparing the model-predicted covariance matrix to observed data. Model significance was assessed using the p-value, and the root mean square error of approximation (RMSEA) was used to evaluate model-data fit and overall goodness of fit.




3 Results and analysis


3.1 Response of soil basic properties to nitrogen addition

Compared to the control (CK) of the two stands, the soil NH4+-N and K+ contents in the P. yunnanensis Franch. forest control group were significantly higher than those in the P. armandii Franch. Forest control group, with increases of 55.4 and 20.6%, respectively, while the pH and NO3−-N contents in the P. yunnanensis Franch. forest were lower than those in the P. armandii Franch. forest, by 8.5 and 88.9%, respectively (Figure 2). In P. yunnanensis Franch. forests, with increasing nitrogen addition, soil pH and SOM gradually increased, with increases of 0.2–5.2% and 8.8–14.2%, respectively. The contents of NH4+-N, NO3−-N, and AP initially increased and then decreased. In P. armandii Franch. forests, with increasing nitrogen addition, soil pH gradually decreased, with a reduction of 8.1–13.0%. SOM, NH4+-N, K+, and TN increased initially and then decreased, while NO3−-N and AP contents significantly increased, with increases of 1.9–132.2% and 15.1–66.3%, respectively. Overall, nitrogen addition significantly influenced soil chemical properties in both forest types, though the patterns of change differed. These results suggest that the impact of nitrogen addition on soil basic properties varies with forest type, reflecting the differential responses of the two tree species to nitrogen addition. Overall, the results demonstrate that nitrogen addition significantly affects the soil chemical properties of both forest types. However, the impact varies between the two types, indicating that different forest ecosystems respond differently to nitrogen inputs. These findings underscore the complex interactions between nitrogen deposition and soil properties, highlighting the importance of considering forest type when evaluating the ecological consequences of nitrogen addition.
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FIGURE 2
 Characteristics of soil properties under different levels of nitrogen deposition. (1) Lower case letters indicate significant differences between nitrogen deposition treatments and uppercase letters indicate significant differences between forest types. (2) n.s. indicates p > 0.05, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. (3) CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1. SOM, soil organic matter; TN, total nitrogen; AP, available phosphorus; K+, potassium ion.; N, nitrogen deposition; F, forest types; N × F, nitrogen deposition and forest type interactions.




3.2 Response of soil microbial diversity to nitrogen addition

Soil microbial α-diversity, including OTUs, Shannon index, and Chao index, was used to evaluate the impact of nitrogen addition on the diversity and richness of bacterial and fungal communities in P. yunnanensis Franch. and P. armandii Franch. forests (Figure 3). Compared to the CK, the soil of P. yunnanensis Franch. exhibited higher bacterial community OTUs, Shannon index, and Chao index than that of P. armandii Franch., with increases of 34.2, 3.5, and 38.2%, respectively. In contrast, fungal OTUs and the Chao index were lower by 3.8 and 7.0%, respectively, while the fungal Shannon index was 24.7% higher than that of P. armandii Franch. In P. yunnanensis Franch. forests, the soil bacterial community OTUs, Shannon index, and Chao index all reached their peaks under the N20 treatment, showing increases of 5.5, 2.7, and 2.2%, respectively, compared to the CK. This suggests that moderate nitrogen addition promotes bacterial diversity. However, at the highest nitrogen addition level (N25), bacterial OTUs, Shannon index, and Chao index decreased by 4.9, 2.0, and 2.4%, respectively, indicating that high nitrogen concentrations may suppress bacterial diversity. In P. armandii Franch. forests, there were no significant differences in bacterial community diversity and richness across different nitrogen treatments, but overall, OTUs and Chao index increased, with the N20 treatment showing the highest increases of 25.7 and 25.0%, respectively, while the Shannon index gradually decreased. On the other hand, for the fungal community, nitrogen addition generally decreased the OTUs and Shannon index in P. armandii Franch. forests, with the most notable decreases of 2.1 and 13.7% under the N25 treatment, whereas the Chao index increased by 5.4%, suggesting that high nitrogen concentrations may have a negative impact on fungal community diversity. In P. armandii Franch. forests, fungal communities exhibited a minimal response to nitrogen addition, with no significant changes in α-diversity indices across treatments. However, the Shannon index and Chao index peaked at the N20 treatment. Overall, nitrogen addition influenced soil bacterial and fungal diversity more significantly in P. yunnanensis Franch. forests, while the impact on P. armandii Franch. forests was smaller and not statistically significant. Statistical analysis indicated that forest type significantly affected bacterial diversity indices (p < 0.05), but no significant interaction was observed between nitrogen addition and forest type for most diversity indices.
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FIGURE 3
 Analysis of alpha diversity in soil bacterial and fungal communities. (1) Lower case letters indicate significant differences between nitrogen deposition treatments and uppercase letters indicate significant differences between forest types. (2) n.s. indicates p > 0.05, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. (3) CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1. N, nitrogen deposition; F, forest types; N × F, nitrogen deposition and forest type interactions.


Principal coordinates analysis was conducted to evaluate the β-diversity of soil bacterial and fungal communities in P. yunnanensis Franch. and P. armandii Franch. forests under different nitrogen addition treatments (Figure 4). The results showed that nitrogen addition significantly altered the fungal community structure in P. yunnanensis Franch. forests (R: 0.299, P: 0.023), while the fungal community structure in P. armandii Franch. forests was also affected, though the changes were not statistically significant. Additionally, the bacterial community structure in both forest types showed no significant changes under nitrogen addition, indicating differing sensitivities among microbial communities. These results suggest that fungal communities are more sensitive to nitrogen addition, while bacterial communities may possess greater adaptability to environmental changes.

[image: Figure 4]

FIGURE 4
 Principal coordinate analysis (PCoA) was performed to analyze the bacterial and fungal communities in across different forest stands subjected to various nitrogen addition levels. CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1.




3.3 Effect of nitrogen addition on microbial community composition

Figure 5 shows the impact of nitrogen addition on microbial community composition at the phylum level. In the soil of P. yunnanensis Franch. forests, 11 bacterial phyla and 8 fungal phyla were identified, while in the soil samples of P. armandii Franch. forests, 14 bacterial phyla and 8 fungal phyla were identified. Notably, the dominant bacterial phyla in both P. yunnanensis Franch. and P. armandii Franch. forest soils were Acidobacteria and Proteobacteria, accounting for 45.44 to 67.92% of the total bacterial community (Figure 5A). Similarly, Basidiomycota and Ascomycota were the dominant fungal phyla, representing approximately 61.58 to 80.29% of the total fungal community (Figure 5B). The relative abundance of microbial taxa showed no significant differences between the two forest types.
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FIGURE 5
 The relative abundance of bacterial and fungal phyla in the two forest stands. Relative abundance of bacterial phyla (A); relative abundance of fungal phyla (B). CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1.


As shown in Supplementary Table S1, nitrogen addition did not significantly affect the overall relative abundance of bacterial phyla in P. yunnanensis Franch. soils. However, as nitrogen levels increased, the relative abundance of Proteobacteria, Verrucomicrobia, candidate_division_WPS-2, Candidatus_Saccharibacteria, and unclassified Bacteria first increased and then decreased, peaking at the N20 treatment. The relative abundance of Planctomycetes and Bacteroidetes gradually decreased. Basidiomycota abundance significantly increased 58.2% in the fungal community under high nitrogen levels (N25), while other fungal phyla displayed no significant changes. In contrast, Ascomycota abundance decreased progressively as nitrogen levels increased. Moreover, correlation analysis (Supplementary Table S2) indicated that SOM was positively associated with Verrucomicrobia but negatively associated with Bacteroidetes and Chytridiomycota. Soil pH showed a positive correlation with Basidiomycota. NO3−-N was negatively correlated with Chloroflexi and Mucoromycota but positively correlated with other microbial taxa.

In P. armandii Franch. forests, nitrogen addition significantly influenced the Gemmatimonadetes abundance in the soil bacterial community, which gradually decreased with increasing nitrogen levels, with a reduction ranging from 55.3 to 198.0% (Supplementary Table S3). Additionally, nitrogen addition decreased the Proteobacteria and unclassified Bacteria abundance while increasing Chloroflexi and Firmicutes, although no significant differences were observed between different nitrogen levels. In the soil fungal community, nitrogen addition significantly reduced the relative abundance of Basidiomycota by 17.9 to 105.9% compared to the CK, while the relative abundance of Ascomycota significantly increased by 12.0 to 91.9%. Furthermore, the relative abundance of Mortierellomycota and Rozellomycota increased, though these changes were not significant. Correlation analysis (Supplementary Table S4) showed that Gemmatimonadetes was positively correlated with pH and negatively correlated with NO3−-N and AP. Basidiomycota showed a significant positive link with pH, while Rozellomycota showed negative correlations with pH but positive correlations with NO3−-N and AP.



3.4 Soil microbial co-occurrence network

Microbial co-occurrence networks were constructed using Random Matrix Theory (RMT) to analyze bacterial and fungal community interaction changes under different nitrogen addition levels. As shown in Figure 6, compared to CK, the number of nodes in the co-occurrence networks of both P. yunnanensis Franch. and P. armandii Franch. forests did not exhibit significant differences compared to the control (CK). However, the number of connections (edges) in the bacterial co-occurrence network of P. armandii Franch. forest was 17.2% higher than that of P. yunnanensis Franch. forest, indicating a higher complexity in the bacterial species interactions in the P. armandii Franch. forest. In P. yunnanensis Franch. forest, bacterial co-occurrence network characteristics, including the number of nodes, connections, and average degree, increased with nitrogen addition. However, the modularity value decreased as nitrogen levels increased, while the ratio of positive correlation edges remained stable. In P. armandii Franch. forest, the bacterial co-occurrence network showed a declining trend in the number of nodes, connections, and average degree with increasing nitrogen addition, reaching the lowest values at the N20 treatment. The modularity value increased with nitrogen levels, and the ratio of positive correlation increased significantly. These results suggest that in the P. yunnanensis Franch. forest, the complexity of bacterial species interactions increased with nitrogen addition, peaking at the N20 treatment, while in the P. armandii Franch. forest, the complexity of bacterial species interactions decreased with increasing nitrogen levels.
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FIGURE 6
 Soil bacterial co-occurrence network-based OTU profile (A). Characterization of the properties of bacterial co-occurrence networks (B). CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1. Node size indicates the connection size of the module, red connecting lines indicate cooperative relationships between species, and green connecting lines indicate competitive relationships.


Similarly, compared to CK (Figure 7), the fungal co-occurrence network in P. yunnanensis Franch. forest had significantly more nodes and edges compared to P. armandii Franch. forest, suggesting greater fungal species interaction complexity in the former. Forest. After nitrogen addition, the network characteristics of the fungal co-occurrence network in the P. yunnanensis Franch. forest, including the number of nodes, connections, and average degree, initially increased and then decreased, peaking at the N10 treatment. In P. armandii Franch. forest, the fungal co-occurrence network characteristics, including the number of nodes, connections, and average degree, all decreased with increasing nitrogen addition, while the modularity value gradually increased. These findings suggest that high nitrogen addition (N25) suppressed fungal network complexity and stability, while low nitrogen addition (N10) enhanced fungal species interactions in P. yunnanensis Franch. forest.

[image: Figure 7]

FIGURE 7
 Soil fungal co-occurrence network-based OTU profile (A). Characterization of the properties of fungal co-occurrence networks (B). CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1. Node size indicates the connection size of the module, red connecting lines indicate cooperative relationships between species, and green connecting lines indicate competitive relationships.




3.5 Soil microbial co-occurrence network

Soil properties play a crucial role in shaping differences in bacterial and fungal community structures across forest types. Redundancy Analysis (RDA) demonstrated that environmental factors explained 72.31 and 63.78% of the variation in soil bacterial community structure in P. yunnanensis Franch. and P. armandii Franch. forests, respectively, and 79.38 and 74.69% of the variation in fungal community structure (Supplementary Figure S1). Additionally, Random Forest analysis identified key soil variables influencing microbial community structure, while SEM quantified the direct and indirect effects of these factors on microbial community composition. The Random Forest analysis revealed that K+, NO3−-N, and pH were the primary variables determining bacterial and fungal community composition and richness in P. yunnanensis Franch. forest, while NO3−-N and NH4+-N were the primary variables influencing microbial community structure in the P. armandii Franch. forest (Figure 8A). The Random Forest model was also used to investigate the impact of nitrogen addition on microbial diversity (Figure 8B). The model for the P. yunnanensis Franch. forest showed good data fit (χ2 = 3.471, df = 4, p = 0.482, RMSEA <0.001), as did the model for P. armandii Franch. forests (χ2 = 2.08, df = 2, p = 0.353, RMSEA = 0.058). In the P. yunnanensis Franch. forest model, soil NO3−-N had a significant negative effect on bacterial α-diversity, while K+ had a significant positive effect on bacterial α-diversity. Additionally, the model showed a significant positive interaction between bacteria and fungi. In the P. armandii Franch. forest model, NH4+-N negatively impacted bacterial α-diversity but positively affected fungal α-diversity. These findings suggest that nitrogen addition impacts microbial communities differently across forest types. Specifically, in the P. yunnanensis Franch. forest, soil NO3−-N and K+ are key drivers of bacterial α-diversity, whereas in the P. armandii Franch. forest, NH4+-N is the primary factor influencing both bacterial and fungal α-diversity.

[image: Figure 8]

FIGURE 8
 Soil properties are key drivers of variations in soil bacterial and fungal community structure and diversity. The importance of each variable was assessed using random forests (A). Structural equation modeling (SEM) was employed to analyze soil-microbial community interactions in response to nitrogen addition (B). * indicates p < 0.05, ** indicates p < 0.01; pH, pondus hydrogenii; SOM, soil organic matter; NH4+-N, soil ammonium N; NO3−-N, soil nitrate N; TN, total nitrogen; AP, available phosphorus; K+, available potassium; Red arrows indicate significant positive correlations (p < 0.05), green arrows indicate significant negative correlations (p < 0.05), and gray arrows indicate non-significant relationships (p > 0.05).





4 Discussion


4.1 Effects of nitrogen addition on soil microbial diversity and community structure

In our study, continuous nitrogen addition did not significantly reduce soil microbial diversity in both forest types, this is contrary to our hypothesis (1). However, differences in soil background properties caused by tree species led to a significant response of soil microbial diversity to nitrogen addition. Studies have confirmed that soil pH can lead to variations in soil resistance and stability (Tian and Niu, 2015), and tree species characteristics play an important role in influencing soil pH (Finzi et al., 1998). In this study, soil pH varied significantly between the two forest types (P. yunnanensis Franch. pH ranged from 4.62 to 4.86; P. armandii Franch. pH ranged from 5.04 to 4.46), reflecting distinct response mechanisms to nitrogen addition. Research has shown that the balance between basic cations (e.g., K+, Ca2+, Mg2+) and acidic cations (H+) governs soil pH changes (Berthrong et al., 2009; Lu et al., 2014). In P. yunnanensis Franch. forests, nitrogen addition increased soil pH, accompanied by fluctuating K+ levels, suggesting strong buffering capacity that neutralized H+ and mitigated acidification. In contrast, in the P. armandii Franch. forest, nitrogen addition led to a reduction in pH, and K+ content gradually decreased with increasing nitrogen addition, reflecting weaker buffering capacity and reduced resistance to acidification. This difference may be related to the initial soil conditions in the two forest types and their distinct response mechanisms to nitrogen addition. Additionally, the significant reduction in pH in the P. armandii Franch. forest may result from nitrogen addition enhancing nitrification. Typically, NH4+-N is the dominant form of inorganic nitrogen input, while NO3−-N is the primary form of nitrogen output (Rosenstock et al., 2019). During soil nitrogen cycling, the oxidation of NH4+ to NO3− through nitrification is a major acid-producing process. The significant decrease in NH4+-N and increase in NO3−-N in the P. armandii Franch. forest suggests active nitrification, generating large amounts of H+ and increasing soil acidity. Urea, used as the nitrogen source in this study, has a relatively low soil acidification potential (Wang Z. et al., 2023). During the wet season, urea hydrolysis consumes H+, reducing net H+ concentrations in both P. armandii Franch. and P. yunnanensis Franch. forests. In comparison, P. yunnanensis Franch. preferentially absorbs ammonium (NH4+), leading to significant uptake of NH₄+ by the dominant plant species (Kronzucker et al., 1997; Tian et al., 2020), significantly reducing the NH₄+ available for soil nitrification. Although some NH4+ in the P. yunnanensis Franch. Forest undergoes nitrification, and the limited availability of nitrification substrates reduces H+ production, lowering the potential for soil acidification. The observed increase in pH in the P. yunnanensis Franch. forest may be attributed to this phenomenon.

Previous studies have shown that nitrogen addition generally decreases the α-diversity of soil bacteria and fungi in forest ecosystems (Allison et al., 2007; Nie et al., 2018; Wang X. et al., 2023), primarily due to nitrogen-induced soil acidification, which leads to a decrease in root biomass and root exudation, as well as a reduction in soil microbial biomass (Yang et al., 2022). However, after 4 years of nitrogen addition, no significant impact on the α-diversity of soil bacteria and fungi was observed in our study (Figure 3). Short-term nitrogen addition does affect microbial communities, but these effects are transient and disappear after longer periods of nitrogen addition (>4 years) (Liu et al., 2013). The duration of nitrogen addition appears to be a key factor. Meanwhile, studies have suggested that water availability can directly affect soil microorganisms (Chen W. et al., 2024). Increased rainfall during the wet season enhances the positive effects of nitrogen addition on microbial communities, as water availability creates favorable conditions for microbial growth. The interaction between water availability and nitrogen addition provides favorable conditions for microbial growth, shifting the effects from negative to positive (Yang et al., 2024). The mitigating effects of the wet season offset the negative impacts of short-term nitrogen addition, which explains the absence of significant changes in soil bacterial and fungal diversity in the study. Forest type significantly influenced soil bacterial diversity, likely due to the indirect effects of dominant tree species and structural differences on microbial communities through variations in the quantity and quality of plant-derived carbon inputs (e.g., root exudates, litter) (Terrer et al., 2018). Previous studies have also highlighted the importance of vegetation type in shaping microbial communities (Cheng et al., 2020).

The β-diversity PCoA analysis revealed the bacterial community structure in both forest types showed a weak response to nitrogen addition, whereas the fungal community structure exhibited a stronger response, particularly in the P. yunnanensis Franch. forest, where the response to nitrogen addition was most pronounced (Figure 4). Generally, fungi demonstrate greater resilience to environmental fluctuations and higher tolerance to adverse conditions compared to bacteria (Jia et al., 2020; Liu et al., 2021). Soil fungi are less sensitive to changes in pH, and their diversity typically shows minimal response to nitrogen addition (Wang X. et al., 2023). However, the findings of this study contradict hypothesis (2), as the fungal community structure responded more significantly to nitrogen addition than the bacterial community structure. Similar results have been reported in other studies (Wang et al., 2021). This discrepancy may be attributed to differences in physiological structure and cellular characteristics between fungi and bacteria. We observed that nitrogen addition led to an increase in soil organic matter (SOM) content in P. yunnanensis Franch. forests. Studies have reported that, compared to soil bacteria, soil fungi are more sensitive to the decomposition of soil organic matter and the soil carbon cycle. Due to their thicker and interconnected chitinous cell walls, soil fungi are better adapted to a wider range of soil pH variations. This adaptability may result in higher microbial carbon assimilation efficiency under nitrogen addition, allowing soil fungi to utilize soil resources more effectively (Fang et al., 2018; Zhang et al., 2018; Yang et al., 2022). Furthermore, the pronounced wet and dry seasons in the subtropical regions of southern China lead to significant seasonal variations in soil microbial communities and abiotic properties (Zhou et al., 2011), making seasonal fluctuations an important factor that should not be overlooked. Previous studies have confirmed that fungal communities are more sensitive to nitrogen addition and moisture-rich conditions compared to bacterial communities, which is consistent with our findings. This difference may be attributed to significant physiological and cellular structural differences between fungi and bacteria. Fungi, being larger and primarily distributed in large soil pores, are more sensitive to fluctuations in moisture conditions (He et al., 2023). During the wet season, when rainfall and nitrogen addition are abundant, fungal communities are more likely to undergo structural adjustments due to changes in moisture and nutrient availability. Therefore, seasonal variations provide valuable insights into the response mechanisms of microbial communities across different seasons, helping us understand how microbial communities adaptively adjust to enhance their response efficiency to nitrogen inputs under varying environmental conditions. Moreover, increased nitrogen availability may alleviate nitrogen limitation on fungal growth, promoting community changes (Zhao et al., 2020). However, the underlying mechanisms require further investigation in subsequent studies.



4.2 Effects of nitrogen addition on the relative abundance and community composition of soil microorganisms

Our results indicated that nitrogen addition did not significantly alter the community composition of soil microorganisms in the P. yunnanensis Franch. and P. armandii Franch. forests but did significantly influence the relative abundance of specific phyla, contrasting with findings from previous studies. During the wet season, Acidobacteria and Proteobacteria remained the predominant bacterial phyla in the soil, consistent with our previous findings in the dry season (Hou et al., 2024). Although the bacterial and fungal community compositions in the two forest types were similar, their responses to nitrogen addition were different.

In the P. yunnanensis Franch. forest, most bacterial phyla demonstrated a strong buffering capacity to nitrogen addition, showing no significant changes in relative abundance. In contrast, Basidiomycota in the fungal community exhibited significant fluctuations, responding notably to nitrogen addition. This response may be linked to changes in litter biomass and substrate input induced by nitrogen addition (Cao et al., 2023). Nitrogen addition significantly increased SOM content in the P. yunnanensis Franch. forest. Basidiomycota, known for its strong lignin-degrading ability, likely utilized the complex organic compounds in SOM as a nutrient source, promoting its growth and reproduction. Additionally, a significant positive link was found between Basidiomycota abundance and soil pH, indicating that higher pH levels may further enhance its relative abundance. The increase in pH likely improved growth conditions for Basidiomycota, enabling greater activity in the soil and more efficient decomposition of organic matter.

In the P. armandii Franch. forest, Gemmatimonadetes, a bacterial phylum unique to the forest, showed a significant response to nitrogen addition. Although research on this group is limited, a significant positive correlation between Gemmatimonadetes abundance and pH was observed, with its relative abundance decreasing as pH declined. This trend likely reflects its preference for dry, neutral environments over moist, acidic conditions (DeBruyn et al., 2011). Among the fungal groups, nitrogen addition significantly increased the relative abundance of Ascomycota and Rozellomycota. Ascomycota, a nutrient-rich fungal group, may have benefited from nitrogen addition, which likely altered competitive dynamics among functional groups, favoring nitrogen-tolerant fungi and enhancing their competitive advantage (Morrison et al., 2016). Rozellomycota, a recently described fungal phylum, remains poorly understood ecologically, but its unicellular lifestyle and phagocytic nutrient acquisition enable survival in specialized ecological niches (Turner, 2011). Nitrogen addition led to a significant increase in the relative abundance of Rozellomycota, which was negatively correlated with pH and positively correlated with NH4+-N and NO3−-N. These findings suggest that pH and inorganic nitrogen are critical factors in shaping the growth of Rozellomycota, and different fungal groups display distinct preferences for specific soil conditions (Tedersoo et al., 2014). Rozellomycota thrives in acidic, nutrient-rich environments.

Microbial co-occurrence networks were constructed using RMT, revealing differences in network properties. In the CK treatment, the bacterial species relationships in the P. yunnanensis Franch. forest was less complex than in the P. armandii Franch. forest, while fungal species relationships were more complex in the P. yunnanensis Franch. forest. However, nitrogen addition increased the number of nodes, edges, and average degree in the bacterial co-occurrence network of the P. yunnanensis Franch. forest, reducing the modularity index and increasing network complexity. Nitrogen addition appeared to positively influence the soil bacterial community in the P. yunnanensis Franch. forest, possibly due to the increased abundance of key groups (e.g., Acidobacteria and Proteobacteria), which promote network complexity (Li et al., 2021). The stable ratio of positive correlations suggests that the microbial community in P. yunnanensis Franch. forest remains resilient, characterized by cooperative and co-occurring relationships among species. This stability indicates adaptation to specific environmental conditions, with limited sensitivity to external nutrient changes. Network properties in the P. yunnanensis Franch. forest peaked at the N20 treatment, suggesting that low nitrogen addition (N10) stimulated bacterial community growth, while higher nitrogen levels (N25) suppressed these positive effects. In contrast, nitrogen addition reduced the complexity of the soil bacterial network in the P. armandii Franch. forest, reflecting a negative impact on the bacterial community. This decline may result from the loss of oligotrophic groups (e.g., Acidobacteria), which typically obtain nutrients from complex recalcitrant substances (Naylor et al., 2020). Nitrogen input alters the soil carbon-nitrogen balance, stimulates plant growth, increases the supply of fresh carbon sources, and produces unstable, energy-rich carbon substrates (Mason et al., 2023). However, the increase in nutrient availability favors the rapid growth of eutrophic groups, intensifying competition among microorganisms. As eutrophic groups occupy more ecological niches, oligotrophic groups are gradually displaced, leading to their decline and eventual loss (Leff et al., 2015). Nitrogen addition also reduces microbial efficiency in utilizing recalcitrant carbon substrates, further diminishing the abundance of oligotrophic bacteria (Liu et al., 2020). Eutrophic microorganisms, being more competitive under these conditions, promote bacterial independence, weaken inter-microbial interactions, and reduce network connectivity, ultimately decreasing the complexity of the co-occurrence network (Huang et al., 2019). In both forest types, nitrogen addition increased the number of nodes, edges, and the average degree in the soil fungal co-occurrence network, with values peaking at the N10 treatment before declining. This pattern suggests that low nitrogen addition promotes fungal community growth and interaction, whereas high nitrogen addition suppresses these effects, destabilizing the fungal co-occurrence network and reducing its overall stability in both forest types.



4.3 Drivers of microbial community response to nitrogen addition

Consistent with hypothesis (3), nitrogen addition affected microbial communities by altering soil properties in both forest types (Shi et al., 2018; Wang et al., 2021). Using the Random Forest model, key factors influencing soil microbial communities were identified as K+, pH, NH₄+-N, and NO₃−-N. Structural equation modeling further revealed that nitrogen addition significantly influenced the α-diversity of bacteria and fungi by modifying soil chemical properties (NH4+-N, NO3−-N, K+). In the P. yunnanensis Franch. forest, NO3−-N and K+ were the main factors regulating soil microbial communities, while NH4+-N was the key factor in the P. armandii Franch. forest. In the P. yunnanensis Franch. forest, NO3−-N negatively affected bacterial community abundance, likely due to its role in stimulating the growth of specific bacterial groups (such as nitrifying and denitrifying bacteria) that utilize nitrate as a substrate. This stimulation intensifies interspecies competition, thereby reducing bacterial community diversity. As previously mentioned, we mentioned that soil pH is influenced by the balance of basic and acidic cations, and structural equation modeling results further exemplify the positive effect of N addition on pH and K+. In the P. yunnanensis Franch. forest, the increase in pH reduced K+ consumption, and nitrogen addition likely enhanced the release of basic cations from litter and roots (Dong et al., 2020). This process improved soil buffering capacity and nutrient availability, creating more favorable conditions for bacterial growth and potentially mitigating competition pressures induced by NO₃−-N. Moreover, additional nitrogen input weakened the competition between bacterial and fungal groups. Studies have shown that metabolites produced by the rapid growth and metabolism within different groups can promote energy and material exchange, thus enhancing inter-group interactions (Gralka et al., 2020). Consistently, bacteria were found to positively affect fungi in the P. yunnanensis Franch. forest. Whether interactions between microbial communities are cooperative or competitive depends greatly on environmental conditions, such as the rate of resource availability (Ratzke et al., 2020). NH4+-N had a negative effect on the bacterial community in the P. armandii Franch. forest, likely due to its role as a substrate for nitrification. This process enhances soil acidification by lowering pH, which inhibits bacterial growth more than fungal growth (Yang et al., 2024). Additionally, NH4+-N, preferred by eutrophic groups that utilize reduced nitrogen forms, intensifies interspecies competition (Merrick and Edwards, 1995; Sun et al., 2023). NH4+-N is a nitrogen source prioritized by many fungi (except for amino acids) (Peng et al., 2022). Fungi can effectively absorb and utilize NH4+-N, promoting fungal growth and community expansion, subsequently strengthening fungal community dynamics. Notably, the demand for NH4+-N by bacteria and fungi may exacerbate competition for resources between different communities, with nitrogen inputs reportedly leading to weakened microbial interactions by stimulating the expansion of nitrogen-loving species and competitive exclusion of other species (Zeng et al., 2016).

Differences in the key factors affecting microbial communities in the two stands reflect the species-specific nature of tree species, which not only determine the basic chemical properties of the soil but also, through the regulation of the soil chemical environment, may alter the nutrient sources, metabolic pathways of microorganisms, and their competitive relationships in the community. These findings emphasize that the effects of tree species on soil microbial communities are not limited to changes in physical and chemical environments but, more importantly, how tree species regulate nutrient cycling and microbial competition mechanisms through the inter-root microenvironment, thereby shaping the diversity and function of microbial community structure. This suggests that differences in the response of different tree species to nitrogen deposition may ultimately affect ecosystem function by influencing soil chemistry and microbial interactions.




5 Conclusion

Our study demonstrates that species differences drive variations in soil properties between the two forests, but soil microbial communities in both forest types did not exhibit consistent or strong responses to nitrogen addition. Specifically, nitrogen addition did not significantly affect the microbial diversity in the P. yunnanensis Franch. and P. armandii Franch. forests. However, species differences significantly influenced bacterial diversity. Furthermore, nitrogen addition did not significantly alter the soil microbial community composition in either forest, the fungal community structure in the P. yunnanensis Franch. forest underwent significant changes, indicating greater sensitivity of fungal communities to nitrogen deposition compared to bacterial communities. Nitrogen addition increased bacterial network complexity in the P. yunnanensis Franch. forest, but reduced network complexity in the P. armandii Franch. forest. NO3−-N and K+ played a central role in regulating bacterial and fungal communities in the P. yunnanensis Franch. forest, whereas NH4+-N was the main influencing factor in the P. armandii Franch. forest, suggesting that nitrogen addition regulates microbial diversity in both forest soils by modulating nitrogen availability. This study provides a theoretical basis for understanding the response of soil microbes in subtropical coniferous forest ecosystems to nitrogen deposition and highlights the relationship between soil microbial communities and soil properties. Future research should aim to elucidate the mechanisms driving changes in microbial diversity and abundance under nitrogen deposition and explore specific alterations in microbial community structure in response to these environmental shifts.
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