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Introduction: Burgeoning mycorrhizal research has focused on identifying the various diverse mycorrhizal strategies of forest communities. Mounting evidence suggests that mycorrhizae play important roles in regulating forest community structure and composition. However, research into the manifestation of this influence in the seedling stage is lacking, especially in small-scale plots.

Methods: Our research utilized structural equation models parameterized using data from a subtropical monsoon broad-leaved evergreen forest situated in Yunnan Province, China.

Results: We noted that seedlings included plants that utilized both arbuscular mycorrhizal (AM) and ectomycorrhizal (EM) fungi. More seedling plots with the relatively higher species diversity were the product of the mixed mycorrhizal strategy, meaning the coexistence of AM and EM seedlings in a small-scale plot rather than the dominance of one type of strategies. These mixed communities were primarily found on slopes and mountain ridges. The abundance of AM or EM trees indirectly affected seedling diversity by influencing the abundance of different mycorrhizal seedlings. In this case, the diversity of the mixed mycorrhizal community was also restricted by the level of leaf thickness in the community, followed by abiotic factors such as elevation, convexity, soil pH and soil available phosphorus.

Discussion: The effect of leaf thickness on mycorrhizal seedling abundance reflected the importance of water conditions in shaping seedling communities. The effect of convexity on seedling diversity also reflected the limitation of seedling communities by the distribution of humidity and heat conditions during topographic change. The results suggested that it is crucial to preserve seedling diversity via the mixed mycorrhizal strategy of communities in the subtropical forest.
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1 Introduction

Mycorrhizae are symbionts that facilitate nutrient exchange between mycorrhizal fungi and host plants (Tedersoo et al., 2020). Most plant families or species form these symbioses in forests (Genre et al., 2020). The two most common types of mycorrhizae found in woody plants are arbuscular mycorrhizae (AM) and ectomycorrhizae (EM), which possess similarities and differences in their functional roles (Corrales et al., 2018; Lanfranco et al., 2018; Dreyer et al., 2019; Genre et al., 2020; Wasyliw and Karst, 2020; Liang et al., 2021; Averill et al., 2022). Interestingly, in mixed forests, EM tree species tend to be overall larger, and the majority of biomass is allocated to EM tree species within the community (Ryberg and Matheny, 2012; Corrales et al., 2016; Mao et al., 2019). However, this is due largely to the preponderance of several large tree species, as most species (75% of terrestrial plants) do not form EM associations and instead associate with AM fungi (Mao et al., 2019; Genre et al., 2020). Plants associated with different mycorrhizal types differ in environmental or climatic adaptation (Soudzilovskaia et al., 2015). AM plants are more resilient in short-term dry environments (Kilpeläinen et al., 2020), whereas EM plants are more dependent on relatively constant wet environments (Soudzilovskaia et al., 2015). Globally, tropical to subtropical regions are predominantly composed of AM-associated plants, whereas EM plant species dominate temperate and boreal regions (Soudzilovskaia et al., 2019). It is worth noting that Fagaceae plants are one of the major components in subtropical evergreen broad-leaved forests in East Asia (Yu et al., 2017), which form EM associations more commonly (Kong et al., 2014; Li et al., 2021). Moreover, EM plant species are still widespread in tropical forests (Corrales et al., 2018). Hence, in mixed forests from subtropical or tropical regions, it appears unsuitable to solely ascribe the formation of forest diversity to richer AM-associated plants.

Mycorrhizae may influence plant diversity in different geographic regions (Karst et al., 2018; Zhong et al., 2021), and the tendency of AM and EM tree species to segregate in spatial distribution may be detrimental to forest diversity. This means that the occurrence of many tree species associated with only one mycorrhizal type may limit forest diversity (Carteron et al., 2022). Because trees and mycorrhizal fungi establish symbiotic relationships that facilitate mutual resource transfer and recruitment, forest community regeneration may produce more trees associated with the same mycorrhizal type (i.e., the single mycorrhizal strategy with AM or EM) than with alternative mycorrhizal types (Averill et al., 2022). In contrast, there are also mixed mycorrhizal forests. These forests with different mycorrhizal tree species tend to be more diverse than forests with single mycorrhizal tree species (Carteron et al., 2022). The coexistence of AM and EM mycorrhizal tree species is a mixed mycorrhizal strategy of communities that is beneficial for improving forest productivity (Luo et al., 2023). Mixed mycorrhizal strategies in more productive subtropical and tropical forests should then be emphasized (Liu et al., 2018). At the same time, there are different effects of mycorrhizal tree species on mycorrhizal seedling species. In small-scale spatial patterns, EM seedling species are more clustered around adult EM trees, while AM seedling species are more distant from adult AM trees (Johnson et al., 2018; Liang et al., 2020). Then, the mycorrhizal strategy of the seedling community is also intriguing.

The seedling stage is incredibly important for determining ecosystem demography and community composition (McDowell et al., 2020). For obvious reasons, seedlings play an essential function in short and long-term forest ecosystem processes (Wills et al., 2021). Mycorrhizae are closely associated with seedlings and their diversity. Plant–soil feedback studies are concerned with the effect of seedlings on the accumulation of soil pathogens, which feeds back into changes in seedling density (Chen et al., 2019; Kadowaki et al., 2021; Liang et al., 2021). Research has connected negative plant–soil feedback induced by the buildup of soil pathogens to the formation of community diversity in several studies of AM plants (Mangan et al., 2010; Bennett et al., 2017; Chen et al., 2019; Mao et al., 2019; Eagar et al., 2020; Segnitz et al., 2020; Tedersoo et al., 2020; Zhong et al., 2021). Associations with either AM and EM have been shown to protect against this pathogen damage, potentially influencing seedling success and therefore impacting forest community dynamics. One study suggests EM seedlings do not appear as susceptible to the conspecific negative density dependence caused by pathogens and in general tend to exhibit positive plant–soil feedback (Chen et al., 2019). The faster colonization rate of EM fungi on seedling hosts is thought to be the reason for the higher resistance of EM seedlings to pathogens compared to AM seedlings (Liang et al., 2021). In mediating the success of seedlings, fungi can impact the relative rarity of species, and it has been proposed that the strength of this impact leads to patterns of rareness observed in tree communities (Liang et al., 2020; Tedersoo et al., 2020). The response of common seedling hosts of fungi to the negative density dependence is weak, and its abundance is associated with net plant–soil feedbacks (Schroeder et al., 2020). Therefore, if EM seedlings are more abundant, their coexistence with other relatively rare AM seedlings in the community is likely to be compatible.

In the workings of the symbiosis, plants have easier access to carbon, while mycorrhizae have easier access to phosphorus and nitrogen (Dreyer et al., 2019; Genre et al., 2020). Coexistence of different mycorrhizal species in communities may result in complementary nutrient utilization (Luo et al., 2023). As we know, AM fungi can transform the occluded phosphorus in the rhizosphere and improve the availability of soil phosphorus (Liu Y. et al., 2021), and also can induce local and systemic resistance to pathogens and pests by triggering an increase in phenols (Zhu et al., 2015). While EM fungi has been shown to facilitate soil nitrogen cycling (Corrales et al., 2016). The nutrient acquisition capacity of plants can vary with their mycorrhizal types. AM plant species can produce more roots to draw underground nutrients, while EM fungi can produce more mycelium to help EM plant species access nutrients (Chen et al., 2016). EM plant species are more conserved in their use of nitrogen than AM plant species in both temperate and tropical forests (Averill et al., 2019). In subtropical forests, the net primary production of AM plant species is superior to that of EM plant species due to stronger nutrient resorption and litter decomposition (Deng et al., 2023). In addition, symbiotic mycorrhizal traits such as mycorrhizal type, exchange rates for resources and shifts in mycorrhizal type over plant lifespan are closely related to plant nutrient acquisition, survival and growth (Chaudhary et al., 2022). Functional traits can reflect the performance of all plants in a community habitat in terms of survival and growth (Muscarella and Uriarte, 2016). There may also be combined effects of different functional traits on seedling growth (Worthy et al., 2020). Mycorrhizal traits, then, may also have the opportunity to interact with functional traits (Wasyliw and Karst, 2020).

Previous studies of mycorrhizal associations in plants have focused on uncovering the physiological and physical effects that mycorrhizal fungi or mycelial networks produce with tree species (Corrales et al., 2018; Genre et al., 2020; Tedersoo et al., 2020). The reason for the slow development of the research is the difficulty of the techniques for investigating plant roots in the field and for simulating mycorrhizal colonization experiments (Karst et al., 2023). Nowadays, with the accumulated knowledge of scientists about plant-mycorrhizal associations and other environmental factors, it is necessary to elaborate the reasons for the formation of community diversity in more dimensions (Soudzilovskaia et al., 2020). A new dimension of studying mycorrhizal strategies in communities has emerged (Averill et al., 2022). Currently, in addition to single mycorrhizal strategies, the mixed mycorrhizal strategy of AM and EM has also been further validated in adult tree communities (Luo et al., 2023). However, few mycorrhizal strategies have been explored in seedling stages of tree communities. It was also shown that the survival of AM seedlings also benefited from EM fungi carried by seedling neighbors (Chen et al., 2019; Liang et al., 2021), suggesting at the possibility of a mixed mycorrhizal strategy forming in seedling communities. Therefore, we focus our efforts on the effect of mycorrhizal strategies on seedling diversity in this study. We have selected a subtropical monsoon broad-leaved evergreen forest, which accommodates a variety of flora and soil fungi with both types of mycorrhizal association (Li et al., 2021; Wang et al., 2022). We sought to explore (1): do mixed-mycorrhizal seedling communities remain mixed, or do they tend to dominance of AM or EM? (2): In seedling communities mixing both mycorrhizal types, what is their spatial autocorrelation? Better stated, how do the two types distribute themselves in uneven topographies? And finally, (3): Could either the environment or the relative distribution of AM and EM associated seedlings be used to predict community composition and diversity?



2 Materials and methods


2.1 Study site

The investigation was carried out in the Pu’er 30 hm2 forest dynamics plot. This is an experimental plot established in a monsoon broad-leaved evergreen forest in Taiyanghe Provincial Nature Reserve, located at 22° 50′–22° 63′ N, 101° 12′–101° 25′ E in Pu’er City, Yunnan Province, China (Figure 1). We used a total station electronic surveying device to partition our 30 hm2 forest dynamics plot into 750 tree plots, each measuring 20 m × 20 m. This division left us with 30 plots in each east–west row and 25 plots in each north–south column. The corners of each tree plot were flagged using piles of cement, and marked with plot numbers. Within each of the 750 tree plots, a 1 m × 1 m seedling plot was established, each with a corresponding plot number. The plot spans 30 hm2 with an average elevation of 1,523 m, ranging from 1,467 m to 1,587 m. The mean annual temperature at the plot is 17.7°C, and precipitation is concentrated during the rainy season from May to October at an average annual rate of 1547.6 mm.
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FIGURE 1
 Topographic map of the Pu’er 30 hm2 forest dynamics plot.




2.2 Data collection

The elevation, slope, aspect, tree abundance, species richness, and diameter at breast height, as well as soil pH, total potassium, total nitrogen, total phosphorus, organic carbon, available potassium, available phosphorus, and hydrolyzable nitrogen data for all of the 750 tree plots was gathered in 2019 (Li et al., 2020; Wang et al., 2020). In this sampling effort, we chose 375 tree plots, evenly distributed throughout the Pu’er 30 hm2 forest dynamics plot. We collected topsoil from five uniformly dispersed locations within each tree plot for microbial analysis. The samples were combined to create one soil microbial sample (to have a total of 375 microbial samples, one per plot). The soil sample was then screened through a 2 mm wire mesh. All 375 soil microbial samples were preserved in a refrigerator at −20°C. Using 16S/ITS amplicon sequencing techniques at Biomarker Technologies Corporation in Beijing, China, we identified the abundance and species of Operational Taxonomic Units (OTUs) identified for bacteria and fungi in each soil sample (Edgar, 2013; Wang et al., 2022). The bacterial 16S database used was SILVA, and the fungal ITS database was UNITE (Kõljalg et al., 2013; Quast et al., 2013).

We defined a seedling as a woody plant with a diameter at breast height of less than 1 cm. Raw data on seedling abundance and seedling richness were collected through a census of all 750 seedling plots in 2020, and every seedling was identified to the species level using the Flora of China website.1 Samples for functional traits were obtained from healthy seedlings based on the standard of Cornelissen et al. (2003), which entails collecting five seedlings of each species, and two full leaves from each seedling. Functional traits of rare or cryptic species for which we could not collect the data, were obtained by interpolating from the data we could collect. Functional trait data were measured using a tape measure, vernier calipers, and a LI-3000C leaf area meter. We measured the specific leaf area (cm2/g), leaf thickness (mm), and root mass fraction of seedling species. Specific leaf area is the ratio of the area of a single leaf to its dry mass. Root mass fraction is the ratio of the dry mass of roots to the dry mass of the whole seedling. Community-weighted mean trait values (i.e., reflecting the central behavior of species within a community using plot-level trait values weighted by species abundances) for function traits were computed through the use of the R package “FD” (Muscarella and Uriarte, 2016).

Based on the census, we could estimate the species diversity of seedlings and trees, which was quantified using the Shannon-Wiener index (Spellerberg, 2008). This index contains information on species richness and evenness. The coefficient of variation was calculated as the ratio of the standard deviation of all measurements to the mean measurement (Zhang and Chen, 2015). We calculated the coefficient of variation of tree diameter at breast height within each tree plot.

Topography can influence plant richness and soil properties and thus soil fungal diversity (Wang et al., 2022). Convexity is one of the topographic factors that affects the distribution patterns of tree species in the plot (Lan et al., 2011). Convexity, as in the relative curve of the plot surface, was determined by subtracting the average elevation of eight adjacent tree plots from the elevation of a center tree plot (Lan et al., 2011). To calculate the convexity of the boundary plot in the 30 hm2 forest dynamics plot, the elevation at the center was subtracted from the average elevation of the four corners. To ensure linear meaning for the aspect data, we transformed the aspect compass data into a continuous variable for our 750 tree plots in the northern hemisphere using the aspect transformation method (Yu and Sun, 2013). This method usually reflects changes in humidity and heat.

We computed the Shannon-Wiener index for both bacteria and fungi using the data of OTUs for the 375 tree plots. To confirm normality of bacterial and fungal diversity data, we employed the Kolmogorov–Smirnov test with a p - value of greater than 0.05: and both were normally distributed (bacterial diversity with a p - value of 0.14 and fungal diversity with a p - value of 0.95), both tested via the function “ks.test” in R software (Marsaglia et al., 2003). We then conducted spatial autocorrelation tests on the bacterial and fungal diversity data by utilizing the latitude and longitude coordinates. These coordinates represent the cement piles which simultaneously marked the corner of both seedling and tree plots. We utilized the R function “Moran. I” from the R package “ape” to calculate the Moran’s index that is one of spatial autocorrelation test parameters (Gittleman and Kot, 1990; Paradis and Schliep, 2019). Moran’s index shows that both bacterial and fungal diversity exhibit spatial autocorrelation, indicated by p < 0.05. We interpolated the bacterial and fungal diversity from our 375 plots up to the scale of all 750 plots based on the coordinates of all shared cement piles. This was carried out using the ordinary Kriging method by the R packages “sp” and “gstat” (Pebesma, 2004).

We searched for the mycorrhizal type corresponding to the plant species in the published FungalRoot database and associated data from the GBIF website (Soudzilovskaia et al., 2020). We could identify the mycorrhizal type in 61 and 49% of seedlings and trees at the species level, respectively. At the genus level, mycorrhizal types were identified in 98% of seedlings and 96% of trees. For the other remaining species, we retrieved and estimated their mycorrhizal types at the family level and referred to the relevant records on the Angiosperm Phylogeny Website2 for confirmation. To evaluate the effects of different associations between mycorrhizal fungi and plants, we utilized the abundance of different mycorrhizal trees and seedlings.



2.3 Analysis of mycorrhizal strategies

We define a community that contains only one type of plant-mycorrhizal association as a single mycorrhizal community, and the mixed mycorrhizal community that contain more than one. The most important abiotic factors were identified using principal component analysis (PCA). The PCA result data obtained from PCA analysis of soil and topology were used for subsequent analysis. The linear transformation coefficients for the conversion of soil and topography raw data into PCA result data are the rotation parameter, which indicate the relationship of the PCA result data to the raw data. The correlation between the abundance of diverse mycorrhizal trees and seedlings was examined. We standardized all variables using the basic function “scale()” of the R software to eliminate differences in data units and to ensure normality of the variables. Multiple regression models were constructed using seedling species diversity as the dependent variable and the remaining observed variables as independent variables. The optimal regression model was selected utilizing the R package “MASS” via stepwise regression. The Akaike information criterion served as the basis for selection. We screened out potential factors based on the magnitude of the variance inflation factor to avoid multicollinearity among the independent variables in the optimal regression model. Using a threshold for multicollinearity of a Pearson’s correlation coefficient greater than 0.60 between factors, the most representative factors were chosen to replace those causing multicollinearity.

The independent variables (i.e., the biotic and abiotic factors) affecting seedling species diversity that were retained after screening were used for further analysis. Comparisons were made between the single mycorrhizal community and the mixed mycorrhizal community for the independent variables using the “T-test” or “Wilcoxon test” approach on R software. To demonstrate the trend of large datasets objectively, we used the box-plot to illustrate the comparison findings. Among the results of the comparative analyzes, we picked out noteworthy differences among communities to use as input parameters for training and predicting support vector machines (SVM) implemented using the R package “e1071.” The SVM is a supervised learning algorithm that classifies and predicts based on high-dimensional feature data. We use the validation set approach to evaluate SVM models. Approximately 70% of the plot data was designated for SVM training, whereas the remaining 30% (i.e., the validation set) was set aside for evaluating accuracy. We illustrated the spatial distribution of various mycorrhizal plants and the SVM forecasts of mycorrhizal strategies in seedling communities in a series of spatial grid maps.



2.4 Structural equation models and path analysis

The structural equation model (SEM) is a statistical method for analyzing the relationship between variables based on their covariance matrices, and is an important tool for multivariate data analysis. The SEM includes latent variables that are difficult to measure, as well as observed variables that can be directly measured and used to represent these latent variables. Based on the research experience detailed in the introduction of this paper, a sequential left-to-right chain of relationships between latent variables was hypothesized: “Topography–soil nutrients – soil microbial diversity – tree diversity – functional traits – ectomycorrhizae – arbuscular mycorrhizae – seedling diversity.” For each latent variable we chose one or more appropriate observed variables to measure and quantify, as detailed in the section “2.2 Data collection” of the article. After the data dimensionality reduction of observed variables in section “2.3 Analysis of mycorrhizal strategies,” the interrelationships among the latent variables were explored using a series of SEMs and the observed variables.

The mixed mycorrhizal and the single mycorrhizal communities were represented by a total of 473 plots with two or more mycorrhizal plant species and an additional 166 plots with only one mycorrhizal plant species, respectively. The variables that were ultimately kept from the multiple regression model were used as observed variables to create the SEM with the R package “lavaan” (Rosseel, 2012). The Chi-squared test was used to test the extent to which the model fit matched the observed data. The null hypothesis is that the model fit is significantly different from the observed data. The Chi-squared test’s p > 0.05 indicates that there is no significant difference between the model fit and the observed data (i.e., the model fits well), so the null hypothesis is rejected. The assessment metrics for the SEM can also indicate good fit for the model: Comparative fit index (CFI > 0.95), root mean square error of approximation (RSEMA <0.05), goodness-of-fit index (GFI > 0.95), and standardized root mean square residual (SRMR <0.05).

Both direct and indirect paths showed statistically significant correlations between variables, as demonstrated by the SEM. The standardized coefficient of the direct path can be interpreted as a measure of the direction and magnitude of the direct contribution, whereas, the indirect standardized coefficients can be obtained by multiplying all standardized coefficients in each complete pathway of a variable connected to the seedling diversity. Finally, the indirect standardized coefficients are combined to calculate the net indirect standardized coefficient of the variable in question (Yuan et al., 2020).




3 Results


3.1 Mycorrhizal strategies in seedling communities

In the monsoon broad-leaved evergreen forest, EM seedlings were the most abundant, though AM seedlings displayed higher species richness (Table 1). In the mixed mycorrhizal community, EM seedlings had the greatest abundance, though AM seedlings were in a greater number of plots and we were more likely to find single mycorrhizal communities dominated by AM than by EM (Table 1).



TABLE 1 Species, abundance and plots of seedling in different mycorrhizal communities.
[image: Table1]

In the results of principal component analysis of the mixed mycorrhizal community, soil principal components 1, 2, and 3 together explained 66.59% of the variance in soil nutrient elements, and topography principal components 1 and 2 together explained 60.70% of the variance in topography elements. The rotational parameters are the linear transformation coefficients between elements with principal components. The soil principal component 3 (SPC3) was retained in the stepwise regression process, mainly contributed by soil available phosphorus (rotational parameter: 0.50) and soil pH (rotational parameter: −0.68). The topography principal component 1 (TPC1) was retained in the stepwise regression process, mainly contributed by elevation (rotational parameter: 0.72) and convexity (rotational parameter: 0.65).

For the mixed mycorrhizal community, Pearson correlation analyzes showed a significant negative correlation between EM tree abundance and tree species diversity (R = −0.74) and a significant positive correlation with tree abundance (R = 0.79) (Supplementary Figure S1). Therefore, we chose EM tree abundance instead of tree species diversity and abundance. Based on the above experience, the abundance of AM and EM trees was retained to represent tree diversity. Similarly, in the subsequent analysis of the single mycorrhizal community (Supplementary Figure S2), we replaced tree species diversity and tree abundance with EM tree abundance and tree species richness to represent tree diversity.

The slopes of the fitted lines and the adjusted R-squared values suggest that seedling abundance in the mixed mycorrhizal community primarily increased due to the rise of EM seedling abundance (Figure 2A). In contrast, the rise in seedling abundance in the single mycorrhizal community depended mainly on the increase in AM seedling abundance (Figure 2B). The linear relationship between the abundance of different mycorrhizal tree species on seedling abundance was not significant. The quantitative relationship between AM seedlings and EM seedlings was either positive or neutral.

[image: Figure 2]

FIGURE 2
 The quantitative relationship between seedlings and mycorrhizal plants. (A) Mixed mycorrhizal community, (B) Single mycorrhizal community. The shaded areas represent 95% confidence interval.




3.2 Ecological factors affecting seedling diversity

There was a positive relationship between seedling species diversity and AM seedling abundance, whereas as the abundance of EM seedlings increased, diversity tended to decrease (Figure 3). The emergent soil principal component 3 was negatively correlated with seedling species diversity in the mixed mycorrhizal community (Figure 3A), which we interpret as the positive effect of increasing soil available phosphorus on seedling species diversity and the negative effect of increasing soil pH on seedling species diversity. Topography principal component 1 was positively correlated with increasing seedling species diversity in the mixed mycorrhizal community (Figure 3A), that is to say that increases in either elevation or convexity tended to be associated with increases in seedling species diversity. Furthermore, the seedling species diversity was higher in plots with an overall higher tree species richness, though only in the single mycorrhizal community (Figure 3B).

[image: Figure 3]

FIGURE 3
 Multiple linear regression results. (A) Mixed mycorrhizal community, (B) Single mycorrhizal community, SPC3, Soil principal component 3, TPC1, Topography principal component 1. Black squares represent variables that have a significant effect on seedling diversity (p < 0.05), while gray squares are the opposite.


The mixed mycorrhizal community tended to have overall higher seedling species diversity, EM seedling abundance, EM tree abundance, and tended to be at higher elevation with greater convexity when compared to the community dominated only by a single mycorrhizal type (Figures 4A,B,D,G,H). On the other hand, leaf thickness, tree species richness, and soil pH were found to be lower in the mixed community than in the single mycorrhizal community (Figures 4C,E,F). No significant differences were observed in soil available phosphorus and the abundance of AM trees and AM seedlings in seedling communities with different mycorrhizal strategies.

[image: Figure 4]

FIGURE 4
 Comparison of key factors affecting seedling species diversity between two mycorrhizal communities. MMC, Mixed mycorrhizal community, SMC, Single mycorrhizal community, (A) Seedling species diversity, (B) EM seedling abundance, (C) Leaf thickness (mm), (D) EM tree abundance, (E) Tree species richness, (F) Soil pH, (G) Elevation (m), (H) Convexity. The box-plot of SMC in panel B cannot be displayed due to too many 0 values. The level of significance: ***p < 0.001.




3.3 Spatial distribution of seedling communities

The prediction results for the validation set data showed that SVM is 91.15% accurate. The accuracy of the prediction results for all seedling plots was 87.79%. Single mycorrhizal plots were primarily found in concave habitats, such as gullies and ravines (Figure 5A). In contrast, mixed mycorrhizal plots were more common and widely distributed on slopes and ridges (Figure 5A). It is worth noting that the seedling communities’ actual distribution corresponds well with the distribution predicted by the SVM (Figure 5B).

[image: Figure 5]

FIGURE 5
 Spatial grid maps of different mycorrhizal communities. 
(A)
 The reality of seedling plot locations, (B) The prediction of seedling plot locations. We used tree plots to represent seedling plot locations because tree and seedling plots correspond in plot numbers.




3.4 The process of habitat affecting seedling diversity

The study found that AM and EM have positive and negative effects on seedling diversity, respectively (Figure 6). A positive correlation was identified between EM and AM in the mixed mycorrhizal community (Figure 6A). With respect to functional traits in the mixed mycorrhizal community, leaf thickness had a positive impact on both seedling species diversity and AM seedling abundance, was negatively associated with EM seedling abundance (Figure 6A). Tree diversity, which encompasses AM tree abundance (standardized coefficient = 0.38) and EM tree abundance (standardized coefficient = −0.65), had an indirect impact on seedling diversity within the mixed mycorrhizal community, due to its influence on AM and functional traits (Figure 6A). Of the abiotic factors, topography and soil nutrients had both direct and indirect effects on seedling diversity within the mixed mycorrhizal community (Figure 6A), but neither had a direct impact on seedling diversity or the abundance of mycorrhizal plants in the single mycorrhizal community (Figure 6B). Tree diversity, which encompasses tree species richness (standardized coefficient = 0.60) and EM tree abundance (standardized coefficient = −0.61), had an indirect effect on seedling diversity in the single mycorrhizal community by influencing EM seedling abundance (Figure 6B).

[image: Figure 6]

FIGURE 6
 The paths of factors affecting seedling diversity. (A) Mixed mycorrhizal community, (B) Single mycorrhizal community. R2 values indicate the proportion of variation in seedling diversity explained by the model. Bolded text is the latent variable. Below the latent variables are the observed variables. Path coefficients next to the arrows indicate significant standardized prediction coefficients. SEM’s evaluation metrics include the value of p of the Chi-squared test (p > 0.05), CFI, comparative fit index (CFI > 0.95), RSEMA, root mean square error of approximation (RSEMA < 0.05), GFI, goodness-of-fit index (GFI > 0.95), and SRMR, standardized root mean square residual (SRMR < 0.05). The level of significance: ***p < 0.001, **p < 0.01, *p < 0.05.


Topography, soil nutrients, functional traits, and EM directly and indirectly influenced seedling diversity (Figure 7). Tree diversity had the largest indirect contribution (Figure 7). In the mixed mycorrhizal community, functional traits contributed most to seedling diversity, followed by AM, EM, topography, and soil nutrients (Figure 7A). AM had largest direct contribution on seedling diversity (Figure 7A). For seedling diversity within the single mycorrhizal community, EM abundance had the most significant impact, followed by AM and tree diversity (Figure 7B). Furthermore, EM had the largest direct impact (Figure 7B). The seedling communities with different mycorrhizal strategies were influenced by the abundance of mycorrhizal seedlings and trees (Figure 7).

[image: Figure 7]

FIGURE 7
 Relative contributions of biotic and abiotic factors to seedling diversity in SEM results. (A) Mixed mycorrhizal community, (B) Single mycorrhizal community. The direct contribution is represented by the direct path coefficient from the variable to seedling diversity, e.g., the path coefficient (0.368) from arbuscular mycorrhizae to seedling diversity, which corresponds to Figure 6A. Similarly, total indirect contributions require an additional calculation to summarize all indirect path coefficients from variables to seedling diversity, such as in the indirect contribution of functional traits to species diversity, which is calculated as “0.342 × 0.368 + (−0.443) × 0.145 × 0.368 + (−0.443) × (−0.190) = 0.186”.





4 Discussion

This study examined how seedling diversity may be predicted or estimated by the relative makeup of AM and EM tree species in a subtropical monsoon evergreen broad-leaved forest. Statistical analysis indicated that the seedling community was, unsurprisingly, mainly composed of AM and EM seedlings. Interestingly, there was some obvious geospatial autocorrelation determining whether a given seedling plot was dominated by a single or a mixed mycorrhizal community. Mycorrhizal communities found in concave habitats, such as gullies and ravines, are typically comprised of the single mycorrhizal community. On the other hand, slopes and ridges usually host mixed mycorrhizal communities. The primary reason for this distinction lies in the varying levels of mycorrhizal plant abundance, particularly among EM seedlings and trees. Other factors influencing the ultimate relative contribution of each mycorrhizal type could be linked to both specific leaf thickness and to soil nutrient content. The abundance of AM trees or seedlings did not significantly vary among different mycorrhizal communities and their corresponding tree communities on small-scale plots. Although there are more plots with only AM-associated seedlings, the abundance of EM seedlings is higher than that of AM seedlings, and the mixed community diversity was consequently affected by the abundance of both AM and EM seedlings. In the path of SEM results, AM and EM tree abundance, representing tree diversity, were positively correlated with AM and EM seedling abundance, respectively, indirectly affecting seedling diversity. Thus, trees could potentially affect the seedling diversity by increasing the presence of seedlings belonging to the same mycorrhizal type.

In the mixed mycorrhizal community, the abundance of AM seedlings had a greater influence on diversity than the abundance of EM seedlings, and as there are overall fewer EM seedling species, increases in the number of EM seedlings reduced seedling diversity. This, and many of our results, are due to the increased number of AM plant species relative to EM plants (Soudzilovskaia et al., 2015). Furthermore, a pair of recent papers suggest that forests with multiple mycorrhizal types can be more productive than those of a single mycorrhizal type (Carteron et al., 2022; Luo et al., 2023). We observed that diversity was highest in seedling communities of mixed mycorrhizal type, and as diversity and productivity are often positively associated, we find our results consistent with their findings.

Our results also suggested that functional traits also contributed to seedling diversity. Greater leaf thickness in communities limited by habitat filtering may lead to increased AM seedling abundance and reduced EM seedling abundance – simply as a consequence of the increased likelihood that an AM seedling species will be able to exist in that habitat as a result of the higher number and more diverse body of AM seedling species. Leaf thickness corresponds to the ability of a plant or community to cope with water stress (Onoda et al., 2011). AM plants dominate in dry climates, whereas EM plants prefer wet climates that have lower selection pressure (Jo et al., 2019; Kilpeläinen et al., 2020). The EM fungal colonization is known to be strongly influenced by seasonal precipitation and significantly inhibited by drought (Soudzilovskaia et al., 2015; Patterson et al., 2019; Lagueux et al., 2021). Thus, the dry season in the monsoon broad-leaved evergreen forest may be an important factor in weakening the dominance of EM seedlings (Soudzilovskaia et al., 2015). Moreover, it has been suggested that weak competition for resources among coexisting species that jointly experience drought stress favors the recovery of plant communities after drought periods, while the opposite is true for single-species communities (Chen et al., 2022). Then, the coexistence of different mycorrhizal seedling species to reduce interspecific competition may also be a continuation strategy developed by the community after long-term adaptation to drought stress. It is worth noting that more EM plants producing EM fungi to resist pathogens is beneficial for the survival of EM seedlings as well as surrounding AM seedlings (Chen et al., 2019; Liang et al., 2021). However, in a high diversity subtropical forest, AM plants are more efficient at nutrient resorption and litter decomposition, thereby increasing net primary productivity and ultimately dominating the forest plot (Deng et al., 2023). At the same time, the inhibition of AM fungi to EM fungi and mycelial networks leads to decreased nutrient acquisition and reduced competitive ability of EM plants (Chen et al., 2016; Deng et al., 2023). Therefore, we suggest that the benefits and drawbacks of coexisting AM and EM seedlings have the potential to reconcile their quantitative relationships, leading to a mixed mycorrhizal strategy for seedling communities. In addition, specific leaf area and root mass fraction, which represent the nutrient uptake capacity of the seedling community (Cornelissen et al., 2003), did not significantly affect seedling abundance as well as the distribution of mycorrhizal communities. This also means that the nutrient uptake capacity of AM and EM seedlings within the subtropical monsoon broad-leaved evergreen forest is not constitute a limitation to the formation of seedling diversity.

Our results indicate that EM and AM seedling composition was consistent with the relative abundance of overstory EM and AM trees in terms of quantitative variation, respectively. A considerable body of evidence suggests adult trees regulate their local soil microbiome, which would suggest they play both a direct and indirect role in the establishment of new trees of the same mycorrhizal type (Fort et al., 2021). The strong interaction between EM seedlings and EM fungi is related to the small range size of EM trees (Karst et al., 2018). Studies at the species level have previously demonstrated the negative density dependence on seedlings by conspecific parent trees (Liu H. et al., 2021). Although it has been argued that the dominant AM trees in forests inhibit the formation of EM networks (Deng et al., 2023), the soil in our study area contains a large number of EM fungi (Wang et al., 2022), proving that the EM networks are not sufficiently influence (Karst et al., 2023). More EM fungi also predicted that the single mycorrhizal strategy is more likely to occur in EM plant communities (Averill et al., 2022). In contrast, the fact that the single mycorrhizal community diversity was dominated by more AM seedling plots is a result of the increased number of AM plants. The contradictory results imply that the genesis of the single mycorrhizal community may not have been captured in our study. On the one hand, fewer seedlings in this environment happen to be captured by the small survey scale, resulting in single mycorrhizal plots appearing. On the other hand, there may be more potential disturbances in the concave environment, such as drinking and feeding activities of animals in gullies or ravines (Krishnadas et al., 2018; Williams et al., 2021), the unfavorable effect of wet conditions on seed germination (Fort et al., 2021), the shade stress of large herbs (Li et al., 2020) and so on.

Survival of mycorrhizal plants can be enhanced by the ability of mycorrhizae to facilitate nutrient uptake (Averill et al., 2022). In subtropical forests, AM fungi have been shown to promote soil available phosphorus (P) production and alleviate P limitation, allowing forests to maintain high biomass and community diversity despite intense soil weathering that has left these ecosystems P-limited (Liu Y. et al., 2021). Our results also suggest that the soil available phosphorus does promote tree diversity, though it had a negative influence on seedling diversity (perhaps through increasing competition) and the overall contribution of P to diversity is relatively small. The positive effect of soil available phosphorus on AM tree abundance also suggests a potential positive association of AM fungi with soil available phosphorus. And the negative association of soil available phosphorus with EM tree abundance further suggested that mycorrhizal-tree interaction may drive the changes in forest community structure across soil fertility gradients (Mao et al., 2019). Existing work has shown that EM fungi promote the growth and survival of EM plants by influencing the soil nitrogen cycle (Corrales et al., 2016). Furthermore, it has been demonstrated that soil acidification caused by high soil nitrogen concentrations may inhibit the survival of AM fungi (Pan et al., 2020). Despite this, we did not observe any interactions between soil total nitrogen or hydrolyzable nitrogen and plant diversity in our study. Moreover, soil pH was negatively correlated with the abundance of AM trees, perhaps, suggesting that the soil nitrogen may not limiting the abundance of AM fungi. The previous study had also tentatively failed to identify the effects of soil nutrients on endophytic in the monsoon broad-leaved evergreen forest (Wang et al., 2022). Therefore, differences in the interaction of EM and AM with soil nutrients may also be one of the conditions for the formation of mixed mycorrhizal strategy communities. It is worth noting that altitudinal gradients in our study sites were small, but there was some contribution of topography (i.e., elevation and convexity) to seedling diversity. This phenomenon can be attributed to changes in species richness associated with environmental dissimilarity along the altitudinal gradient (Barczyk et al., 2023). In addition, changes in elevation can also lead to changes in seedling species composition due to the distribution of adult species along slopes (Xu et al., 2019).

Overall, we found that the coexistence of EM and AM seedlings is a mixed mycorrhizal strategy in seedling communities, and a larger seedling diversity in the mixed mycorrhizal community. This strategy is reflected in the fact that changes in AM and EM seedling abundance act directly on seedling diversity and mediate a range of effects of other biotic and abiotic factors. Good quantitative relationships between EM and AM mycorrhizal plants at a small scale (i.e., 1 m × 1 m seedling plots) are key to the formation of mixed mycorrhizal strategies in seedling communities. If the abundance of mycorrhizal plants restricted the formation of forest diversity, then it is possible to gain a fresh insight into the stochastic process of community assembly in subtropical or even tropical regions. That is, community species composition may not primarily, and instead community assembly is only required to maintain a certain number of mycorrhizal plants, which will hopefully be further demonstrated in future studies of species turnover.
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SUPPLEMENTARY FIGURE S1 | Pearson correlation analysis of the mixed mycorrhizal community. Note: DBHCV - The coefficient of variation of tree diameter at breast height. The results of principal component analysis of soil nutrient and topography elements included SPC1 - Soil principal component 1, SPC2 - Soil principal component 2, SPC3 - Soil principal component 3, TPC1 - Topography principal component 1, TPC2 - Topography principal component 2. The level of significance: ***p < 0.001, **p < 0.01 and *p < 0.05.

SUPPLEMENTARY FIGURE S2 | Pearson correlation analysis of the single mycorrhizal community. Note: DBHCV - The coefficient of variation of tree diameter at breast height. The results of principal component analysis of soil nutrient and topography elements included SPC1 - Soil principal component 1, SPC2 - Soil principal component 2, SPC3 - Soil principal component 3, TPC1 - Topography principal component 1, TPC2 - Topography principal component 2. The level of significance: ***p < 0.001, **p < 0.01 and *p < 0.05.
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