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Abiotic factors are important to shape plant community composition and diversity through processes described as environmental filtering. Most studies on plant diversity in forests focus on adult trees, while the abiotic drivers of forest seedling community characteristics are less understood. Here, we studied seedling banks’ composition, richness, diversity, and abundance, and investigated their relationships with microsite abiotic conditions along a wide elevational gradient. We sampled seedling communities in 312 1-m2 quadrats, distributed in 13 one-ha plots in four subtropical forests in south China, covering an elevation gradient of 1500 m, for 2 years. We measured light availability, slope, and 11 soil nutrients for each seedling quadrat. We used analysis of similarities and multivariate analysis of variance to compare the composition and abiotic drivers of the four forests’ seedling communities. We then used mixed models and structural equation modeling to test the direct and indirect effects of abiotic factors on seedling species richness, diversity, and abundance. The differences in seedling community composition among these forests were mostly explained by differences in elevations and soil nutrients. Seedling diversity as Shannon and Simpson diversity index decreased with increasing elevation and increased with increasing slope, but seedling abundance and species richness did not. Elevation had an indirect effect on Simpson’s diversity index through modulating the direct effects of soil properties. Our findings show that soil properties play a prominent role in favoring differentiation in species composition among the four forests we studied and provide additional evidence to decreasing species diversity with elevation. However, this was reflected in decreasing Shannon and Simpson indices rather than species richness, which is more commonly studied. Whether and to what extent future environmental changes in climate and soil acidification will alter future forest composition and diversity needs to be investigated.
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INTRODUCTION

An important goal in plant community ecology is to understand what factors drive species composition and the diversity of communities. The processes that influence community assembly belongs to two major groups: those that focus on the effect of biotic interactions, and those that emphasize the abiotic conditions. The first mostly concerns the effects of species pool, dispersal and the interactions with neighboring plants and natural enemies, while the second studies the abiotic environment that critically contributes to form and maintain plant communities through processes described as environmental filtering (Kraft et al., 2015). These two groups of mechanisms are not mutually exclusive, but act in combination to form and maintain plant communities (Myers and Harms, 2009).

A regional species pool is defined as the sum of all species found at the regional scale. As such, we expect species richness of a community to be a subset of the regional pool. In short, if the regional pool is represented by high number of species, a given local community should have higher species richness compared to a community originating from a species-poor regional pool (Zobel, 1997). A second mechanism linking biotic interactions to species diversity concerns the interactions among conspecific and heterospecific neighboring plants and plant-animal interactions. One of the most important theories is the Janzen-Connell hypothesis, which predicts that plants found at higher density of or at closer distance to conspecifics suffer lower survival (Janzen, 1970; Connell, 1971). This hypothesis mostly applies to younger life stages such as the seed-to-seedling transition, and although its strength is debated, it is widely considered a relevant mechanism to explain species coexistence (Song et al., 2020; Hülsmann et al., 2021; LaManna et al., 2021).

In addition to biotic factors, the abiotic environment strongly contributes to explain patterns of species diversity and community structure (Myers and Harms, 2009). Each and every species is best suited to colonize an area or microsite matching its fundamental niche, and spatial variation in environmental conditions at different scales allow different species to coexist (Silvertown, 2004). It follows that community composition and diversity can vary along environmental axes, with implications for species distribution and coexistence. Among many abiotic factors, plant communities are influenced by elevation, soil properties, topography, and light availability.

At larger spatial scale, elevation has long been studied for its prominent role in gradients of species richness (McCain and Grytnes, 2010; Laiolo et al., 2018). Species richness is most often found to decrease with increasing elevation (Mohandass et al., 2017; Song et al., 2021a), but patterns such as mid-altitude peaks are also common (Rahbek, 1995; Vetaas and Grytnes, 2002) and for some taxa (e.g., lichens) an increase in species with elevation has been reported [Bässler et al., 2016, but see also Baniya et al., 2010 for an example of humped relationships]. Commonly, lower richness found at higher elevation is linked to smaller land area available in mountain tops or climatic variation, with elevation being a proxy of temperature, precipitation, and productivity (McCain and Grytnes, 2010). Other mechanisms that can explain the relationship between elevation and species richness include the variation in local abiotic conditions such as light and soil nutrients (Ediriweera et al., 2008; Homeier et al., 2010).

There is a clear association between species distribution and soil properties in species rich forests (Sollins, 1998; John et al., 2007; Condit et al., 2013). This can be explained by the variation in tree growth and survival rates with soil type or with changing availability of soil nutrients (Zemunik et al., 2018). Thus, the composition and diversity of plant communities can change along gradients of soil resource availability (Ricklefs, 1977). If adult individual trees distribution patterns are at least in part explained by soil properties, seedlings should experience similar environmental filters that would allow them to successfully grow into reproductive individuals. Indeed, evidence suggests that seedling growth and survival and spatial distribution can be strongly influenced by soil nutrients (Holste et al., 2011; Andersen et al., 2014; Xia et al., 2019), including previous work in the forests studied here (Martini et al., 2020). However, to what extent seedling bank diversity is affected by soil nutrients is less known compared to more established patterns for adult trees.

Topographical features are an important component of mountain forest ecosystems, and species show some degree of specialization to favorable topographical microsites. For instance, topography was a major determinant of species composition in tropical and subtropical forests in Sri Lanka and China (Gunatilleke et al., 2006; Wang et al., 2009), and many tree seedlings showed significant habitat association to topography in a subtropical forest in China (Song et al., 2018). This species-habitat association is then reflected in gradients of species richness and diversity that change with topographical characteristics (Homeier et al., 2010). However, patterns are not consistent and can vastly depend on local flora and evolutionary history (Irl et al., 2015).

The availability of light is a critical requirement for plant growth and survival (Kobe, 1999; Beckage and Clark, 2003). Similar to soil conditions and topography, increasing light heterogeneity can increase species diversity, for example through gap dynamics generated by falling trees (Hubbell et al., 1999). Light is especially important at the earlier life stages, when individual seedlings strongly rely on external resources for their growth and survival and unfavorable conditions can lead to increased mortality (Kobe, 1999) or could filter species sensitive to unsuitable light conditions (Goodale et al., 2012; Song et al., 2021b). Further, greater light availability could allow the coexistence of tree seedlings from different ecological groups resulting in high species diversity (Song et al., 2018).

In this study, we investigated the relationship between several abiotic factors and seedling community characteristics, measured as seedling species composition, abundance, species richness, and diversity. We decided to study seedlings because they represent a critical bottleneck in plant recruitment and understanding their regeneration dynamics in relation to their environment is important to better comprehend forest community structure (Grubb, 1977; Queenborough et al., 2007). Further, recent studies in this region provided initial evidence on the important role of environmental filtering in shaping seedling emergence and tree diversity in these forests (Castillo-Díaz et al., 2021; Shi et al., 2021). Using data from four subtropical forests distributed along an elevation gradient of 1500 m, our goal was to elucidate the main abiotic drivers that determine seedling bank composition, abundance, and diversity, by investigating both direct and indirect relationships. We expected seedling communities of the four forests to show high dissimilarity, and that elevation and soil nutrients would drive the variation in community composition (hypothesis 1). We hypothesized that more diverse seedling banks will be found at lower elevation and in sites with higher light availability, where we also expected greater seedling abundance due to greater abundance of pioneer species. We also expected that local soil conditions would play a role in shaping seedling communities’ diversity (hypothesis 2). Finally, we expected to find elevation and local topographic conditions to indirectly influence seedling banks characteristics by affecting soil conditions (hypothesis 3).



MATERIALS AND METHODS


Study Sites

We conducted this study in four natural forests in Guangxi Zhuang Autonomous Region in south China. We used a network of 1-ha plots established for monitoring long-term forest dynamics and distributed among four National Nature Reserves (Supplementary Figure 1): (1) Cenwanglaoshan (24°21′ N, 106°27′ E) is classified as a deciduous broad-leaf mixed forests, with mean annual temperature (MAT) of 14°C and total annual precipitation (TAP) of 1857 mm; (2) Dayaoshan (23°52′ N, 110°01′ E), is defined as a broadleaf evergreen and broadleaf evergreen monsoon forest with MAT of 17°C and TAP of 1824 mm; (3) Mulun (25°07′ N, 107°54′ E), is a subtropical mixed evergreen deciduous broadleaf forest located in a karst region al low elevation, and has a MAT of 19°C and a TAP of 1500 mm; (4) Huaping (25°36′ N, 109°50′ E), is the northernmost site and presents a deciduous broad-leaf mixed forest with MAT of 13°C and TAP of 2100 mm. All plots were placed in areas containing intact forest cover and minimum anthropogenic disturbance. We selected 13 one-ha plots located within these four forest sites, representing a broad elevation gradient of approximately 1500 m. Cenwanglaoshan included five 1-ha plots positioned at 1400, 1500, 1550, 1750, and 1850 m asl, Dayaoshan had four 1-ha plots found at 500, 650 1200, and 1300 m asl, while for Mulun and Huaping we had two 1-ha plots in each forest, located at 400 and 650 m asl and 820 and 900 m asl, respectively.



Data Collection

Surrounding each 1-ha plot we set up eight census stations consisting of a central seed trap and three 1-m2 seedling quadrats. Each station was located 2 m outside the perimeter of the plot, at each corner and in the middle of each side (Supplementary Figure 2). Thus, our study counted 312 seedling quadrats (13 1-ha plots × eight census stations per plot × three seedling quadrats per census station). Within each 1-m2 quadrat, we tagged all tree and shrub seedlings at the beginning of the study in November 2017 and monitored the seedling dynamics for the following 2 years, until November 2019. We recorded all free-standing woody plants ≤ 50 cm in height at the first census (defined as seedlings), and then recorded all new recruits for 14 total censuses over the 2-year period. For the first 1.5 year we visited the plots at monthly or bimonthly intervals, and we conducted a final visit 6 months thereafter. When possible, we collected voucher specimens of all species from individuals found in the vicinity of the monitored seedling quadrats and we prepared herbarium specimens that we used for identification by taxonomists from the College of Forestry of Guangxi University and the Guilin Institute of Botany. Additionally, we took digital photographs of all seedlings, which were used for the morpho-species classification of non-identified individuals (9% of the individuals belonging to the rarest species).

We measured several abiotic variables that are known to drive plant species distribution and community composition. For analysis of soil nutrients, we collected four samples outside the perimeter of each seedling quadrat between September and October 2017 using a soil core with a 5-cm-diameter and 10-cm-depth. We removed the litter before sampling, and the samples were mixed and stored together in labeled bags. When we could not sample the soil immediately next to the seedling quadrats due to stony or rocky terrain, we collected the samples in the closest nearest area within 2 m from the quadrat. If that was also not possible, we did not collect any samples. We air dried the samples in the field station from the collection date until transportation for further processing. At Guangxi University we removed roots, stones and other materials, hand broke larger pieces into smaller pieces and air dried them at room temperature for 1 month. When the samples were dried, we sieved them using two sieves of 0.25 and 2 mm mesh size. For each mesh size, we extracted 100 g of soil, and stored them in labeled plastic bags. The soil analyses were conducted at the Xishuangbanna Tropical Botanical Garden Central Laboratory (Yunnan, China) for the following soil nutrients: total nitrogen (N), total carbon (C), available phosphorus (P), available potassium (K), calcium (Ca), iron (Fe), magnesium (Mg), manganese (Mn), and sulfur (S), as well as soil pH. We measured soil pH in water using 2.5 units of water per unit of soil with a pH meter (PHS-3C, Shanghai Precision Scientific Instrument Co., Ltd, China). For total N, total C, available P, and available K we followed the same methods employed by Xia et al. (2015), and other nutrients (Ca, Fe, Mg, Mn, and S) were measured following the same method used for available P and K. We calculated the carbon to nitrogen ratio (C:N) from the values of C and N.

We measured canopy openness using a spherical densitometer and calculated the average from four measurements taken at the four cardinal directions. We took measurements in January 2018 and August 2018 to account for possible differences in seasonality due to the presence of deciduous species. One observer (F.M.) collected all data to avoid potential differences between observers. We calculated slope for each seedling quadrat using a clinometer and we extracted the elevation data at the census station level using a GPS.



Statistical Analyses

For all the analyses we used the R programming language (v. 4.03, R Core Team, 2021). To derive basic descriptive information at the forest level, we summarized the seedling data collected over the two-year period as a matrix where each row is a forest (n = 4) and each column is a species. Each observation represents the total number of individuals for each species in each plot monitored during the 2 years of investigation. From this matrix we calculated Shannon diversity index, Simpson diversity index, singletons (i.e., number of species with only one individual) and Jaccard dissimilarity index using the vegan and betapart packages (Baselga et al., 2020; Oksanen et al., 2020).

For the following analyses we summarized our data at the census station level (n = 104). To test our first hypothesis, we used non-metric multidimensional scaling (NMDS) on the abundance matrix to compare the species composition between sites using the function “metaMDS” (k = 2, trymax = 50). We removed one station because it did not have any seedlings over the entire study period. To test whether the seedling community composition was significantly different among the four forests, we conducted an analysis of similarities through the “anosim” function on a dissimilarity matrix generated from the “vegdist” function. Further, we evaluated the significance of our abiotic variables in affecting species composition. We performed a multivariate analysis of variance using the “adonis2” function and we assessed the marginal effect of all terms. We included all measured abiotic variables. We conducted all the above analyses with the package vegan and we used the package ggplot2 for visualization (Wickham, 2016; Oksanen et al., 2020).

We calculated species richness, Shannon diversity index, Simpson diversity index, singletons, Chao2 index, and seedling abundance for each census station as our response variables. Indices of species diversity, such as Shannon or Simpson indices, that emphasize evenness or dominance, respectively, are less biased by density than simple species counts per unit area. Although both indices emphasize the richness, having both adds to the more complex information of the diversity in ecosystems. The effect of the sample size is generally considered negligible for both of them. The Chao 2 index is a richness estimator based on incidence of sampled population and allows us to estimate the asymptotic richness of the seedling bank dataset accounting for additional species that remain undetected. The use of several species diversity indices is a common practice as each index can provide unique information, thus allowing greater insights on the studied communities (Morris et al., 2014).

To test our second hypothesis, we tested the relationships between measured community indices and environmental variables using (generalized) linear mixed models (GLMM) in the lme4 package (Bates et al., 2015). For each response our explanatory variables included elevation, canopy openness, slope, and soil nutrients. Because soil variables were highly correlated, we used the base “prcomp” function for principal component analysis (PCA) to summarize our 11 soil properties. This is a common method used to summarize variables that are correlated, especially for soil properties (Johnson et al., 2017; Umaña et al., 2017). The first three PCA axes loadings explained 77.7% of the variation and we used them as comprehensive variables to represent the combined soil nutrient properties. We used GLMM with negative binomial distribution for species richness, seedling abundance, and singletons as recommended compared to applying transformation on count data (Warton et al., 2016). For the other response variables (Shannon, Simpson, and Chao2 estimator) we used linear mixed models. We included a nested random effect in each model as “1| forest/plot”, where forest indicates one of the four forest sites, and plot indicate the 1-ha plot. We calculated the marginal and conditional R2 as recommended by Nakagawa et al. (2017) using the MuMIn package (Bartoń, 2020) as a measure of the amount of variance of the data explained by our models. For all models, we checked model fit by (1) plotting the residuals, (2) calculating the variance inflation factor (VIF) using the “vif” function in the car package (Fox and Weisberg, 2019), and (3) checking for the presence of spatial autocorrelation using the Moran’s I test with the ape package (Paradis and Schliep, 2019). The models performed well, all VIFs were < 2.5 (Supplementary Table 3) which we considered sufficiently low although slightly higher than what recommended by some authors (Zuur et al., 2010), and we did not detect any sign of spatial autocorrelation (all p > 0.05). We log transformed the response variable Chao2 to improve the assumptions of linear models.

To test whether elevation and slope indirectly influence seedling community characteristics by mediating soil conditions (hypothesis 3), we used piecewise structural equation modeling (SEM) using the piecewiseSEM package (Lefcheck, 2016), which allows to model both direct and indirect causal relationships. To improve the fit of the model to the data, we included circular relationships between the three PCA axes. This allowed us to develop a model that fitted the data well by Shipley’s test of directed separation (p > 0.05). We conducted one SEM for each response variable: species richness, seedling abundance, Shannon diversity index, Simpson diversity index, Chao2 index, and singletons.




RESULTS

We counted 2552 individual seedlings belonging to 169 species or morpho-species over the 2 years of our study. Our sampling effort based on species accumulation was generally adequate (Supplementary Figure 3). Seedling density was higher in Cenwanglaoshan, mostly due to the masting event of Acer campbellii subs. sinense in 2018 that saw the recruitment of 698 individuals in a single census. However, most of them only persisted for a short time (Martini et al., 2019) and at the end of the study period seedling density was similar to the beginning of our monitoring study in all forests (Supplementary Figure 4). Dayaoshan was the most diverse community among these four forests (Shannon = 3.01, Simpson = 0.92; Supplementary Table 1), while Mulun was the least diverse (Shannon = 1.92, Simpson = 0.64; Supplementary Table 1). Beta diversity measured by the Jaccard’s dissimilarity index was high (mean = 0.91, range 0.82–0.97).

As we expected (hypothesis 1), the four forests show distinct seedling communities, whose composition was significantly different based on analysis of similarities (p < 0.001, R = 0.48; Figure 2). Specifically, Mulun presented a separate community compared to the other three forests. Mulun is characterized by soil with higher concentrations of base cations such as Ca, Mg, and Mn. Huaping is located in more acidic soils, while Cenwanglaoshan has soils with higher concentrations of P, K, and Fe. Dayaoshan has a more heterogeneous environment (Figure 1). According to our expectations (hypothesis 1), the most important variables characterizing the distinction of the four forest communities were soil properties (as pH, Fe, Mn) and elevation (p < 0.05; Figure 2 and Table 1). Totally, our explanatory variables explained 16.9% of the variation in community composition.
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FIGURE 1. Principal component analysis (PCA) of the first two PCA axes of the soil properties in our study sites. Point with different colors represent census stations located in different forests: CWL = Cenwanglaoshan (red color), DY = Dayaoshan (blue color), HP = Huaping (orange color), ML = Mulun (green color).
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FIGURE 2. Non-metric multidimensional scaling (NMDS) of the four forests: CWL = Cenwanglaoshan, DY = Dayaoshan, ML = Mulun, HP = Huaping. The correlation between the environmental variables and the forests composition is also shown.



TABLE 1. Results of permutational ANOVA on the impact of the abiotic variables on seedling community composition.
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Direct Effects of Environmental Variables

We found that α-diversity measured as Shannon and Simpson diversity indices was negatively related to elevation and positively related to slope. In other words, there was greater diversity at lower elevation and in steeper microsites (Figures 3C,D and Supplementary Table 3). The relationship with elevation confirms our expectation that more diverse seedling banks are found at lower elevations (hypothesis 2). However, seedling species richness and seedling abundance were not clearly explained by any of the abiotic variables that we measured here (Figures 3A,B and Supplementary Table 3). Contrary to our predictions (hypothesis 2), light availability did not directly influence any of the community attributes assessed here. Soil composition as soil PC1 was marginally significant for Simpson index (p = 0.066). The amount of variance explained by the fixed effects in our models was higher for Shannon and Simpson with a marginal R2 of 0.22 in both cases, but it was lower for richness and abundance with 0.06 and 0.18, respectively. The results for Chao2 richness estimator and singletons were also not significant (Supplementary Figure 5 and Supplementary Table 3).
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FIGURE 3. Effects of the measured abiotic variables on (A) species richness, (B) seedling abundance, (C) Simpson diversity index, and (D) Shannon diversity index. Significant relationships at p < 0.05 are shown with filled points, while empty points are for non-significant relationships (p > 0.05). Estimated full coefficients and 95% confidence intervals (CIs) are shown for each model. On top of each figure are the marginal R2 (R2m) and the conditional R2 (R2c).




Indirect Relationships Through Path Analysis

Results from the piecewise SEM mostly resembled those from the GLMM in terms of linear relationships (Figure 4 and Supplementary Table 4). However, here, the negative effect of soil PC1 on Simpson diversity index was significant (Figure 4C and Supplementary Table 4), which relates to the loadings from soil base cations explaining most of the first axis of the PCA (Figure 1). Additionally, soil PC1 was positively and significantly related to elevation, in accordance with our hypothesis of a potential indirect effect of elevation (hypothesis 3). Therefore, elevation not only has a negative effect on seedling diversity as measured by the Simpson index, but it also increased soil PC1 which in turn negatively affected species the response variable. The richness estimator Chao2 was directly and negatively related to elevation in the piecewise SEM, while the number of singletons was not significantly explained by any of the variables tested here (Supplementary Figures 6A,B and Supplementary Table 4).
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FIGURE 4. Piecewise structural equation modeling of (A) species richness, (B) seedling abundance, (C), Simpson diversity index, and (D) Shannon diversity index. Solid black lines represent positive significant relationship (p < 0.05) and solid red lines negative significant relationship (p < 0.05). Dashed lines indicate non-significant relationships (p > 0.05). The arrow indicates the direction of the relationship. The value of the significant relationships is over imposed on the arrow.





DISCUSSION

Abiotic factors are important environmental filters that can influence the distribution of species and therefore the composition of plant communities. We analyzed the abiotic drivers of seedling banks composition and diversity in four subtropical forests in south China. We found that the species composition of the seedling banks was significantly different among the four forests, and this was mainly explained by differences in soil pH, Fe, Mn, and elevation. We also found that the diversity of the seedling community, measured as Simpson and Shannon diversity indices, decreased with elevation and increased with the slope of the microsites. Finally, we reported an indirect effect of elevation on Simpson’s diversity index via influencing soil nutrients.

The decreasing species diversity with elevation in our study support results from other studies of greater diversity at lower elevations (Vázquez and Givnish, 1998; Mohandass et al., 2017; Song et al., 2021a). In our study, we did not find any significant decrease of species richness in the seedling bank with increasing elevation, but the Shannon and Simpson diversity indices did decrease (Figure 3). A possible reason might be that we did not capture the elevation limit where species richness might start to decrease. However, the region that we studied only include few mountain peaks above little over 2000 m asl, and therefore our data offer a good representation of the elevation range of this region in south China. Our findings suggest that while the number of species might be fairly constant along the studied elevation gradient, the relative abundance of the species in the community might shift toward communities where a limited number of species dominates.

Several studies reported an association between soil nutrients and species distribution (John et al., 2007; Condit et al., 2013), including at the seedling level and at small spatial scale (Xia et al., 2019). We additionally report that among abiotic factors differences in soil conditions explain more of the variation in species community composition compared to light availability or topography (Figure 2 and Table 1). Specifically, the karst forest of Mulun presents a much more distinct community, as it would be expected given the peculiar landscape features and species adaptations to this environment (Geekiyanage et al., 2019). Greater beta-diversity between karst and non-karst adult tree communities compared to non-karst forests was also recently reported in the same region (Shi et al., 2021). Variation in soil nutrients availability has also been linked to gradients of species richness and diversity in different forest ecosystems (Huston, 1980; Cornwell and Grubb, 2003; Nadeau and Sullivan, 2015). However, we found only weak support for these relationships in our data. The only hint was given by the structural equation model with Simpson diversity index as the response variable, where soil PC1 showed a negative effect (Figure 4C). Soil PC1was mostly driven by soil S, and in part by soil N, Mn, Mg, and Ca (Figure 1). This result suggests that greater availability of these nutrients is reflected in lower diversity, and it was explained by the greater concentration of Mg, Mn, and Ca in Mulun, which is also the site with the lower diversity (Supplementary Table 1). However, studies that related multiple soil nutrients to species diversity are scarce, and results are likely to be highly site-dependent (Huston, 1980; Sollins, 1998). In addition, it is not only resource quantity that influence species diversity, but also the heterogeneity of resource availability at small spatial scales (Bartels and Chen, 2010; Homeier et al., 2010). Our study brings some support to the role of soil nutrients as drivers of species diversity but not as much as drivers of species richness, and more studies are needed to better understand these relationships. This would be especially valuable given global widespread soil acidification, including in subtropical China, which has the potential to influence patterns of species composition and richness (Azevedo et al., 2013; Yu et al., 2020).

We found that seedling diversity increased with increasing slope, providing additional evidence to the role of topographic variables in shaping forest communities (Wang et al., 2009, 2015). Most studies looking at the relationship between topography and species diversity focused on the distribution of adult trees and reported common species-habitat associations (Wang et al., 2009; Guo et al., 2016). However, there is less evidence for the seedling stage and results are mixed; some report no effects of slope position (e.g., Bentos et al., 2017). One reason might be that most studies model slope as a categorical variable, for example comparing valley vs. ridge positions (Homeier et al., 2010; Bentos et al., 2017), while here we treated slope as a continuous variable.

Light availability in forest understories is considered an important factor that favors species coexistence, especially through gap dynamics (Hubbell et al., 1999). Many studies reported that light influence seedling performance directly and indirectly through mediating biotic interactions (Montgomery and Chazdon, 2002; Comita et al., 2009; Goodale et al., 2014; Liu et al., 2015; Holík et al., 2021). However, whether greater light availability is also reflected in greater seedling abundance, species richness, or diversity is not as clear. We could imagine that microsites with more light (measured as canopy openness in this study) reaching the understory might show more abundant and diverse seedling communities due to greater recruitment of pioneer species that would join seedlings of shade-tolerant species growing before the opening. Yet, in our study we did not detect any effects of canopy openness neither on species composition nor on the diversity indices assessed. One reason might be that we did not specifically target gap and non-gap microsites, which are the main source of light variability in forests (Muscolo et al., 2014), and therefore the values of light availability were rather homogeneous (Supplementary Table 2). Further, canopy openness was similar at the forest level, which might explain why it did not contribute explain differences in species composition in our study. Yet, even minor differences of the amount of light reaching the forest floor can contribute to seedling dynamics (Montgomery and Chazdon, 2002), but this was not the case in our study sites where other factors emerged as more important.

We analyzed the abiotic drivers of seedling community composition and diversity and provided support for their variation along elevation gradients as well as with slope and soil nutrients, generally defined as environmental filters. We use this term in its broad meaning, although we acknowledge that we did not assess the effects of the abiotic factors on each species’ tolerance to a specific environment (environmental filtering sensu stricto in Kraft et al., 2015), but at a community level consideration. However, a pivotal role in shaping plant communities’ structure and diversity is also played by biotic interactions. Community composition and diversity at the seedling stage are linked to the composition of reproductive individuals found in the area investigated, both at local scale but also as the species pool at large spatial scales that can act as a species source (Zobel, 1997). Dispersal limitation was highlighted as a source of variation in beta diversity in this region (Shi et al., 2021). In addition, the strength of negative density dependence is considered a major reason for the higher diversity in tropical compared to temperate forests (Bagchi et al., 2014). Although less studied, changes in the strength of biotic interactions (e.g., competition vs. facilitation) between and within species along elevation gradients might also occur, driven by different levels of environmental stress (Pugnaire and Luque, 2001; Raath-Krüger et al., 2021). We were not able to test these processes in our study and we decided to focus on the effect of abiotic factors only. In this study, we specifically focused on the abiotic factors due to several significant challenges in obtaining relevant data. First of all, collecting a complete taxonomic data for the seedlings of this study system, where we are the first to systematically obtain seedling bank species information, to link to canopy diversity is very challenging and is an ongoing effort. Second, and lack of time sensitive methodology for accurately capture and measure the impacts from herbivores precluded us from gaining sufficient insights into the impact of biotic factors on these seedling banks. Third, one of the most important biotic factors for seedlings would be their association with soil fungal and bacterial biota, which requires significant resources to fully quantify. Hence, we did not feel that we had enough information to assess the biotic impacts on seedling bank diversity at this time. We recommend future studies to incorporate biotic data, including but not limited to community structure, species diversity of reproductive trees, herbivory and soil biota, in the assessment of factors that impact seedling bank formation and maintenance. Despite lack of biotic data being a limitation in our study, our findings are valuable to provide insights into the drivers of seedling banks diversity in subtropical forests.

Our results highlight the importance of both soil properties and elevation, which could see increasing variability in the coming decades due to changing climate leading to species migration and increasing soil acidification (Yu et al., 2020), on the diversity and composition of seedling banks. Whether and to what extent such changes will alter future forest composition and diversity, incorporating biotic factors needs to be investigated.
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