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Understory herbaceous plants are an important component of forest ecosystems, playing important roles in species diversity and forest dynamics in forests. However, the current understanding of the biodiversity of forest communities is mostly from woody plants, and knowledge of community structure and species diversity for understory herbaceous plants remains scarce. In a subtropical forest in China, we investigated understory vascular herbaceous diversity from 300 plots (5 × 5 m) in the main growing season. In this study, we analyzed the community structure and diversity pattern of the understory herbaceous community and linked the species diversity pattern to both abiotic and biotic environments. We found a rich diversity of understory herbaceous communities in this forest (81 species belonging to 55 genera), and floristic elements at the genus level were dominated by tropical elements, followed by temperate elements. The diversity pattern of the understory herbaceous showed a significant habitat preference, with the highest diversity in the lowland valleys and then followed by in middle slopes. In addition, herbaceous diversity was significantly affected by both abiotic factors (such as terrain convexity) and biotic factors (such as the diversity of surrounding woody plants). Our study indicated that species diversity of understory herbaceous showed a remarkable habitat preference, such as lowland valleys, and highlighted the importance of both abiotic and biotic environments in driving herbaceous diversity patterns in the subtropical forest understory.
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1. Introduction

Understory herbaceous plants are important components in forest ecosystems worldwide (Murphy et al., 2016), which are the most species-rich plant growth forms, even accounting for 80% of all vascular plant species in temperate forests (Gilliam, 2007). Understory herbaceous communities affect forest regeneration patterns through species interactions with woody plant seedlings (Holeksa, 2003), playing important roles in ecosystem function and biodiversity conservation (Landuyt et al., 2019). In addition, understory herbaceous plants are small in stature and have less-persistent aboveground structures than most woody plants, and their diversity is more sensitive to both spatial and temporal environmental changes (Garg et al., 2022). To date, the majority of our knowledge of forest biodiversity comes from woody plants (Murphy et al., 2016), which only represent a small fraction of biodiversity in the forest community. However, as an important component in forests, knowledge of community structure and species diversity for understory herbaceous communities remains scarce (Wang et al., 2021).

Previous studies showed that the diversity pattern and species coexistence mechanism of herbaceous plants might be quite different from woody plants (Spicer et al., 2021). On the one hand, herbaceous plants and woody plants show quite differences in the root system (Cicuzza et al., 2013), leaves, and stature, which may lead to a significant difference in responding to light resources and available nutrition (Siebert, 2002; Ramadhanil et al., 2008), and ultimately present a different diversity pattern. On the other hand, local environmental factors, such as elevation, slope (Wiharto et al., 2021), soil (Beck and Givnish, 2021; Mao et al., 2021), community edge (De Pauw et al., 2021), thinning intensity (Wang et al., 2021), and climate change (Cacciatori et al., 2022), also have been shown to have significant effects on the diversity of understory herbaceous plants. However, the effect of habitat filtration may be different between woody and herbaceous plants. For example, elevation showed opposite effects on the diversity of woody plants and herbaceous plants (Cicuzza et al., 2013; Xu et al., 2019). Therefore, a more comprehensive analysis of possible mechanisms of understory herbaceous diversity is needed, as are studies on woody plants.

However, these present studies mainly focus on tropical forests and cold temperate forests and usually do not take subtropical understory into consideration (Wang et al., 2021; Garg et al., 2022). Understory herbaceous plants in different climatic zones, such as tropical and temperate forests, may show different species richness and biodiversity (Gilliam, 2007). Moreover, almost no study has been conducted to investigate the effects of both abiotic and biotic environments on understory herbaceous diversity patterns in subtropical forests at the same time. Thus, the assessment of the community structure and diversity pattern of the understory herbaceous community and linked the species diversity pattern to abiotic and biotic environments will further improve our understanding of the ecology of understory herbaceous plant diversity (Lagomarsino et al., 2016).

The subtropical evergreen broad-leaved forest is a typical zonal vegetation type with a vast area in China (Zhu et al., 2008). Its rich vegetation diversity is much higher than that of other evergreen broad-leaved forests, and its species richness is second only to tropical rainforests (Song et al., 2005). However, the research data on herbaceous plant communities in China are limited, especially in the typical subtropical evergreen broad-leaved forest plots (Song et al., 2015).

Thus, in order to understand the community structure and diversity pattern of the understory herbaceous community and the potential contribution of abiotic and biotic environments to the species diversity pattern, we analyzed the community structure and diversity pattern of the understory herbaceous community and linked the species diversity pattern to abiotic and biotic environments in the Gutianshan 24-ha subtropical forest dynamic plot. Specifically, we focused on the following questions:


(1)What is the community structure and diversity pattern of the understory herbaceous community in the subtropical evergreen broad-leaved forest?

(2)To what extent do the species diversity pattern of herbaceous plants in the subtropical understory driven by both abiotic and biotic environments?





2. Materials and methods


2.1. Study area and herbaceous plants survey

The Gutianshan National Nature Reserve (29°10′19.4″–29°17′41.4″N, 118°03′49.7″–118°11′12.2″E) is located in Kaihua County, Zhejiang Province in China, with a total area of 8,107 ha and a typical mid-subtropical evergreen broad-leaved forest (Supplementary Figure 1A; Legendre et al., 2009). According to the ForestGEO plot construction standard (Condit, 1998; Davies et al., 2021), the 24-ha (600 m × 400 m) Gutianshan Forest Dynamics Plot (GFDP) was established in 2005 by selecting typical mid-subtropical evergreen broad-leaved forest with dominant species of Castanopsis eyrei and Schima superba (Legendre et al., 2009). The plot ranges from 446.3 to 714.9 m in elevation, ranges from 12.8 to 62.0° in slope, and ranges from 93.9 to 269.2° in aspect (Ren et al., 2022). The first tree census in the 24-ha forest plot was conducted in 2005 and re-censused at 5-year intervals. All free-standing woody stems ≥1 cm diameter at breast height (d.b.h., 1.3 m) were tagged, measured, mapped, and identified (Legendre et al., 2009; Wang et al., 2020). According to the first survey, there were 140,700 trees in total, with 159 species belonging to 49 families and 103 genera.

In order to meet the necessary systematic investigation scope and area of systematic investigation and minimize human interference to the plot, on the basis of the original 24-ha plot in Gutianshan, we divided 600 20-m × 20-m unit quadrats (as the basic stations) into two parts evenly in July 2011. Therefore, we conducted a systematic investigation of herbaceous plants in 300 stations with a 5 m × 5 m area. The position of these survey quadrats was relatively fixed in the 20-m × 20-m unit plots; that is, the east of the unit plot was the second 5-m × 5-m quadrat to the north (Supplementary Figure 1B). The herbaceous plants in the stations were systematically investigated from August to October in the main growing season in 2011. The species composition of herbaceous vascular plants in each quadrat, the number of individuals of each species (Poaceae and Cyperaceae record the number of clusters, and ferns that cannot count the number of clusters record the number of members), the average height, the coverage of each species, and the total coverage of all herbaceous vascular plants were all recorded.



2.2. Community structure of understory herbaceous

According to the existing research on the distribution types and floristic division of seed plants (Wu et al., 2003; Li, 2008; Zuo et al., 2017) and ferns (Lu, 2017), the distribution types of herbaceous genera in the plot were divided. We calculated the important value (IV) of each constituent species of the herbaceous plant community in the 24-ha plot by using the survey data of 300 5-m × 5-m quadrats:
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Thus, the relative density refers to the percentage of the number of individuals of one species to the number of individuals of all species in the whole plot.



2.3. Herbaceous diversity and habitat types

We counted the number of herb species (S) in each 5-m × 5-m survey quadrat and calculated the Shannon–Wiener index (H) and Pielou’s evenness index (E) (Whittaker, 1972; Whitney and Foster, 1988):
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where [image: image], N0 is the number of individuals of all observed species, Ni is the number of individuals of species i, and S is the species richness.

Based on the multivariate regression tree (MRT) analysis results constructed on the topography, soil, and the first survey data of the plot (Chen et al., 2010), the habitats of the GFDP were divided into the following five types: low valley, low ridge, mid-slope, high slope, and high ridge (Supplementary Figure 2). Low ridge and low valley are the two most extensive habitat types among them.

According to the sampling principle of rarefaction (Hurlbert, 1971; Heck et al., 1975), we observed the characteristics of the change curve of community species richness as the sampling number of individual herbaceous plants in the plot increased. We divided herbaceous community individuals based on their habitat types and performed the rarefaction repeated sampling. We compared the abundance of herbaceous plants distributed in different habitats and the differences in the species richness of herbaceous plants in different habitat types under the same sampling amount. We also analyzed the distribution of species diversity index of herbaceous plants in different habitat types by variance analysis and compared the differences in herbaceous plant diversity among different habitat types by the Tukey honestly significant difference (HSD) test.



2.4. Abiotic and biotic drivers of diversity pattern of understory herbaceous

We performed correlation analysis on the total herb coverage, the Shannon–Wiener index (Hherb), Pielou’s evenness index (Eherb), and the main environmental factors of the plot, then calculated the Pearson correlation coefficient matrix among the variables and performed the significance test. Environmental variables that affect the growth of herbaceous plants can reflect environmental factors, such as forest vegetation community coverage, terrain, and light conditions in the quadrat. The variables selected in this study are as follows: terrain concavity and convexity, elevation, slope, and aspect where the plot is located, canopy closure, tree community diversity in the upper and surrounding plots, and the sum of cross-sectional area at breast height (dm2) during environmental variables that affect the growth of herbaceous plants can reflect environmental factors, such as forest vegetation community coverage, terrain, and light conditions in the quadrat. The four topographic factors are calculated as the same as the 20-m × 20-m plot in which the survey plot is located (Lai et al., 2009); we defined trees on the upper level of the quadrat and surrounding and living individuals of woody plants with DBH ≥1 cm within a radius of 10 m from the center of the survey plot (including dead, broken and lodging individuals, the data are from the first review of the plot in 2010). The Shannon–Wiener index was used to represent the tree diversity, which is more comprehensive and suitable for tree communities (taking into account both abundance and evenness).

Based on the correlation coefficient test results, we used the distribution patterns of herbaceous plant diversity indices (richness S, Shannon–Wiener index H, and Pielou’s evenness index E) in each survey quadrat as fitting variables, performed multiple linear regression fitting with factors that are significantly related to a diversity index as explanatory variables, analyzed the fitting of the model to the variation of the diversity pattern, and compared the effects of each explanatory variable. Then, we further explored the relative importance of each variable to herbaceous plant diversity.

All analyses were performed with R (version 4.1.3): The species diversity index and rarefaction species richness comparison were calculated with the vegan package (Jost, 2007). Tukey HSD test was calculated with the agricolae package (Hsu, 1996), and the fitted line for scatter graph between variables was performed with lowess function (Cleveland, 1979, 1981). The relative importance analysis based on l mg and pmvd methods was implemented by the calc.relimp function in the relaimpo package (Groemping, 2006).




3. Results


3.1. Species composition and flora of understory herbaceous

We recorded a total of 81 species, 31 families, and 55 genera of herbaceous vascular plants in the 24-ha Gutianshan plot (Supplementary Table 1). The results of the floristic analysis showed that the world distribution types accounted for the largest proportion of herbaceous community genera, including 15 genera, such as Dryopteris, followed by pantropical genera with 12 genera, including local common herbaceous groups, such as Diplopterygium, and more genera are widely distributed in Northern hemisphere and East Asia. There are 28 genera of tropical types, accounting for 50.91% of the total, indicating that the herbaceous groups living under the subtropical evergreen broad-leaved forest in Gutianshan are mainly tropical species, while temperate and world distributions account for 49.09% of the total, making it an important constituent group of the herbaceous community (Table 1).


TABLE 1    Genus areal types of herbaceous vascular plants in Gutianshan subtropical understory.
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The important values of each species are shown in Supplementary Table 1; the important value of Diplopterygium glaucum is the largest. There are a large number of D. glaucum in a total of 162 quadrats, and their rhizomes walk underground with huge leaves, with a wide distribution in the plot. Nearly 39,482 clonal component units were counted, accounting for 64.70% of the total number of individuals in the herbaceous plant community. The relative frequency and relative coverage are 11.54 and 81.90%, and the important value is 48.69%, which indicates its extensive distribution and dominant position in the plot. The important values of Dicranopteris pedata and Carex sp. are also relatively high.

The top 15 important values of herbaceous plants account for 92.19% of the total. These species are the most common in the plot, and their density and coverage are relatively large. In the survey, 24 species of the herbaceous plant appeared in only one quadrat, accounting for 29.63% of the total number of species, and 44 species appeared in no more than five quadrats, accounting for 54.32% of the total species, and the sum of their important values accounted for 2.18%. These reflect the imbalance in the composition pattern of the understory herbaceous plant community in the plots and the differences in the species composition in different areas. When the dominant species status is clear, there are more rare species coexisting in the community, and this structural feature can also be observed in frequency statistics for species (Figure 1A).
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FIGURE 1
Species occurrences (A) and species richness distribution of herbaceous plants (B) in Gutianshan subtropical understory.


The coverage of herbaceous plants varies greatly in different plots. In some plots, herbaceous plants cover the entire understory, while there are no herbaceous plants at all in others (Figure 2A). There is no particularly obvious regularity in the distribution of the coverage in Gutianshan.


[image: image]

FIGURE 2
Coverage (A) and diversity (B) distribution of herbaceous plants in Gutianshan subtropical understory. “×” shows the locations of investigation plots, and the size of “•” represents the coverage or diversity index values in each plot.




3.2. Herbaceous diversity pattern within habitat types

There are differences in species richness among the 300 survey quadrats, with the number of species ranging from 0 to 25. Only a few quadrats have high species richness (Figure 1B), which might be related to the occurrence of specific environmental conditions, and the number of species in most quadrats is less than 10. The range of the Shannon–Wiener index of each quadrat is 0.00–2.50. The diversity of the ridge zone of the quadrats is generally low, while the quadrats with higher diversity index tend to be distributed along the valley (Figure 2B). This shows that the relatively shady and humid environmental conditions in the valley area are conducive to the coexistence of more understory herbaceous plants.

With the increase of rarefaction sampling, the trend of species richness increase in various habitat types is obviously different (Figure 3, five curves representing different habitats are significantly distinguished). The low valley has the fastest increase, followed by the mid-slope, indicating that this habitat type is conducive to maintaining high diversity of herbaceous plants. However, the high ridge rises the slowest, indicating that many herbaceous plants are not suitable for surviving in this habitat. Similarly, although many herbaceous plants are distributed in the low ridge, the species richness is very limited. Even if the number of samples is increased, the potential to find more coexisting species is very low.
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FIGURE 3
Rarefied species richness of herbaceous plants within different habitat types in Gutianshan subtropical understory.


The Shannon–Wiener diversity index of herbaceous plants varies greatly among habitat types, with significant differences among different habitats. The highest diversity lies in the low valley and mid-slope, and the lowest in the low ridge and high ridge. The difference between the high slope and other habitat types is not significant (Table 2), and the variation of evenness among different habitats is relatively weak. Compared with different habitats, the low valley was the highest, the low ridge, mid-slope, and high slope were the second, and the high ridge was the lowest.


TABLE 2    Tukey honestly significant difference (HSD) test of richness, herbaceous plant diversity, and evenness between different habitat types in Gutianshan subtropical understory.
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3.3. Abiotic and biotic drivers of understory herbaceous diversity

According to the results of correlation analysis, Hherb is significantly negatively correlated with coverage as a whole, while Eherb has a significant positive correlation with coverage (Figure 4). Except for the aspect factor, other abiotic factors were significantly correlated with at least one of the three characteristic variables of the herbaceous plant community, and the diversity of the tree community (Htrees) was significantly positively correlated with all three herbal community variables, in particular, the linear fitting degree with the evenness of herbaceous plants is very high, and the linear regression analysis of the two is up to 0.56. The canopy density was significantly negatively correlated with the three herbaceous plant community variables. The tree breast height basal area of the tree and convexity was significantly negatively correlated with Hherb and Eherb. The elevation was significantly negatively correlated with the Eherb and coverage of herbaceous plants. The slope was positively correlated with the coverage of herbaceous plants but was not significantly related to the Hherb and Eherb (Figure 4).
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FIGURE 4
Correlation matrix of nine herbaceous plant community and environment variables in Gutianshan subtropical understory. Histograms of variables were shown on the diagonal, scatter plots between the variables were shown on the upper panel, and the lower panel showed Pearson correlation coefficients, where gray represents negative correlation.


The multiple linear regression analysis of the herbaceous community diversity index showed that the effect of each influencing factor on community diversity was consistent with the results of correlation coefficient analysis which includes R2 of species richness (S), Shannon–Wiener index (H), and Pielou’s evenness index (E) model is 0.46, 0.47 and 0.61 (Table 3). The results show that the selected explanatory variables can well explain the various characteristics of herbaceous plant community diversity distribution patterns.


TABLE 3    Multivariable linear regression models of three diversity indices of herbaceous plant community to seven environment factors in Gutianshan subtropical understory.
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The analysis of the relative importance of various factors showed that tree diversity was the main factor affecting the evenness of understory herbaceous plants, and the concavity and basal area of trees made the greatest contribution to the explanation of herbaceous richness and the Shannon–Wiener index variation (Figure 5).


[image: image]

FIGURE 5
Relative importance of biotic/abiotic factors based on lmg (A) and pmvd (B) to the diversity of understory herbaceous plants.





4. Discussion


4.1. Species composition and flora of herbaceous in the subtropical understory

The herbaceous plants in Gutianshan 24-ha plot are dominated by tropical areal types, with both cosmopolitan areal type and temperate characteristics, which is the same as the general trend indicated by the results of the floristic analysis of trees in the plot (Zhu et al., 2008) and the floristic analysis of the middle subtropical evergreen broad-leaved forest in China (Chen, 2006). The species composition of herbaceous plants is rich (81 species, 31 families, and 55 genera). Compared with other plots located in different climatic zones in China, it is found that the species richness of evergreen broad-leaved forest understory herbaceous plants in Gutianshan are less than those in 20-ha Parashorea chinensis forest in Xishuangbanna (115 species, 41 families, and 76 genera) (Chen, 2008), which is a tropical forest, and the 25-ha broad-leaved Korean pine forest in Changbai Mountain (102 species, 40 families, and 84 genera) (Li et al., 2008), which is a temporal forest. However, the species richness of Gutianshan is close to that of 90 species in the Longyan forest zone, which is also in the subtropical monsoon climate zone (Su et al., 2022). It shows that there is a different richness of forest herbaceous plants in different climatic zones.

The coverage of herbaceous plant communities varies greatly in different areas, among which ferns are numerous and widely distributed. Ferns are strongly dependent on natural environmental conditions, and their species diversity changes are closely related to environmental conditions (Lwanga et al., 1998). They can respond to changes in environmental conditions with a significant indicative effect (Karst et al., 2005; Gasper et al., 2021). The prosperity of understory ferns may be related to their physiological characteristics. Some studies have suggested that the shade tolerance of ferns is related to their photosynthetic mechanism, so it is suitable for the understory environment (Kawai et al., 2003; Nuccio et al., 2020). D. glaucum and D. pedata occupy a lot of space in the understory and have high coverage, which is the absolutely dominant species of herbaceous plant community and an important indication of vegetation types in the understory of this area, which may be related to the climatic conditions, light and heat environment, forest succession types, and acidic soil properties of the plots (da Costa et al., 2019; Oseguera-Olalde et al., 2022).



4.2. Herbaceous diversity pattern related to habitat types

Among the five habitat types of the plot, the low valley and mid-slope could maintain higher herbaceous species richness, while the low ridge had the lowest species richness (Figure 3 and Table 2). This is similar to the individual tree distribution pattern and woody seedling regeneration pattern in the plot affected by habitat heterogeneity (Lai et al., 2009). The heterogeneous habitats of the Gutianshan plot also had a significant impact on the diversity distribution pattern of understory herbaceous plant communities. D. glaucum is the dominant species with high density in the plot, which mostly occurs in the lowland ridge. It is speculated that the low species richness in the ridge (Figure 3) is due to D. glaucum being too luxuriant in the herbaceous plant community, and the strong competitive exclusion makes it difficult for other herbaceous species to obtain living space, despite the fact that the light conditions in the valley of the plot are not as good as those in the ridge. However, the competitive pressure from the dominant species is less, and the water resources are good, so there may be more species growth (Figures 2B, 3). The proportion of rare species will also be higher. This is also consistent with the negative effect of terrain convexity on herbaceous plant diversity.



4.3. Abiotic and biotic drivers of understory herbaceous diversity

The Shannon–Wiener index and Pielou’s evenness index of understory herbaceous plant community are opposite to the coverage of herbaceous plants. Further analysis shows that the Shannon–Wiener index has a better fitting relationship with the quadratic formula of coverage; it shows a unimodal relationship (Figure 4). It is speculated that the environmental stress and filtering effect may be stronger in the areas with too low coverage, so the biomass and richness of herbaceous plant communities are limited (Grace, 1999; Fornara and Tilman, 2009; Chase, 2010). In contrast, areas with too large coverage are too dense to compete and repel and do not take advantage of the maintenance of richness. The Pielou’s evenness index increases monotonously with the increase of coverage, which may be because the richness of the herbaceous community with low coverage is small and the random variability of species is very large, so the abundance of each species is more inconsistent, that is, the evenness is the lowest. While in the herbaceous plant community with high coverage, because environmental factors are suitable for the growth of more herbaceous species, and the structural composition of the dominant species of the community and even associated species is relatively stable, so the evenness is the highest.

In tropical and temperate forests, the community structure and diversity of herbaceous plants are affected by temperature (Cicuzza et al., 2013), elevation, slope (Wiharto et al., 2021), soil (Mao et al., 2021), canopy (Ford et al., 2000), and other factors. The results of correlation analysis and multiple regression analysis between the diversity of subtropical herbaceous plants and the main biotic/abiotic factors showed that elevation, concavity, basal tree area, tree diversity, and canopy density had certain effects on the diversity pattern of understory herbaceous plants in the subtropical forest. However, this effect showed different significance under different indexes.

Generally speaking, in subtropical forests, the increase of tree diversity is beneficial to maintain the evenness of herbaceous plants, which, in turn, can improve the species diversity of the whole forest vegetation. At the same time, the areas with fewer individuals of big trees will have higher understory herbaceous plant diversity, which may be because the fewer individuals of big trees, the smaller the canopy density of the community, and the more available light quantity will be obtained by understory herbaceous plants, and ultimately lead to showing higher richness (Facciano et al., 2023). Our results further confirmed the relationship between canopy density and herbaceous diversity under the forest. Therefore, we speculate that the diversity pattern of vegetation in the canopy and herb layer of the subtropical forest community is closely related: In the community with a high degree of coexistence of canopy trees, there will be an under-forest environment suitable for the stable coexistence of more herbaceous species. At the same time, the increase of herbaceous plant diversity can produce a ground cover environment suitable for seedling planting and renewal of multi-tree species, which, in turn, increases the diversity of woody plants (Rawlik et al., 2018; Cheng et al., 2020). Elevation was negatively correlated with Pielou’s evenness index and total coverage of herbaceous communities, which was different from the conclusion that there was a unimodal relationship between herbaceous plant diversity and elevation in tropical forests (Gómez-Díaz et al., 2017). In addition, there is no significant relationship between slope and herbaceous community diversity, which may be affected by canopy openness and surface soil (Wiharto et al., 2021).




5. Conclusion

The findings reported here in the community structure and diversity pattern of understory herbaceous, as well as a link between species diversity pattern and abiotic and biotic environments, provide insight into the community structure and biodiversity of herbaceous plants in the subtropical understory. We found that understory herbaceous species diversity is a rich component in the Gutianshan forest, with approximately accounting half of species of woody plant species in this subtropical forest. Understory herbaceous diversity prefers in some specific habitats, which was highest in the lowland valleys, followed by middle slopes. Moreover, we found that herbaceous diversity was driven by both abiotic and biotic environments. Among them, tree diversity and terrain convexity are the main important factors in driving the diversity of understory herbaceous plants. Our results suggest that understory herbaceous communities are a non-negligible and important component of biodiversity in a subtropical forest. Our study also indicates that in order to better protect herbaceous biodiversity in the subtropical understory, more attention should be paid to some special habitats, such as low valleys and mid-slopes.
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