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Temporal change of beta diversity provides a better understanding of the extent and consequences of species composition in forest communities with the ongoing global climate change. However, relatively little is known about temporal beta diversity changes across vertical stratification in the forest. In this study, we divided more than 5,000 tree individuals from a mixed broadleaf-conifer forest into four vertical strata (i.e., shrub, subcanopy, lower canopy, and upper canopy) to quantify how vertical stratification drives the temporal change of taxonomic and phylogenetic beta diversity. We found that taxonomic beta diversity significantly decreased while phylogenetic beta diversity showed an insignificant increase after 5 years. When considering vertical stratification, taxonomic beta diversity in the subcanopy, lower canopy, and upper canopy significantly changed with inconsistent directions, but phylogenetic beta diversity in the shrub significantly increased. Moreover, the significant decrease in taxonomic beta diversity is mainly driven by changes in species composition in shrub and subcanopy stratification (with 85.89% contributions). The changes in phylogenetic beta diversity are driven by shifts in the shrub and upper canopy (with 96.02% contributions). Our study suggests that taking community vertical stratification into consideration contributes to a better understanding of temporal beta diversity in forest communities.
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1. Introduction

Beta diversity is defined as the spatial variation in species composition among sites, providing insights into the ecological processes and driving patterns of biodiversity in the context of the ongoing global climate change (Whittaker, 1960; Anderson et al., 2011; Magurran et al., 2018, 2019; Reu et al., 2022). Growing concerns about the state of biodiversity change with climate change highlight the need for a better understanding of the extent and consequences of species composition in forest communities. Forest communities are dynamic (Hilmers et al., 2018; Legendre, 2019; Wang et al., 2020a), and the shifts within the community may drive temporal patterns of beta diversity (Magurran et al., 2018; Tatsumi et al., 2021). However, relatively little is known about how temporal beta diversity changes across vertical stratification in forest communities. The understanding of temporal beta diversity within forests can help us to understand forest community succession and highlight principal driving factors (Magurran et al., 2019).

In the process of forest community succession, the change in landscape of beta diversity may be affected by multiple factors. A study on the Loess Plateau of China (Chai et al., 2016) showed that taxonomic beta diversity did not change significantly with succession; however, other studies have found that taxonomic beta diversity decreased with succession (Kavgacı et al., 2010; Purschke et al., 2013). This difference may be related to forest age (Dalmaso et al., 2020), local climate (Keil et al., 2012), topography (Ahmad et al., 2020), research scales (Zhang et al., 2015), and other factors. Most studies of phylogenetic beta diversity showed a downward trend with succession (Purschke et al., 2013; Chai et al., 2016), indicating that deterministic processes gradually dominated the shift of phylogenetic structure in the community. The changes in temporal taxonomic and phylogenetic beta diversity can be explained at the species level (Tatsumi et al., 2021), and exploring the variation in diversity of different community structures containing different species composition can help provide greater insight into community successional mechanisms.

The vertical structure is an important structural feature of forests (Hao et al., 2007). Each vertical stratification has different levels of light absorption and transpiration (Tian et al., 2023), resulting in a pattern of vertical stratification of species composition (Onaindia et al., 2004; Wang et al., 2020b). Species occupying different vertical strata may show different responses to disturbance (Peterson and Reich, 2008; Decocq et al., 2014) such as climate change (Nakamura et al., 2017), among others. Therefore, as natural community succession progresses, the biodiversity represented across vertical stratification may also show alternative temporal changes with consequential impacts on the community as a whole. However, the contribution of diversity changes of each vertical stratum to overall diversity shifts during succession is unknown. Exploring this part of the research gap may help us to better understand the different outcomes of temporal beta diversity. In addition, previous studies have adopted a fixed standard method for measuring vertical stratification (Onaindia et al., 2004). However, this method does not account for the difference in local forest structure or the temporal change in structure that may occur during succession (Marziliano et al., 2013). Thus, in this study, we utilize a quantitative stratification method that accounts for the local variation of forest structure (Latham et al., 1998; Maeda et al., 2022). It is practical and meaningful to explore the temporal diversity of vertical stratification based on quantitative methods.

In this study, we explored the changes in taxonomic and phylogenetic beta diversity of vertical forest stratification during succession. We utilized tree census data from the Dongbaishan 1 ha mixed broadleaf-conifer forest in the Zhejiang Province in China (Wang et al., 2015), which was surveyed in 2013 and 2018. Individuals with DBH ≥ 1 cm were divided into different vertical stratification according to their height by using the TSTRAT algorithm and k-means cluster analysis. We focused on the following questions:


(1)How does taxonomic and phylogenetic beta diversity change within vertical stratification in this forest?

(2)How does the beta diversity in different vertical stratification contribute to the total temporal taxonomic and phylogenetic beta diversity?





2. Materials and methods


2.1. Study area and tree survey

The study was carried out in the Dongbaishan Provincial Nature Reserve (120°22′45″–120°30′48″E, 290°30′4″–290°30′48″N) in the Zhejiang Province in China with a total area of 5,071.5 ha and the main peak at an altitude of 1,194.6 m. Dongbaishan Nature Reserve has a mid-north subtropical monsoon climate with an average annual temperature of 11.7°C and an average annual precipitation of 1,541.4 mm. The area is rich in species with a total of 179 families, 749 genera, and 1,530 species of vascular plants (Wang et al., 2015).

In 2013, a 1 ha (100 m × 100 m) fixed dynamic monitoring plot (120°23′35.69″–120°23′40.63″ E, 290°23′40.63″–290°23′40.63″ N) was established in the Dongbaishan Nature Reserve following the construction standard of CForBio (Feng et al., 2016). The plot ranges from 135 to 157 m in elevation, ranges from 8° to 62° in slope, and consists of 25 20 m × 20 m quadrats. In 2013, all woody plants with DBH (diameter at breast height) ≥ 1 cm in the plot were investigated; the investigation content includes species name, DBH, height (vertical height from root to crown), crown base height, etc. Since then, the first re-census was conducted in 2018 (Supplementary Table 1).



2.2. Division of vertical stratification

The heights of all individuals were analyzed by the k-means clustering algorithm (Hartigan and Wong, 1979) to obtain the height of definitive vertical stratification. Before that, the range of optimal clustering number k is determined based on the number of strata under different competition coefficients obtained by the TSTRAT algorithm (Latham et al., 1998). The TSTRAT algorithm defines strata based on competing cut-off points with the tree canopy in a given area:
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where CCH is the competition cut-off height, CL is the crown length, HBLC is the height-to-base of the live crown, and a is the competition coefficient. The range of a in this study is 0.3–0.5.

Then, the ideal clustering number k is found when the total sum of squares plateaus and when the gap statistic is at its maximum.



2.3. Analysis of taxonomic and phylogenetic beta diversity

The abundance-based Bray-Curtis index (βbc) (Baselga and Chao, 2016) was chosen to measure the taxonomic beta diversity of the total community and each vertical stratification:
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where A is the abundance of individuals of each species that exist in both sites j and k; B and C are the abundances of individuals that are unique to sites j and k, respectively.

The MPD_beta (interassemblage mean pairwise distance) was chosen to measure the phylogenetic beta diversity of the total community and each vertical stratification because MPD_beta was the most robust beta diversity metric to the source of the phylogeny (Li et al., 2019). In order to test whether the phylogenetic structure was different from the random expectation, a further comparison of MPD_beta with the null model was required (Miller et al., 2017). Specifically, the null model was constructed by fixing the species richness and occurrence frequency of each quadrat, and the identities of those species were randomly drawn from the whole species pool (Li et al., 2015). After constructing the null model 9,999 times, the standardized effect sizes of MPD_beta (SES.MPD_beta) were calculated as:
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where χobs is the observed value, [image: image] is the mean of the simulated values, and SDnull is the standard deviation of the simulated values. Positive SES.MPD_beta values indicate phylogenetic overdispersion, whereas negative values indicate clustering. If SES.MPD_beta = 0, it indicates that the species between the quadrats are random in the phylogenetic structure.



2.4. Statistical analysis

To examine the dynamic changes in the beta diversity of vertical stratification from 2013 to 2018, we used mixed effects models to fit βbc and SES.MPD_beta as a function of years. The year was treated as a single continuous fixed factor, and the pairwise groups between the quadrats were considered random effects. In addition, to measure the contribution of different vertical stratification to the beta diversity of the whole community, we used the “lmg” method which is a measure of the relative importance of the independent variables (Grömping, 2009).

All analyses were performed in R (version 4.2.2). The Bray-Curtis index and SES.MPD_beta were calculated using the “betapart” package (Baselga and Orme, 2012) and the “pincate” package (Kembel et al., 2010). Construction of the phylogenetic tree (Supplementary Figure 1) was completed through the “V.PhyloMaker” package (Jin and Qian, 2019, 2022). The mixed effects model was built by “lme4” packages (Bates et al., 2014). The “lmg” method was completed through the “relaimpo” package (Groemping, 2006).




3. Results


3.1. Division of vertical stratification

According to the k-means clustering algorithm and TSTRAT algorithm, when the number of classified groups reached four groups, the change of the sum of squares within the group tended to be flat (Figure 1A). The line chart of gap statistics showed that when k was four, it was the optimal number of clusters (Figure 1B). At the same time, the number of classification groups could be divided into four to six strata according to the competition coefficient (Figure 1C). Therefore, the vertical structure of the plot was divided into four strata. Combined with height data of each vertical stratum obtained according to the clustering algorithm, these four strata can be defined as shrub, subcanopy, lower canopy, and upper canopy.
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FIGURE 1
Results of the sum of squares (A), gap statistics (B), and TSTRAT algorithm (C).


Comparing the community characteristics of the four vertical strata in 2013 and 2018 (Table 1), we found that the height of each vertical stratum increased, especially in the lower canopy and upper canopy. Additionally, except for the shrub layer, the average DBH increased for each layer. Lastly, the abundance of the shrub, subcanopy, and lower canopy decreased, and the richness of the shrub and subcanopy decreased.


TABLE 1    Basic information on each vertical stratum in the Dongbaishan forest between 2013 and 2018.

[image: Table 1]



3.2. Temporal beta diversity change across vertical stratification

The taxonomic beta diversity of the secondary Dongbaishan mixed broadleaf-conifer forest decreased significantly (p < 0.001) during succession from 2013 to 2018 (Figure 2A and Supplementary Table 2), indicating that the species composition among the quadrats homogenized over time. On the other hand, phylogenetic beta diversity showed no significant trend (Figure 2B and Supplementary Table 2).
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FIGURE 2
Changes in taxonomic beta diversity (A) and phylogenetic beta diversity (B) in the Dongbaishan forest between 2013 and 2018. nsp > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.


The taxonomic beta diversity of each vertical stratum varied from 2013 to 2018 (Figure 3 and Supplementary Table 2). The taxonomic beta diversity of the subcanopy decreased significantly (p < 0.001), which indicates that the species composition among the quadrats homogenized. The taxonomic beta diversity of the upper canopy and lower canopy increased significantly (p < 0.0001), which means that the species composition among the quadrats heterogenized.
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FIGURE 3
Changes of taxonomic beta diversity in four vertical stratification in the Dongbaishan forest between 2013 and 2018. nsp > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.


The phylogenetic beta diversity of each vertical stratum also varied from 2013 to 2018 (Figure 4 and Supplementary Table 2). In 2013, the phylogenetic distance of the lower canopy was more distant than that of other vertical strata, but by 2018, the vertical stratification with the most distant phylogenetic distance between the quadrats were the upper canopy. Across time periods, the phylogenetic distance of the shrub significantly increased (p < 0.0001) and the upper canopy slightly significantly increased (p = 0.0687), whereas the lower canopy decreased.
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FIGURE 4
Changes of phylogenetic beta diversity in four vertical stratification in the Dongbaishan forest between 2013 and 2018. nsp > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.




3.3. Relative contribution of different vertical stratification to temporal taxonomic and phylogenetic beta diversity

The changes in beta diversity of each vertical stratum had different implications for the changes of beta diversity for the whole community (Figure 5). The changes in beta diversity in the shrub and subcanopy were the main explanatory variables of community beta diversity. Shrub and subcanopy together were responsible for 85.89% of the changes in taxonomic beta diversity. Shrub and upper canopy jointly were responsible for 96.02% of the changes in phylogenetic beta diversity, although, overall, there was no significant increase or decrease with succession.
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FIGURE 5
The relative contribution of different vertical stratification to temporal taxonomic and phylogenetic beta diversity in the Dongbaishan forest.





4. Discussion


4.1. Temporal taxonomic and phylogenetic beta diversity change across vertical stratification

With succession at our site, the height of each vertical stratum gradually increased, highlighting the different growth conditions and environmental adaptability of the species in each stratum. The abundance and frequency of the shrub decreased, especially the dominant species such as Schima superba and other rare species such as Litsea cubeba (Supplementary Tables 3, 4). Nevertheless, the results of partitioning beta diversity showed that there were no significant changes in abundance gradients and abundance balances (Supplementary Figures 2, 3 and Supplementary Table 5) likely because of the decrease of common abundance (concatenation of abundance among quadrats) in dominant species and the decrease of unique abundance (complementary of abundance among quadrats) caused by rare species counteracting each other on the difference of species composition of the whole community. Finally, the results also showed that the taxonomic beta diversity did not change significantly. It is worth noting that the difference in species composition between shrub stratification is determined more by the turnover of species abundance (i.e., the decrease of common abundance), which indicates that shrub species may be more vulnerable to dispersal limitation and environmental filtering (Shi et al., 2021; Hu et al., 2022).

The decrease in abundance of some rare species in the subcanopy and the frequency of some dominant species such as Pinus massoniana and Lithocar pusglaber reduced the change of abundance balances (that is, the turnover of species abundance decreased), which was characterized by a significant decrease in taxonomic beta diversity. The canopy showed an increase in taxonomic beta diversity, indicating that the difference between canopies within the community gradually increased. This result may be related to the increase of the abundance gradients, thereby indicating an influence of selective local extinction/colonization of some species in the canopy (Wang et al., 2010). Unlike the shrub, the difference in species composition among the subcanopy, lower canopy, and upper canopy was determined primarily by abundance gradients, indicating that there may be strong selective local extinction/colonization in these vertical strata. In addition, there were some species in the three higher vertical strata that do not exist in the shrub stratification (Supplementary Table 1), which might inhibit the growth of other species because of the priority effect (Gui et al., 2019; Solarik et al., 2020), thus making the components of the abundance turnover of beta diversity smaller.

Importantly, there were two extreme droughts in Dongbaishan from 2013 to 2018, which significantly inhibited the plant growth of herbs and shrubs (Copeland et al., 2016; Jacobsen and Pratt, 2018). In addition, rare species have rarer numbers of individuals and seed sources, making them more vulnerable to local extinction from strong disturbances such as drought (Tilman and El Haddi, 1992), which may have impacted the shift in community composition in Dongbaishan.

The phylogenetic beta diversity of the shrub and the upper canopy showed a downward trend and were not greater than 0, suggesting that the phylogenetic beta diversity change in the two vertical strata was driven by an increase in relatedness in the community. The phylogenetic beta diversity of the subcanopy did not change significantly, but the values were all less than 0, indicating that the phylogenetic turnover between the subcanopies was also driven by closely related individuals (Chai et al., 2016). On the other hand, the phylogenetic turnover of the lower canopy changed from being driven by randomized individuals to closely related individuals. This may be due to different responses from different vertical stratification to biotic/abiotic factors such as extreme drought and negative density dependence (Fibich et al., 2021; Yan et al., 2022).



4.2. Contribution of each vertical stratification to temporal taxonomic and phylogenetic beta diversity

In this study, we found that the taxonomic beta diversity of the community decreased with succession, indicating that the species composition among the quadrats is becoming homogenized. This can be seen in the decrease in community abundance balances and the decline of the abundance gradients (Supplementary Table 5). Combined with the changes in abundance and frequency (Supplementary Table 1), the decrease in unique abundance is essential for the changes in the taxonomic beta diversity, especially the unique abundance of rare species. From the perspective of vertical structure, this difference is mainly affected by changes in the shrub and subcanopy stratification (although the interannual taxonomic beta diversity of the shrub is only weakly significant). This may be due to the high richness of the shrub and subcanopy stratification, and there are more rare species in a few quadrats than the canopy, but because the trees are relatively small and weakly resistant to disturbance, they are easily affected by external factors (such as fire, drought, and pests) and local extinction (Lang and Knight, 1983; Klesse et al., 2021; Masaki et al., 2021; Yang et al., 2022). At the same time, the dominant species of these two strata are more likely to be affected by negative density dependence restriction and upper stratification (Sercu et al., 2017).

The phylogenetic beta diversity of the community increased, indicating that the phylogenetic turnover in the community is driven by closely related individuals to randomized individuals. This is different from the result of other studies (Purschke et al., 2013; Chai et al., 2016), possibly because the time span of this study was small and involved extreme weather events. The randomization of community phylogenetic turnover was mainly affected by changes in the shrub and the upper canopy stratification, especially the upper canopy. We found that this is because the dominant species in the upper canopy may have a greater relative influence on the species composition and phylogenetic structure of the vertical stratification below the upper canopy (Yuan et al., 2012; Nakamura et al., 2017). For example, the upper canopy may influence competition in the lower stratification, especially in the shrub (Oberle et al., 2009).




5. Conclusion

Analysis of taxonomic and phylogenetic beta diversity in each vertical stratification of the community during succession provides insight into the influence of dynamic vertical distribution patterns on the forest plant community as a whole (Chai et al., 2016; Gui et al., 2019; Magurran et al., 2019). During succession, taxonomic and phylogenetic beta diversity varied across vertical stratification, suggesting that the assessment of community diversity requires data collected across the vertical space. In this subtropical secondary mixed coniferous forest, species composition differences across a successional period were mainly influenced by a decrease in unique abundance in the shrub and subcanopy stratification, while the phylogenetic turnover of the community tended to randomize, mainly driven by stochastic processes in the shrub and upper canopy stratification. We found that temporal beta diversity in this community was driven by the uppermost and lowermost stratification of the vertical structure.
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