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Functional traits play an important role in studying the functional niche in plant communities. However, it remains unclear whether the functional niches of typical forest plant communities in different climatic regions based on functional traits are consistent. Here, we present data for 215 woody species, encompassing 11 functional traits related to three fundamental niche dimensions (leaf economy, mechanical support, and reproductive phenology). These data were collected from forests across four climatic zones in China (tropical, subtropical, warm-temperate, and cold-temperate) or sourced from the literature. We calculated the functional niche hypervolume, representing the range of changes in the multidimensional functional niche. This metric quantifies how many functional niche spaces are occupied by existing plants in the community. Subsequently, we analyzed differences in functional niche hypervolume and their associated environmental factors across different types of forest vegetation. The results indicate that the functional niche hypervolume and the degree of forest vegetation overlap decrease with increasing latitude (e.g., from tropical rainforest to cold temperate coniferous forest). The total explanatory power of both climate and soil factors on the variation in functional niche hypervolume was 50%, with climate factors exhibiting a higher explanatory power than soil factors. Functional niche hypervolume is positively correlated with climate factors (annual mean temperature and annual precipitation) and negatively correlated with soil factors (soil pH, soil organic matter content, soil total nitrogen content, and soil total phosphorus content). Among these factors, annual mean temperature, soil pH, and soil total nitrogen content most significantly affect the difference in functional niche hypervolume among forest vegetation. Our study emphasizes the significant variation in the functional niche hypervolume among typical forest vegetation in China.
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1 Introduction

Functional niche reflects the adaptive strategies of plants in different environments, playing a significant role in studying mechanisms of community coexistence and predicting the species’ distribution along environmental gradient (Maynard et al., 2015; Jiang et al., 2018). Functional traits, which are crucial characteristics that permeate individuals, populations, communities, and ecosystems (Zhang et al., 2016), provide a new entry point for understanding ecosystem functions and processes. Functional niches, based on plant functional traits, have proven successful in predicting the roles of plant species in ecosystems (Diaz and Cabido, 2001; McGill et al., 2006; Lavorel et al., 2011). Research on functional niches, grounded in plant functional traits, has garnered increased attention in recent decades. The plant functional niche can be calculated by determining the functional position of species in the community through the average trait value of species and calculating the niche width as the difference in intraspecific traits (Violle and Jiang, 2009). Ecologists define functional niche as the relative position of species on the functional axis within the multidimensional niche space constructed based on the functional traits of species (Blonder, 2018; Li et al., 2018; Raffard et al., 2020).

Existing research demonstrates that a species’ niche exhibits obvious functional differentiation within the multidimensional functional niche space. Changes in the dominant functional dimension dictate the key ecological strategy employed by a species in response to its environment (Pianka et al., 2017). Structural differences in morphology between species can facilitate the separation of functional niches and balance competition among them. For instance, deciduous and evergreen plants occupy distinct functional niche spaces, with deciduous plants typically associated with higher soil nutrient demand and lower stress resistance (de la Riva et al., 2017). The functional niche of a species becomes more diverse as community species’ richness increases, leading to an expansion of the niche space accordingly (Li et al., 2018). Previous research indicates that environmental filtering is the primary factor driving changes in the functional niche, and a species’ functional niche maintains a covariant relationship with environmental changes (Yang et al., 2014). Significant differences in functional niche overlap were observed for herbaceous plants along the gradient of environmental interference and stress, particularly related to soil fertility (Li and Shipley, 2019). The degree of niche overlap is directly proportional to interference intensity in medium and low-stress environments.

To analyze the geographic difference in niche, it is essential to quantify the functional niche space and the degree of functional trait overlap within it. The proposed creation of a functional niche periodic table based on functional traits (Pianka et al., 2017) provides a practical foundation for quantitative analysis. The key to constructing such a niche periodic table is the scientific selection of different functional dimensions and the accurate placement of species on the axis of multidimensional niche space. An organism’s habitat, life history, nutrition, defense, and metabolism represent the most pertinent ecological strategies. Functional traits can be chosen based on these five dimensions to construct the niche periodic table (Winemiller et al., 2015). The niche periodic table has been successfully employed in studying the functional ecology of lizards (Pianka et al., 2017). However, the functional dimension of plants differs from that of animals, and it can be categorized into different groups based on how plant functional traits respond to the environment. This involves grouping traits that contain distinct information about functional dimensions (Kraft et al., 2015; Wang et al., 2018).

Environmental conditions represent the primary abiotic factors influencing the functional niche of plants, as environmental change serves as a major external driving force that maximizes plant functions. In essence, plants optimize their utilization of environmental resources by leveraging their strengths and mitigating their weaknesses (Gratani et al., 2003). Differences in the functional niches of species, reflecting various resource acquisition strategies among plants, may alleviate species competition in resource-rich environments. On a regional scale, environmental factors, particularly climate parameters such as average temperature and precipitation, exhibit certain regular changes across geographical gradients, thereby shaping the functional characteristics of plants through environmental filtering. Environmental filtering is considered to play a more significant role in temperate forests compared to tropical rainforests (Myers et al., 2013; Yao et al., 2020). At smaller scales, such as local plots, soil and terrain factors often come into play (Stein et al., 2014; Takahashi and Tanaka, 2016). Higher environmental pressure compels species to maintain a stronger functional balance (He et al., 2021).

Different environmental factors in various climatic zones drive the development of distinct functional traits in plants, resulting in diverse adaptive strategies (Westoby et al., 2002). The survival strategies of plants can be represented as their positions in the three-dimensional space of the leaf-height-seed (LHS) scheme (Westoby, 1998; Pollock et al., 2018; Fyllas et al., 2020). Species with similar functional traits are typically confined to a specific suitable area due to environmental filtering, leading to the occupation of distinct functional niche spaces by different species (Ackerly, 2003). Climatic conditions generally constrain the relationships between traits on a global scale (Butler et al., 2017; Šímová et al., 2018). The similarity of traits along climate gradients has been observed at global scales (Díaz et al., 2016; Wright et al., 2017). A forest endowed with abundant water and heat resources possesses a larger functional niche space than one with a less favorable environment (Yu, 2021). In contrast, the influence of soil is more evident at a small scale. Soil nutrients significantly impact the spatial variation of plant functional traits (Ordoñez et al., 2009). When soil nutrient content is low, plants tend to exhibit a higher degree of functional trait integration, which hinders the expansion of plant functional space (He et al., 2021).

While the quantity of research on plant functional traits has increased in recent years, there remains a noticeable gap in the study of plant functional niches and their responses to various environmental factors such as temperature, precipitation, and soil nutrient content (Zhang et al., 2020). By integrating the multidimensional functional traits of plants, plant functional niche more comprehensively reflects the overall trade-off strategies employed by plants. The functional niche hypervolume, representing the range of changes in the multidimensional functional niche (the volume of functional niche space), is utilized to quantify how many functional niche spaces are occupied by existing plants in the community (Blonder et al., 2014). To date, little is known about how the spatial differentiation of plant functional niche hypervolume responds to large-scale patterns of environmental change based on functional traits. This study focuses on woody plants in four forest types across different climatic regions in China: tropical rainforest (TF), subtropical evergreen deciduous broad-leaved mixed forest (SF), warm-temperate coniferous broad-leaved mixed forest (WF), and cold temperate coniferous forest (CF). The study aims to address the following questions: (1) Is there a difference in the functional niches’ hypervolume and overlap degree among different forest vegetation types? (2) What are the main factors affecting the difference in the functional niches’ hypervolume and degree of overlap in different forest vegetation types?




2 Materials and methods



2.1 The study area

The study encompasses four distinct forest types, each located in specific regions: the TF area is situated in the Bawangling National Nature Reserve in Hainan Province; the SF area includes Mulinzi and Xingdoushan National Nature Reserve in Hubei Province; the WF area is found in the Xiaolongshan National Nature Reserve in Gansu Province; and the CF area is situated in the Kanas National Nature Reserve in Xinjiang Uygur Autonomous Region (Autonomous region is equivalent to province). The Bawangling TF represents one of the most well-preserved primitive tropical rainforests in China, with the Bawangling tropical mountain rainforest being the largest among the forest types in the reserve. The SF, located in Mulinzi, Hubei Province, particularly in the Xingdoushan forest area, exhibits distinct seasonal variations. The first forest layer mainly consists of deciduous broad-leaved trees, while the second is dominated by evergreen broad-leaved trees. The Xiaolongshan boasts unique geographical and environmental conditions, situated at the intersection of four natural vegetation regions (Himalaya, Mongolia Xinjiang Plateau, central China, and North China). Positioned at the south edge of the temperate zone, it exhibits a warm and temperate character. The geographical distribution of the vegetation is illustrated in Figure 1.




Figure 1 | Distribution of four forest vegetation types in different climatic zones in China.






2.2 Sampling design

From April 2018 to July 2019, we randomly established 50 permanent 20 m×20 m forest dynamic plots (FDPs) in natural old-growth forests at each of the four study sites following the Center for Tropical Forest Science (CTFS) protocols (Condit, 1998). Within each plot, data for all woody plants (including trees and shrubs) with a diameter at breast height (DBH) ≥ 1 cm were recorded, including species name, DBH, location (coordinate within the plot), height, and growth status. All species were identified with the assistance of local botanists. In each vegetation type, at least 10 robust individual plants per species were sampled to measure their functional traits. Only species with an abundance of >20 individuals per plot were sampled, covering over 90% of all individuals in each of the 50 FDPs. A total of 215 species (belonging to 116 genera and 55 families) were sampled across the four biomes. For each sampled individual, we collected five fully expanded and healthy leaves and one 1-2 cm diameter branch for trait measurements.

Soil samples were also collected. Each of the 20m × 20m plots was divided into four 10m × 10m subplots. Soil samples (0–20 cm depth) were taken at the center of each subplot and the center of each 20m × 20m plot, resulting in a total of five samples collected and mixed for each FDP.




2.3 Functional traits

The functional niche space of woody plants was constructed by selecting 11 functional traits across three functional dimensions (Yu, 2021): (1) leaf economic traits, including leaf area (LA, cm2), specific leaf area (SLA, cm2/g), leaf dry matter content (LDMC, g/g), and leaf nitrogen concentration (LNC, g/cm3); (2) mechanical support characters, including stem tissue density (STD, g/cm3), potential maximum plant height (MPH, m), and potential maximum diameter at breast height (MDBH, CM); and (3) reproductive phenological traits, including mean flowering time (FLT, day), flowering duration (FLD, day), mean fruiting time (FRT, day), and fruiting duration (FRD, day). All 11 functional traits were collected from field sampling or identified in the literature. The seven functional traits in the economic and mechanical support dimensions of plant leaves were obtained through field sampling and their measurement adhered to standard methods outlined in the handbook for standardized measurement of plant functional traits (Pérez-Harguindeguy et al., 2013). LA was measured using the LI-COR3100C area meter (LI-COR, Lincoln, NE, United States). The leaf fresh mass was weighed and then dried for 72 hours in an oven at 60°C to obtain leaf dry mass. LDMC was calculated as the ratio of leaf dry mass to fresh mass, and SLA was calculated as the ratio of LA to leaf dry mass. LNC was measured by Kjeldahl digestion, followed by colorimetric analysis. To measure STD, one 5 cm long segment was cut from branches with a diameter between 1 and 2 cm. The pith, phloem, and bark from all segments were removed, and the segments’ fresh weight was measured using a Mettler-Toledo balance. The dry mass was then measured after drying for 72 h at 70°C. STD was calculated as the dry mass divided by fresh volume calculated from the entire sectional area (Pérez-Harguindeguy et al., 2013). MPH and MDBH were calculated as the 95th percentile value for each species based on at least 20 individuals across 50 FDPs in each study site (Fauset et al., 2015). The four functional traits in the reproductive phenology dimension were primarily collected from the flora of China (http://www.efloras.org/). FLT, FLD, FRT, and FRD were calculated using the Julian date (Laughlin et al., 2010).




2.4 Environmental variables

Climatic and soil factors data were collected for each FDP. Climatic variables comprised 19 bioclimatic variables (Hijmans et al., 2005) obtained from the WorldClim database (https://www.worldclim.org/). In this study, the Pearson correlation test was employed for screening, and a standard correlation coefficient exceeding 0.95 was used to eliminate climate factors exhibiting high spatial autocorrelation. Subsequently, the annual average temperature and annual precipitation variables were selected for subsequent data analysis. Soil factor data from the 20m × 20m quadrats were measured in situ. The topsoil from 0 to 20 cm was collected along the diagonal and center of each quadrat and mixed thoroughly. The soil samples were then stored in a dry location in the laboratory for natural air drying prior to analysis. Soil analyses included tests for pH, soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN), available phosphorus (AP), and available potassium (AK).




2.5 Data analysis

Before data analysis, the Z-values of environmental data were standardized to eliminate dimensional differences between environmental factors. The “PCA of PCA” method was employed to derive the functional niche values (species load values) of species on the PC1, PC2, and PC3 axes from the functional niche spaces of woody plants within forest vegetation across different climatic regions. Subsequently, the n-dimensional hypervolume method (Blonder et al., 2014) was utilized to calculate the functional niche values of each 20m ×20m quadrat. The influence of environmental factors on the functional niche hypervolume of woody forest plants was then analyzed for different climatic regions. The explanatory power of climate and soil factors in differentiating functional niche hypervolume was evaluated using the variance partitioning method (Peres-Neto et al., 2006). The Pearson correlation test was employed to assess the correlation between the functional niche hypervolume and each environmental factor. Regression analysis, including variance partitioning, was used to further evaluate changes over time. Finally, the model selection and multi-model inference (MSMI) method were applied to construct the optimal model and test the significance of woody plant functional niche hypervolume of forest vegetation and its environmental factors across different climate regions (Calcagno and de Mazancourt, 2010). The MSMI method utilizes the AIC value as the standard for calculating the optimal model. The influence of environmental factors on the functional niche hypervolume of woody plants can be evaluated from the optimal model’s variable importance results, enabling the determination of the key environmental factors affecting differences in the functional niche hypervolume of woody plant communities across different climatic regions. The data analysis and plotting described above were performed using the R 3.6.0 program (R Core Team, 2019). PCA analysis utilized the “vegan” package, n-dimensional space hypervolume calculation used the “hypervolume” package, the MSMI method employed the “glmulti” and “mumin” packages, and correlation, regression analysis, and mapping used the “stats” package and “ggplot2” packages.





3 Results



3.1 Differences in the functional niche hypervolumes of forest vegetation

The functional niche hypervolume of woody forest vegetation decreases from tropical to cold temperate zones. The largest hypervolume is observed in the TF (niche hypervolume = 4.75), followed by coniferous woody plants in CF (niche hypervolume = 3.59), while SF (niche hypervolume = 2.31) and WF (niche hypervolume = 2.42) exhibit similar values. Notably, the functional niche hypervolume of the woody plants in the TF is significantly larger than the other three forest types: 2.06 times that of the SF, 1.96 times that of WF, and 1.3 times that of CF (Figure 2).




Figure 2 | Differences in functional niche hypervolumes among woody plants in various forest vegetation types. The three dimensions of N-dimension hypervolumes are defined based on PC1-PC3, where PC1-PC3 presents the first three principal component axes of functional niche space for woody plants.TF, Tropical rainforest; SF, Subtropical evergreen deciduous broad-leaved mixed forest; WF, Warm-temperate coniferous broad-leaved mixed forest; CF, Cold-temperate coniferous forest.



The degrees of functional niche overlap among woody plants in different forest vegetation types illustrate the law of geographical differentiation (Figure 3). The degree of overlap significantly decreases with increasing latitude span, indicating an increase in functional differences. There is a notable disparity in the degree of functional niche overlap among different forest vegetation types (Figure 3). The overlap degree for TF and CF plants is the lowest (overlap index = 0.19), while that of SF and WF plants is the highest (overlap index = 0.67). The degree of overlap between TF and SF is 0.45, that of WF is 0.37, and that of CF is 0.19. The degree of overlap between SF, WF, and CF are 0.67 and 0.32, respectively. The degree of overlap between WF and CF is 0.45.




Figure 3 | Overlaps of functional niche hypervolumes and their differences among woody plants in different forest vegetation types. (A) Overlap index of functional niche; (B) Relationship between hypervolume overlap of functional niche and latitude range (P<0.001). TF, Tropical rainforest; SF, Subtropical evergreen-deciduous broad-leaved mixed forest; WF, Warm-temperate coniferous broad-leaved mixed forest; CF, Cold-temperate coniferous forest.






3.2 Relationship between functional niche hypervolume of forest vegetation and climate and soil factors

The combined impact of climate and soil environmental factors accounts for 50% of the total volume differentiation in the functional niche of woody plants across different forest vegetation types. Within the variance explained by environmental factors, the joint explanatory power of climate and soil factors on the variation in functional niche is 6%. Independently, climate factors contribute 28% to the explanation, while soil factors independently contribute 16%. This implies that the explanatory power of climate factors is 12% higher than that of soil factors. These findings suggest that climate factors exert a greater influence on the variation in functional niche hypervolume among forest vegetation types than soil factors do.

The results of Pearson correlation analysis reveal a significant correlation between the functional niche hypervolume of woody plants in different forest vegetation and six environmental factors, excluding the contents of soil available nitrogen, phosphorus, and potassium (P < 0.01, Table 1). Regression analysis further indicates a noticeable trend in the difference of functional niche hypervolume concerning several environmental factors. The functional niche hypervolume demonstrates a positive correlation with the annual average temperature and annual precipitation. Woody plant communities experiencing higher temperatures and precipitation exhibit larger functional niche hypervolume measurements (Figure 4). Additionally, the functional niche hypervolume shows a negative correlation with the four soil factors. Woody plant communities with higher values of soil pH, as well as content of organic matter, nitrogen, and phosphorus, exhibit smaller functional niche hypervolume measurements (Figure 5).


Table 1 | Correlations between environmental factors and the functional niche hypervolume of woody plants in different forest vegetation types.






Figure 4 | Relationships between climatic factors and functional niche hypervolumes of woody plants in different forest vegetation types. All P values are less than 0.01. TF, Tropical rainforest; SF, Subtropical evergreen deciduous broad-leaved mixed forest; WF, Warm-temperate coniferous broad-leaved mixed forest; CF, Cold temperate coniferous forest.






Figure 5 | Relationships between soil factors and functional niche hypervolumes of woody plants in different forest vegetation types. All P values are less than 0.01. TF, Tropical rainforest; SF, Subtropical evergreen deciduous broad-leaved mixed forest; WF, Warm-temperate coniferous broad-leaved mixed forest; CF, Cold temperate coniferous forest.






3.3 Key environmental factors affecting the difference in functional niche hypervolumes of forest vegetation

The influence of environmental factors on the difference in functional niche hypervolume of forest vegetation varies by variable (Table 2). The difference significantly responds to changes in annual average temperature (P < 0.001) and is even more pronounced in response to changes in soil pH, soil total nitrogen, and total phosphorus contents (P < 0.01). According to the results of variable importance inferred from the MSMI multi-model, annual average temperature and soil pH emerge as the most crucial variables determining the difference in functional niche hypervolume of forest vegetation, each with a variable importance value of 1.00. The importance of soil total nitrogen content is somewhat weaker, with a variable importance value of 0.99, followed by the soil total phosphorus content, which has a variable importance value of 0.98. These results underscore that annual average temperature, soil pH value, and soil total nitrogen content are the key environmental factors influencing the difference in functional niche hypervolume of forest vegetation.


Table 2 | Importance values of environmental factors on functional niche hypervolumes of forest vegetation.







4 Discussion



4.1 The rule of difference in functional niche hypervolumes among forest vegetation types

The functional niche hypervolume represents the spatial extent of the functional niche occupied by a species, indicating the richness of the functional diversity within a community. Larger functional niche hypervolumes in communities correspond to higher species functional diversity. In our study, the functional niche hypervolume of woody plant communities across different climatic regions exhibited a decreasing trend from south to north. The tropical rainforest, with the largest functional niche space among the four study areas, likely possessed the highest functional diversity. This elevated functional diversity was associated with superior water and heat conditions, fostering high species richness. Research has shown that the functional niche space increases with species richness due to greater functional differences (Swenson and Weiser, 2014), emphasizing the complementary effect of enhanced plant functional niches with increasing functional niche space. Consequently, differences in functional diversity between communities are largely attributed to variations in species number and composition.

Interestingly, the SF has a slightly higher number of species than that of the WF. However, the functional niche hypervolume of the woody plants in the SF is slightly smaller than that in the temperate forest. This may suggest a more concentrated functional niche in the subtropical region compared to the temperate region. The spatial convergence of the functional niche of species at lower latitudes may be stronger than that at higher latitudes. In our study, the woody plants in the subtropical region are all broad-leaved trees, while temperate forests include both broad-leaved and coniferous trees. Therefore, the leaf function characteristics of woody plants in subtropical forests are similar, while those in temperate forests are more differentiated in the leaf economic dimension. Additionally, the SF has more abundant water and heat resources than the WF, indicating more intense competition for woody plant resources in the temperate forest. The expansion of the functional niche space of woody plants in the temperate forest facilitates more effective utilization of environmental resources. The CF has only six coniferous species, but they exhibit large functional niche hypervolumes. This is because the functional differentiation among these few species is highly diverse despite the simplicity of species composition. For example, the leaf area of Picea obovata is only 0.14 cm2, while the leaf area of Betula pendula is 96 times larger.

It is crucial to note that the selection of functional traits can influence our results. The calculation of the functional niche hypervolume is based on the chosen functional traits, and different trait selections may yield different effects on the functional niche hypervolume. While we aimed to avoid subjective trait selection, the traits chosen are limited by the current data availability. We incorporated as many relevant traits as possible for analysis, but not all coefficients were included in this study. Therefore, our results serve as a preliminary exploration, and further analysis with more comprehensive trait data is necessary for more convincing conclusions. Additionally, not all of the traits obtained come from first-hand field investigations; we integrated literature data with field investigation data for the analysis. As the quantity and accuracy of trait data improve, future studies on functional niches based on these data may yield more meaningful results.




4.2 The impact of environmental factors on the difference in functional niche hypervolume among forest vegetation types

The influence of various environmental factors on community ecological processes manifests in diverse ways, underscoring the need for a comprehensive consideration of these factors within the sample plot. In this study, the combined impact of two key environmental factors, climate and soil, strongly explains the differentiation in functional niche hypervolume among woody plants in distinct climate regions, accounting for a significant 50% of the variance change. This underscores the close relationship between the functional niche hypervolume of woody plant communities and their environment. Different environments drive changes in geographical patterns of plant functional traits, leading to a geographical differentiation of measures of plant functional niche based on these traits (Reich and Oleksyn, 2004). The four woody plant communities studied here span the tropical, subtropical, warm temperate, and cold temperate zones from south to north, respectively. The variations in the spatial distribution of temperature, precipitation, soil, and other resources significantly impact the functional niche hypervolume across different climatic regions (Duivenvoorden and Cuello A, 2012). Biogeographically, climate emerges as a more dominant factor than soil and terrain in differentiating plant functional traits across regions. Consequently, climate filtering plays a pivotal role in shaping species distribution and functional diversity (Van Nuland et al., 2020; Yao et al., 2020). We observed that the climate factors had greater explanatory power than soil factors in influencing the differences in functional niche hypervolume of woody plant communities. This suggests that climate heterogeneity was the primary environmental factor driving changes in the functional diversity of diverse forest plants. This observation aligns with the “environment energy hypothesis” based on climate (Brown, 2014), showing that energy serves as the driving force behind biodiversity changes. Solar radiation contributes to heat energy, determines factors like average annual temperature and evapotranspiration, and regulates the physiological activities of plants. Consequently, in environments with varying levels of energy, plants tend to exhibit greater functional differentiation to efficiently obtain survival resources (Tilman et al., 2001). Thus, the amount of energy in different vegetation communities plays a crucial role in shaping the functional niche hypervolume of plants.




4.3 Key environmental factors influencing the differences in functional niche hypervolume among forest vegetation types

Many studies have shown that there are corresponding laws of change in plant spatial distribution and environmental gradients. The impact of climate heterogeneity on species distribution and diversity at different latitudes has received particular attention (Wilson et al., 2013; Dias et al., 2020; Liu et al., 2022). In general, biodiversity declines with increasing latitude, temperature, precipitation, and evaporation rates (Gaston, 2000). The functional niche hypervolume of woody plant communities across different climate regions also exhibits an obvious pattern of difference. Functional niche hypervolume increases with decreasing latitude and increasing temperature and precipitation. Increased functional niche space corresponds to higher functional diversity, indicating that the trend of functional diversity and species diversity change is mostly consistent at a large scale (Swenson and Weiser, 2014; Li et al., 2018). It is reported that high functional diversity is related to more heterogeneous climate conditions because such conditions enable species to use more resources, allowing a greater number of species to coexist (Stark et al., 2017).

This study found a positive correlation between the functional niche hypervolume of woody plant communities and hydrothermal conditions, which aligns with the environment energy hypothesis. It is recognized in the literature that energy-rich communities can accommodate a greater number of species, thus occupying a larger niche space. The functional niche hypervolume of woody plant communities may also be related to climate stability. Research has shown that areas with stable climates can provide a steady supply of resources necessary for species’ survival, making them more conducive to species’ adaptation and evolution (Jetz et al., 2004; Feng et al., 2019). Tropical rainforests, with the smallest degree of seasonal change and the most stable climate, exhibit the largest functional niche hypervolume of woody plant communities.

This study also identified a negative correlation between functional niche hypervolume of woody plant communities across different climate regions and soil pH value, aligning with previous research (Ruiz-Benito et al., 2017; Šímová et al., 2019). One possible explanation is that soils with higher pH values may reduce the efficiency of plant photosynthetic utilization, consequently limiting plant functional changes and functional niche space occupied by species.

Environmental factors vary in their importance to the functional niche hypervolume of woody plant communities. The findings of this study highlight that annual average temperature is the primary factor influencing the differences in functional niche hypervolume, followed by soil pH and soil total nitrogen content. This underscores the greater significance of climate factors compared to soil factors at large scales. Given the ongoing rapid changes in the global environment, including frequent extreme temperature and precipitation events, it is crucial to comprehend how climate factors affect the functional niche space of species for effective biodiversity conservation planning and implementation. Examining plant functional niches through the lens of functional traits enables scholars and decision-makers to gain a deeper understanding of how these traits shape plant distribution, potentially enhancing species resilience in the face of climate change (Treurnicht et al., 2020). The results of this study suggest that future ecological research should particularly focus on the potential impacts of temperature changes, especially in the context of global climate shifts, on functional niches and biodiversity.





5 Conclusions

The novelty of our study lies in revealing the differences in functional niche hypervolume and degree of overlap among woody plant communities across four distinct climate regions. (1) The functional niche hypervolume decreases with increasing latitude, transitioning from tropical rainforest to cold temperate coniferous forest. (2) The degree of functional niche overlap gradually decreases with increasing latitude. (3) The explanatory power of climate and soil factors on the functional niche hypervolume of woody plant communities across different climatic regions was 50%, with the former showing a higher influence than the latter. This suggests that climate is a more critical factor than soil in determining functional niche hypervolume at a large scale. (4) The key climate and soil factors impacting functional niche hypervolume include annual average temperature, soil pH value, and soil total nitrogen content. The study provides a scientific reference for future research exploring the mechanisms of plant community construction from the perspective of functional niche.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

RZ and JH designed this research project. RY and JH finished the field work. JH and RY analyzed the data and wrote the manuscript. All authors contributed to the article and approved the submitted version.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was financially supported by the National Natural Science Foundation of China (41771059, 32071648) and the Fundamental Research Funds of CAF (CAFYBB2019ZA002).




Acknowledgments

We extend our gratitude to all those who contributed to the demanding field investigation and sampling work across the four different forest biomes: Wendong Wang, Alim, Zhongjun Guo, and Zhiqiang Bai at Xinjiang Forestry Academy; Wenzhen Liu, Anmin Li, and Shiyun Yuan at Forestry Science Research Institute of Xiaolongshan Forestry Experimental Bureau; and Xunru Ai at Hubei University for Nationalities. We would like to thank Dr. Daniel Petticord at the University of Cornell for his assistance with the English language and grammatical editing of the manuscript. We are particularly grateful to the associate editor and reviewers for their valuable comments on the manuscript. Any research in the paper not carried out by the authors is fully acknowledged in the manuscript. All sources of funding are acknowledged in the manuscript, and the authors have declared all direct financial benefits that could result from publication.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer HX declared a shared affiliation with the authors to the handling editor at the time of review.





References

 Ackerly, D. D. (2003). Community assembly, niche conservatism, and adaptive evolution in changing environments. Int. J. Plant Sci. 164, S165–S184. doi: 10.1086/368401

 Blonder, B. (2018). Hypervolume concepts in niche- and trait-based ecology. Ecography 41, 1441–1455. doi: 10.1111/ecog.03187

 Blonder, B., Lamanna, C., Violle, C., and Enquist, B. J. (2014). The n-dimensional hypervolume. Global Ecol. Biogeography 23, 595–609. doi: 10.1111/geb.12146

 Brown, J. H. (2014). “Two decades of homage to santa rosalia: toward a general theory of diversity, (1981),” in Foundations of macroecology. Eds.  A. S. Felisa, L. G. John, and H. B. James (Chicago: University of Chicago Press), 567–580.

 Butler, E. E., Datta, A., Flores-Moreno, H., Chen, M., Wythers, K. R., Fazayeli, F., et al. (2017). Mapping local and global variability in plant trait distributions. Proc. Natl. Acad. Sci. 114, E10937. doi: 10.1073/pnas.1708984114

 Calcagno, V., and de Mazancourt, C. (2010). glmulti: an R package for easy automated model selection with (Generalized) linear models. J. Stat. Software 34, 1–29. doi: 10.18637/jss.v034.i12

 Condit, R. (1998). Tropical forest census plots: methods and results from Barro Colorado Island, Panama and a comparison with other plots (Berlin: Springer Science & Business Media).

 de la Riva, E. G., Marañón, T., Violle, C., Villar, R., and Pérez-Ramos, I. M. (2017). Biogeochemical and ecomorphological niche segregation of Mediterranean woody species along a local gradient. Front. Plant Sci. 8, 1242. doi: 10.3389/fpls.2017.01242

 Dias, R. A., Bastazini, V. A. G., d. C. Knopp, B., Bonow, F. C., Gonçalves, M. S. S., and Gianuca, A. T. (2020). Species richness and patterns of overdispersion, clustering and randomness shape phylogenetic and functional diversity–area relationships in habitat islands. J. Biogeography 47, 1638–1648. doi: 10.1111/jbi.13849

 Diaz, S., and Cabido, M. (2001). Vive la différence: plant functional diversity matters to ecosystem processes. Trends Ecol. Evol. 16, 646–655. doi: 10.1016/S0169-5347(01)02283-2

 Díaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. J., Lavorel, S., Dray, S., et al. (2016). The global spectrum of plant form and function. Nature 529, 167–171. doi: 10.1038/nature16489

 Duivenvoorden, J. F., and Cuello A, N. L. (2012). Functional trait state diversity of Andean forests in Venezuela changes with altitude. J. Vegetation Sci. 23, 1105–1113. doi: 10.1111/j.1654-1103.2012.01428.x

 Fauset, S., Johnson, M. O., Gloor, M., Baker, T. R., Monteagudo M, A., Brienen, R. J. W., et al. (2015). Hyperdominance in Amazonian forest carbon cycling. Nat. Commun. 6, 6857. doi: 10.1038/ncomms7857

 Feng, G., Ma, Z., Sandel, B., Mao, L., Normand, S., Ordonez, A., et al. (2019). Species and phylogenetic endemism in angiosperm trees across the Northern Hemisphere are jointly shaped by modern climate and glacial–interglacial climate change. Global Ecol. Biogeography 28, 1393–1402. doi: 10.1111/geb.12961

 Fyllas, N. M., Michelaki, C., Galanidis, A., Evangelou, E., Zaragoza-Castells, J., Dimitrakopoulos, P. G., et al. (2020). Functional trait variation among and within species and plant functional types in mountainous Mediterranean forests. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00212

 Gaston, K. J. (2000). Global patterns in biodiversity. Nature 405, 220–227. doi: 10.1038/35012228

 Gratani, L., Meneghini, M., and Crescente, P. (2003). Structural and functional plasticity of Quercus ilex seedlings of different provenances in Italy. Trees 17, 515–521. doi: 10.1007/s00468-003-0269-8

 He, D., Biswas, S. R., Xu, M.-S., Yang, T.-H., You, W.-H., and Yan, E.-R. (2021). The importance of intraspecific trait variability in promoting functional niche dimensionality. Ecography 44, 380–390. doi: 10.1111/ecog.05254

 Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., and Jarvis, A. (2005). Very high resolution interpolated climate surfaces for global land areas. Int. J. Climatol 25, 1965–1978. doi: 10.1002/joc.1276

 Jetz, W., Rahbek, C., and Colwell, R. K. (2004). The coincidence of rarity and richness and the potential signature of history in centres of endemism. Ecol. Lett. 7, 1180–1191. doi: 10.1111/j.1461-0248.2004.00678.x

 Jiang, F., Xun, Y., Cai, H., and Jin, G. (2018). Functional traits can improve our understanding of niche- and dispersal-based processes. Oecologia 186, 783. doi: 10.1007/s00442-018-4060-3

 Kraft, N. J., Godoy, O., and Levine, J. M. (2015). Plant functional traits and the multidimensional nature of species coexistence. Proc. Natl. Acad. Sci. 112 (3), 797–802. doi: 10.1073/pnas.1413650112

 Laughlin, D. C., Leppert, J. J., Moore, M. M., and Sieg, C. H. (2010). A multi-trait test of the leaf-height-seed plant strategy scheme with 133 species from a pine forest flora. Funct. Ecol. 24, 493–501. doi: 10.1111/j.1365-2435.2009.01672.x

 Lavorel, S., Grigulis, K., Lamarque, P., Colace, M.-P., Garden, D., Girel, J., et al. (2011). Using plant functional traits to understand the landscape distribution of multiple ecosystem services. J. Ecol. 99, 135–147. doi: 10.1111/j.1365-2745.2010.01753.x

 Li, Y., and Shipley, B. (2019). Functional niche occupation and species richness in herbaceous plant communities along experimental gradients of stress and disturbance. Ann. Bot. 124, 861–867. doi: 10.1093/aob/mcz140

 Li, Y., Shipley, B., Price, J. N., d. L. Dantas, V., Tamme, R., Westoby, M., et al. (2018). Habitat filtering determines the functional niche occupancy of plant communities worldwide. J. Ecol. 106, 1001–1009. doi: 10.1111/1365-2745.12802

 Liu, X., Huang, Y., Chen, L., Li, S., Bongers, F. J., Castro-Izaguirre, N., et al. (2022). Species richness, functional traits and climate interactively affect tree survival in a large forest biodiversity experiment. J. Ecol. 110, 2522–2531. doi: 10.1111/1365-2745.13970

 Maynard, D. S., Leonard, K. E., Drake, J. M., Hall, D. W., Crowther, T. W., and Bradford, M. A. (2015). Modelling the multidimensional niche by linking functional traits to competitive performance. Proc. R. Soc. Biol. Sci. 282, 20150516. doi: 10.1098/rspb.2015.0516

 McGill, B. J., Enquist, B. J., Weiher, E., and Westoby, M. (2006). Rebuilding community ecology from functional traits. Trends Ecol. Evol. 21, 178–185. doi: 10.1016/j.tree.2006.02.002

 Myers, J. A., Chase, J. M., Jiménez, I., Jørgensen, P. M., Araujo-Murakami, A., Paniagua-Zambrana, N., et al. (2013). Beta-diversity in temperate and tropical forests reflects dissimilar mechanisms of community assembly. Ecol. Lett. 16, 151–157. doi: 10.1111/ele.12021

 Ordoñez, J. C., Van Bodegom, P. M., Witte, J. P. M., Wright, I. J., Reich, P. B., and Aerts, R. (2009). A global study of relationships between leaf traits, climate and soil measures of nutrient fertility. Global Ecol. Biogeography 18, 137–149. doi: 10.1111/j.1466-8238.2008.00441.x

 Peres-Neto, P. R., Legendre, P., Dray, S., and Borcard, D. (2006). Variation partitioning of species data matrices: estimation and comparison of fractions. Ecology 87, 2614–2625. doi: 10.1890/0012-9658(2006)87[2614:VPOSDM]2.0.CO;2

 Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P., et al. (2013). New handbook for standardised measurement of plant functional traits worldwide. Aust. J. Bot. 61, 167–234. doi: 10.1071/BT12225

 Pianka, E. R., Vitt, L. J., Pelegrin, N., Fitzgerald, D. B., and Winemiller, K. O. (2017). Toward a periodic table of niches, or exploring the lizard niche hypervolume. Am. Nat. 190, 601–616. doi: 10.1086/693781

 Pollock, L. J., Kelly, L. T., Thomas, F. M., Soe, P., Morris, W. K., White, M., et al. (2018). Combining functional traits, the environment and multiple surveys to understand semi-arid tree distributions. J. Vegetation Sci. 29, 967–977. doi: 10.1111/jvs.12686

 Raffard, A., Santoul, F., Blanchet, S., and Cucherousset, J. (2020). Linking intraspecific variability in trophic and functional niches along an environmental gradient. Freshw. Biol. 65, 1401–1411. doi: 10.1111/fwb.13508

 R Core Team (2019). R: A language and environment for statistical computing (Vienna, Austria: R Foundation for Statistical Computing).

 Reich, P. B., and Oleksyn, J. (2004). Global patterns of plant leaf N and P in relation to temperature and latitude. Proc. Natl. Acad. Sci. U.S.A. 101, 11001–11006. doi: 10.1073/pnas.0403588101

 Ruiz-Benito, P., Ratcliffe, S., Jump, A. S., Gómez-Aparicio, L., Madrigal-González, J., Wirth, C., et al. (2017). Functional diversity underlies demographic responses to environmental variation in European forests. Global Ecol. Biogeography 26, 128–141. doi: 10.1111/geb.12515

 Šímová, I., Sandel, B., Enquist, B. J., Michaletz, S. T., Kattge, J., Violle, C., et al. (2019). The relationship of woody plant size and leaf nutrient content to large-scale productivity for forests across the Americas. J. Ecol. 107, 2278–2290. doi: 10.1111/1365-2745.13163

 Šímová, I., Violle, C., Svenning, J.-C., Kattge, J., Engemann, K., Sandel, B., et al. (2018). Spatial patterns and climate relationships of major plant traits in the New World differ between woody and herbaceous species. J. Biogeography 45, 895–916. doi: 10.1111/jbi.13171

 Stark, J., Lehman, R., Crawford, L., Enquist, B. J., and Blonder, B. (2017). Does environmental heterogeneity drive functional trait variation? A test montane alpine meadows Oikos 126, 1650–1659. doi: 10.1111/oik.04311

 Stein, A., Gerstner, K., and Kreft, H. (2014). Environmental heterogeneity as a universal driver of species richness across taxa, biomes and spatial scales. Ecol. Lett. 17, 866–880. doi: 10.1111/ele.12277

 Swenson, N. G., and Weiser, M. D. (2014). On the packing and filling of functional space in eastern North American tree assemblages. Ecography 37, 1056–1062. doi: 10.1111/ecog.00763

 Takahashi, K., and Tanaka, S. (2016). Relative importance of habitat filtering and limiting similarity on species assemblages of alpine and subalpine plant communities. J. Plant Res. 129, 1041–1049. doi: 10.1007/s10265-016-0852-x

 Tilman, D., Reich, P. B., Knops, J., Wedin, D., Mielke, T., and Lehman, C. (2001). Diversity and productivity in a long-term grassland experiment. Science 294, 843–845. doi: 10.1126/science.1060391

 Treurnicht, M., Pagel, J., Tonnabel, J., Esler, K. J., Slingsby, J. A., and Schurr, F. M. (2020). Functional traits explain the Hutchinsonian niches of plant species. Global Ecol. Biogeography 29, 534–545. doi: 10.1111/geb.13048

 Van Nuland, M. E., Vincent, J. B., Ware, I. M., Mueller, L. O., Bayliss, S. L. J., Beals, K. K., et al. (2020). Intraspecific trait variation across elevation predicts a widespread tree species' climate niche and range limits. Ecol. Evol. 10, 3856–3867. doi: 10.1002/ece3.5969

 Violle, C., and Jiang, L. (2009). Towards a trait-based quantification of species niche. J. Plant Ecol. 2, 87–93. doi: 10.1093/jpe/rtp007

 Wang, R., Wang, Q., Zhao, N., Xu, Z., Zhu, X., Jiao, C., et al. (2018). Different phylogenetic and environmental controls of first-order root morphological and nutrient traits: Evidence of multidimensional root traits. Funct. Ecol. 32, 29–39. doi: 10.1111/1365-2435.12983

 Westoby, M. (1998). A leaf-height-seed (LHS) plant ecology strategy scheme. Plant Soil 199, 213–227. doi: 10.1023/A:1004327224729

 Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., and Wright, I. J. (2002). Plant ecological strategies: some leading dimensions of variation between species. Annu. Rev. Ecol. Systematics 33, 125–159. doi: 10.1146/annurev.ecolsys.33.010802.150452

 Wilson, J. B., Chiarucci, A., Chytrý, M., and Pärtel, M. (2013). Functional types, climatic change and species richness. J. Vegetation Sci. 24, 1–3. doi: 10.1111/jvs.12017

 Winemiller, K. O., Fitzgerald, D. B., Bower, L. M., and Pianka, E. R. (2015). Functional traits, convergent evolution, and periodic tables of niches. Ecol. Lett. 18, 737–751. doi: 10.1111/ele.12462

 Wright, I. J., Dong, N., Maire, V., Prentice, I. C., Westoby, M., Diaz, S., et al. (2017). Global climatic drivers of leaf size. Science 357, 917–921. doi: 10.1126/science.aal4760

 Yang, J., Ci, X. Q., Lu, M. M., Zhang, G. C., Cao, M., Li, J., et al. (2014). Functional traits of tree species with phylogenetic signal co-vary with environmental niches in two large forest dynamics plots. J. Plant Ecol. 7, 115–125. doi: 10.1093/jpe/rtt070

 Yao, L., Ding, Y., Xu, H., Deng, F., Yao, L., Ai, X., et al. (2020). Patterns of diversity change for forest vegetation across different climatic regions - a compound habitat gradient analysis approach. Global Ecol. Conserv. 23, e01106. doi: 10.1016/j.gecco.2020.e01106

 Yu, R. (2021). Functional niches and their geographic differentiations for woody plants in four forest vegetation types across different climatic zones in China (Beijing: Chinese Academy of Forestry).

 Zhang, H., Qi, W., John, R., Wang, W., Song, F., and Zhou, S. (2016). Using functional trait diversity to evaluate the contribution of multiple ecological processes to community assembly during succession. ECOGRAPHY 38, 1176–1186. doi: 10.1111/ecog.01123

 Zhang, Z., Wang, Q., Wu, Y., Liu, X., and Huang, L. (2020). Research progress and development of plant functional traits based on CiteSpace. Acta Ecologica Sin. 40, 1101–1112. doi: 10.5846/stxb201809172031




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Huang, Yu and Zang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1243209-g004.jpg
Niche hypervolume

0.84

o
o
1

1
IS
1

S
N
n

0.04

2 L
y=0.445+0.103 x R;4=0.35 g 2

2l
084  y=0.445+0.0564 x ?aafq-ﬂ .
s ® '.- ®
LR,
@ 064 - L] »’ s &
E ]
S
@ 0.
[ 2
>
=
@
f =
L0
Z .,
° SF N
0.04 WF
CF
L ]

-1

0 1
Annual mean temperature

-1 0 1
Annual precipitation






OEBPS/Images/fpls-14-1243209-g001.jpg
80° 100° 120°

Altitude (m)
- 6968
_ _] 53

Forest vegetation types
. Cold temperate coniferous forest
. Warm-temperate coniferous broad-leaved mixed fores’

Subtropical evergreen deciduous broad-leaved mixed forest 10
: : 0 500 1000 km
Tropical Rainforest






OEBPS/Images/fpls.2023.1243209_cover.jpg
, frontiers | Frontiers in Plant Science

Differences in functional niche hypervolume
among four types of forest vegetation and
their environmental determinants across
various climatic regions in China





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Differences in functional niche hypervolume among four types of forest vegetation and their environmental determinants across various climatic regions in China

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 The study area

          



          		

            2.2 Sampling design

          



          		

            2.3 Functional traits

          



          		

            2.4 Environmental variables

          



          		

            2.5 Data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Differences in the functional niche hypervolumes of forest vegetation

          



          		

            3.2 Relationship between functional niche hypervolume of forest vegetation and climate and soil factors

          



          		

            3.3 Key environmental factors affecting the difference in functional niche hypervolumes of forest vegetation

          



        



        



        		

          4 Discussion

        

          		

            4.1 The rule of difference in functional niche hypervolumes among forest vegetation types

          



          		

            4.2 The impact of environmental factors on the difference in functional niche hypervolume among forest vegetation types

          



          		

            4.3 Key environmental factors influencing the differences in functional niche hypervolume among forest vegetation types

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1243209-g003.jpg
=-16x10°-0958x RZ; =09

Hypervolume overlap

-1 0 1
Latitude range






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Variables Z value P vall Variable importance
Intercept 50.943 <0.001

AMT 10759 <0.001 1.00

pH 3.197 <0.01 1.00

N 3.685 <0.01 0.99

TP 2.902 <0.01 0.98

APRE 0.801 0423 0.55

SOM 0.540 0.589 041

AMT, Annual mean temperature; pH, Soil pH value; TN, Soil total nitrogen; TP, Soil total
phosphorus; APRE, Annual precipitation; SOM, Soil organic matter.





OEBPS/Images/fpls-14-1243209-g005.jpg
Niche hypervolume

Niche hypervolume

0.8

o
o

o
~

o
N

0.0

0.8

o
=2}

o
~

o
N

0.0

y=0.445-0.0399 x R2,=0.047

adj

[] e

0 R
Soil pH

y=0.445-0.0337 x Razdj =

Soil total nitrogen

0.032

0.8

o o
P )

Niche hypervolume
o
~

0.0

0.8

o
o

Niche hypervolume
o
=

o
N

0.0

2 i s TF

:' L “ SF

° .‘ ) ) = - WF
"b.l.- ® L

y=0.445-0.0395 x RZ=0.046

0 2 4
Soil total phosphorus






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1243209-g002.jpg
1.0

PC1

-1.0 0.0






OEBPS/Images/table1.jpg
NH APRE SOM TP AN AP
NH 1
AMT 0.591*** 1
APRE 0.323*** 0.605*** 1
pH -0.228** -0.656*** -0.826"** 1
SOM -0.283** -0.073 -0.228** 0.201** 1
TN -0.193** 0.171* 0.223** -0.217% 0.708*** 1
TP -0.226%* -0.433*%¢ 0.036 0.18* 0.188** 035+ 1
AN -0.038 0.364*** 0.171* -0.208** 0.72%%* 0.884%** 0.166* 1
AP -0.174* -0.622*** -0.263*** 0.438*** -0.367** -0.513** 0.366*** -0.617%* 1
AK -0.142* -0.458*** -0.374*** 0.559*** 0.01 -0.059 0.41%%* -0.091 0.538** 1

*#, % and * indicate P<0.001, P<0.01, and P<0.05, respectively. NH, Niche hypervolume; AMT, Annual mean temperature; APRE, Annual precipitation; pH, Soil pH values SOM, Soil organic
matter; TN, Soil total nitrogen; TP, Soil total phosphorus; AN, Soil available nitrogen; AP, Soil available phosphorus; AK, Soil available calcium.





