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Introduction: Revealing the spatial distribution pattern and formation mechanism of species in a community can provide important clues for community renewal, succession, and diversity maintenance mechanisms.

Methods: In this study, we employed spatial point process modeling to identify and quantify the processes contributing to the spatial distribution of species. Simultaneously, we explored the relationship between functional traits and species spatial distribution characteristics in conjunction with phylogenetic studies.

Results: The results revealed that the LGCP model effectively described all species, indicating that the spatial pattern of species may be influenced by a combination of environmental filtering and dispersal limitation. Disparities in species spatial distribution were elucidated by characterizing functional traits, such as body size and resource conservation. Incorporating phylogenetic information enhanced the predictive capacity of functional traits in explaining species spatial distribution.

Discussion: This study underscores the significance of the joint effects of environmental filtering and dispersal limitation in generating species spatial distribution patterns. Integrating spatial point process models with considerations of functional traits and phylogeny proves to be an effective approach for comprehending the mechanisms governing species combinations.
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1 Introduction

In forest ecosystems, the majority of woody plant species exhibit spatially aggregated distribution patterns (Condit et al., 2000; Plotkin et al., 2002). Understanding the mechanisms underlying this aggregation is essential for gaining insights into the structure and function of plant communities (Li et al., 2009). It is generally believed that environmental filtering and dispersal limitation jointly contribute the aggregation of trees (Li et al., 2009; Kraft et al., 2015; Asefa et al., 2020). Environmental filtering is a niche-based process that can shape the aggregation and distribution of species by selectively influencing their distribution and survival (Lin et al., 2011). Dispersal limitation is considered a neutral process that can cause aggregation of trees in space by limiting their propagules dispersal distance (Lin et al., 2011).

In any forest community, the joint impact of environmental filtering and dispersal limitation strongly influences the spatial distribution pattern of species. Consequently, checking and quantifying the effects of multiple ecological processes, on species spatial distribution remains a complex challenge (Bagchi et al., 2011). Although numerous functions have been employed to describe the spatial structure of point patterns in ecology, facilitating the understanding of underlying ecological processes, they often fall short in characterizing the spatial distribution of single species or multi-species combinations (Brown et al., 2013). Spatial point process models offer a novel method to analyze the spatial distribution of individuals through a single process or multiple processes, providing more accurate estimates of the combined effects of environmental filtering and dispersal limitation (Brown et al., 2013; Shen et al., 2013; Wiegand and Moloney, 2013; Wiegand et al., 2013).

Functional traits of species are crucial factors influencing the spatial distribution pattern and dynamics of species (Lin et al., 2011; McFadden et al., 2019; Beyns et al., 2021). Understanding how functional traits regulate the strength of the connection between species and habitat and the degree of dispersal limitation is another pivotal aspect of species spatial distribution (McFadden et al., 2019). Some spatial distribution characteristics, particularly those related to seed dispersal syndrome, are influenced by functional traits (Beyns et al., 2021). For instance, species dispersed by wind typically exhibit stronger spatial aggregation than those dispersed by animals. Seed mass represents aspects of dispersal ability, seed yield, seed longevity, and partial competition ability of species at the seedling stage (Seidler and Plotkin, 2006; Ramon et al., 2018; Beyns et al., 2021). Greater seed mass correlates with shorter dispersal distances, leading to increased aggregation intensity (Thomson et al., 2011). Plant height and leaf area reflect a species' ability to intercept light and dominate the vegetation layer. Taller plants with larger leaf areas have advantages in resource acquisition, especially light resources, promoting their reproduction and inhibiting the growth of low light-loving plants (King, 1990). Additionally, taller plants can avoid competition with parent plants through long-distance seed dispersal mechanisms, resulting in lower aggregation intensity (Janzen, 1970). Wood density's influence on species spatial distribution patterns is subject to two opposing explanations. One theory posits that species with low wood density, characterized by fast growth rates, can quickly occupy gaps in the forest, resulting in aggregation distribution. Conversely, another theory suggests that species with high wood density, growing slowly and primarily in the sapling stage, exhibit strong germination abilities, leading to aggregation (Enquist et al., 1999; Muller-Landau et al., 2008; Flügge et al., 2012). Therefore, the combination of spatial distribution characteristics and functional traits can more comprehensively understand the driving factors of spatial aggregation distribution of community.

Seed mass, specific leaf area, and wood density are recognized as phylogenetically conservative species traits (Judd et al., 1999; Seri and Shnerb, 2015). The conservation theory of ecological niche system development suggests that species with close phylogenetic relationships usually have similar functional traits (Seri and Shnerb, 2015). In addition, species with distant relationships also exhibit distant similarity when facing similar environmental selection pressures or having similar ecological niches, and these populations tend to exhibit more similar spatial distribution patterns (Valiente-Banuet, 2007). Moreover, phylogenetic information contains additional nuances beyond the few measured functional traits, potentially yielding divergent results (Ackerly, 2003; Parker et al., 2012; Gerhold et al., 2015). This underscores the importance of considering phylogenetics even when functional traits exhibit a strong predictive effect. Recent studies have emphasized the necessity of considering phylogenetic relationships when evaluating the contribution of species functional characteristics to population spatial distribution patterns (Parker et al., 2012; Chen et al., 2017; Li et al., 2017). However, it has been demonstrated that incorporating species phylogenetic relationships enhances our understanding of the ecological relevance of functional traits and the mechanisms of community construction from an evolutionary perspective (Li and Ives, 2017).

Here, we focused on a 30ha subtropical monsoon evergreen broad-leaved forest dynamic monitoring sample plot to investigate how environmental filtration and dispersal limitation drive species spatial distribution, considering the perspectives of functional traits and phylogeny. Initially, spatial point process models were employed to detect and quantify the impact of environmental filtering and dispersal limitations on the spatial distribution pattern of species. Subsequently, phylogenetic analyses were integrated to assess whether functional traits correlated with changes in process intensity inferred from spatial models. The study addressed three specific questions: (1) Do environmental filtration and dispersal limitation interact to influence the spatial distribution pattern of species? (2) Do specific functional traits contribute to the spatial distribution of species? (3) Can phylogeny, to some extent, explain the changes in key characteristics of species spatial structure? Additionally, does the consideration of phylogenetic information enhance the predictive ability of functional traits on species spatial distribution?



2 Materials and methods


2.1 Study site

The study was carried in the Taiyanghe Provincial Nature Reserve (22°30′–22°38′N, 101°7′–101°15′E) in the southern part of Simao District, Pu'er City, Yunnan Province. This region has an extremely rich species composition, with the ecological appearance of tropical forests and significant tropical Asian phylogenetic relationships. But the increasing agriculture activities are leading to a gradual decrease in the distribution area of forests (Li et al., 2020). The climate in this region is obviously affected by the warm and wet air of the southwest monsoon of the Indian Ocean, and the subtropical plateau monsoon climate is obvious, with distinct dry and wet seasons. The annual average temperature is 17.7°C and the annual precipitation is 1,547.6 mm, mainly concentrated in the rainy season from May to October (Wang et al., 2020).

The monsoon evergreen broad-leaved forest is one of the most complex, productive, and species rich zonal vegetations in China. The most conspicuous tree species in the region include Castanopsis echidnocarpa and Lithocarpus fenestratus (Fagaceae), as well as Machilus rufipes and Litsea rubescens (Lauraceae). The topography in the study plot is relatively complex, including two valleys and a ridge that runs southwest. Altitude varies between 1,467 to 1,586 m, with an average of 1,523 m. The primary soil types are coarse lateritic red earth, purplish lateritic red earth, and yellow lateritic red earth (Wang et al., 2020). Although we have not yet studied the seed spreaders in the community, the plot hosts many mammals and birds, some of which are potential seed dispersers (Li et al., 2020).



2.2 Data collection

To investigate the ecological aspects of the monsoon evergreen broad-leaved forest, our research team established a 30 ha forest dynamics plot within the experimental zone of the reserve in 2019, following the standard guidelines of the Center for Tropical Forest Science (CTFS) (Wang et al., 2020). The plot was divided into 750 contiguous quadrats of 20 m × 20 m, where all stems with DBH≥1cm were mapped using GPS, measure each tree, and hang tags for long-term monitoring, recording their identification number, species name, diameter at breast height, tree height and coordinates. According to the 2018–2019 census, the plot contained 154,372 individuals belonging to 78 families, 178 genera, and 271 species (Li et al., 2020). Based on stem number, the plot is dominated by C. echidnocarpa (Fagaceae, 20.6%) and L. fenestratus (Fagaceae, 11.8%). Other important species include M. rufipes (Lauraceae, 5.35%), Castanopsis calathiformis (Fagaceae, 4.92%), Lithocarpus truncates (Fagaceae, 4.4%), and L. rubescens (Lauraceae, 4.07%).

To meet the sample size requirements of point-pattern analyses, we focused on the 97 species with 70 or more individuals in the 30 ha forest dynamics plot, collectively accounting for over 95% of stems (McFadden et al., 2019).

Evaluate the impact of environmental filtering and dispersal limitation on species distribution patterns using Topographical and soil variables. Collect soil samples using the five point sampling method for each subplot (Wang et al., 2022). A total of 750 soil samples were taken, measuring soil organic carbon, soil total nitrogen, soil total phosphorus, soil total potassium, soil hydrolysable nitrogen, soil available phosphorus, and soil available potassium. Details can be found in Wang et al. (2022). Mean elevation and slope for each 20 m × 20 m quadrat in our forest dynamics plots were calculated as topographic variables (Li et al., 2015).

We gathered data on 10 plant functional traits essential to the plant strategy scheme: leaf area, maximum DBH, potential maximum tree height, specific leaf area, wood density, seed mass, leaf total phosphorus content, leaf total nitrogen content, leaf total carbon content, and dry matter content. These functional traits can influence the spatial distribution of species through their involvement in seed dispersal, tree establishment, and persistence (Condit et al., 2000). We sampled all species distributed in the region and collected trait data from at least 20 individuals of each species. We determined the trait values by calculating the median across all individuals of each species (for SLA and seed mass, etc.) and using the maximum recorded value for height and DBH. Fully expanded, undamaged leaves from canopies exposed to direct sunlight were collected, and these functional traits were measured in the laboratory following the method outlined by Perez-Harguindeguy et al. (2016). For specific measurement steps, please refer to Wang et al. (2022). For certain species that did not produce fruit during field surveys, we obtained data from various databases and literature reviews (Wang et al., 2018; Wolf et al., 2022).



2.3 Classification of life forms and dispersal syndrome

According to the life form classification system (Cai and Song, 2000), all species were categorized into trees, shrubs, and lianas. Dispersal syndromes of the species were determined based on the morphological size of seeds and fruits obtained from field surveys and published descriptions of plant communities (Chen et al., 2014) (see Supplementary Table S1). The dispersal syndromes were classified as gravity-ballistic dispersal, wind dispersal, and animal dispersal (see Supplementary Table S2). Berries are typically spread by birds during feeding and subsequent excretion, while nuts are commonly transported and dispersed by small mammals. Among the species preyed upon by animals, we classified them according to fruit diameter (Hubbell, 1979): A1 (< 6 mm diameter, n = 14 species), A2 (6–12 mm diameter, n = 25 species), and A3 (>12 mm diameter, n = 19 species). Differences in the spatial distribution of species with different life forms and dispersal syndromes were compared using analysis of variance.



2.4 Statistical analyses

All statistical analyses in this study were conducted in R 4.2 (R Core Team, 2023). Prior to further analysis, normalization was performed on the environmental variables and functional trait values. Simultaneously, to evaluate the impact of environmental factors on species distribution, topographic and soil attributes plotted at a resolution of 20 m × 20 m were used (see Supplementary Figure S1). Specifically, we performed principal component analyses for these soil variables and found that the first two principal components captured 53.9% variation of the eight soil variables. The first two PCA axes were selected to represent the soil variables that representing total storage in soil (axis 1) and nutrients that can be directly utilized by plants (axis 2, see Supplementary Figure S1).


2.4.1 Modeling process

We used Completely Random Processes and Logistic Gaussian-Cox Processes to model all tree in the plot. The pair correlation function, the L function, and the empty space function are recommended for spatial summary statistics to identify specific scales of deviation from a null model. The pair correlation function g(r) is used to measure the correlation between different locations in geographic space that describes the degree of similarity in attribute values between two positions within a certain distance range; the L-function describes the relationship between the average distance between points in a point pattern within a certain distance range and the expected average distance under random distribution, and the empty space function reveals spatial heterogeneity and clustering degree in geospatial data by measuring the number and size of blank areas within different distance ranges, The specific characteristics of these functions can be seen in Wiegand et al. (2013) and Baddeley et al. (2015). We applied the Benjamini-Hochberg correction for multiple comparisons when determining the significance of differences (McFadden et al., 2019).

Initially, we employed the complete random process (CSR) model to assess nonrandom spatial structure across various scales in species distribution. The CSR model assumes no interaction between points and does not consider potential biological processes influencing the spatial distribution of species, indicating complete randomness in species dispersion. For further details of the CSR model and its applications, refer to Wiegand et al. (2013). If a species did not significantly differ from the CSR null model, we did not estimate habitat associations or clustering parameters. For species showing significant non-random spatial structures, we employed the following logarithmic Gaussian-Cox process model with random intensity functions (Shen et al., 2013) Equation (1):
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In the LGCP model, μ represents the intercept, βi(x) is the vector of correlation coefficient, Hi(x) signifies the vector of habitat variables at the spatial location u, and D(x) is employed as the “residual effect” to account for additional clustering independent of habitat association (Minasny and McBratney, 2005). The LGCP model integrates the effects of habitat heterogeneity and other clustering processes simultaneously, allowing the consideration of one term when estimating the effect of the other (Shen et al., 2013). The LGCP model employs a Matern covariance function (MCF) to estimate average cluster size and clustering intensity, while updating association coefficients for environmental attributes based on pair correlation or additional clustering (Waagepetersen and Guan, 2009). Among them, the model's goodness of fit was assessed using paired correlation functions. To delve into the specifics of the LGCP model, consult the works of Waagepetersen and Guan (2009) and Shen et al. (2013).



2.4.2 Phylogenetic signal

The phylogenetic tree of the 97 species in this study was constructed using the latest seed plant tree by Smith and Brown (2018). This tree combines genetic data from a public repository (GenBank) with phylogenetic data (Open Tree of Life Project) to create the latest phylogenetic tree for seed plants (Smith and Brown, 2018). To assess the similarity of functional traits among closely related species, the Binomberg's statistic K was used to evaluate the phylogenetic signal, with significance assessed by comparing the K observations with the results of 1,000 tip-shuffling randomizations (Blomberg et al., 2003).



2.4.3 Spatial parameters associated with functional traits

A pairwise correlation analysis between the functional trait dataset and six spatial parameters in the Spatial Point Process Model was conducted to determine whether functional traits could predict the spatial distribution characteristics of different species. To incorporate phylogenetic information into the association between functional traits and species spatial distribution characteristics, phylogenetic generalized linear models (PGLMs) were employed. This model combines the generalized linear model with the phylogenetic tree, capturing the genetic relationship between species by introducing the topology and branch length of the phylogenetic tree. The topology of the phylogenetic tree was used as an additional explanatory variable to consider the impact of phylogenetic relationships between species on species spatial distribution characteristics, providing control group residuals without phylogenetic information in the results (Freckleton et al., 2002). The BIC model was used to screen variables to find the most suitable functional trait combination, followed by maximum likelihood comparison when adjusting the branch length of the phylogenetic tree, and selecting the optimal branch length.





3 Results


3.1 Quantification of environmental filtering and dispersal limitation

We observed significant differences between all selected species and the CSR zero model, suggesting that all species exhibited non-random spatial structures. Three spatial parameters were obtained for all species in the LGCP model: β, α, and σ2 (see Supplementary Data S1). The environmental association coefficient in the LGCP model represents the environmental filtering effect, reflecting the species' responsiveness to environmental factors. All species showed significant correlations with one or more of the four environmental attributes (see Figure 1). The average cluster size and average aggregation intensity are parameters describing the diffusion limiting effect in the LGCP model. The average cluster size reflects the average distribution density of species without the influence of environmental factors and spatial correlations, while the average aggregation intensity reflects the degree of aggregation or dispersion of species in space. The average aggregation intensity (σ2) ranged from 2.33 × 10−8 (Lithocarpus annamensis) to 7.57 (Illicium micranthum), and the average cluster size (α) ranged from 0.4 m (L. fenestratus) to 138.9 m (Maesa permollis), indicating a wide range of dispersal ability between species.


[image: Figure 1]
FIGURE 1
 The frequency distribution graph of species-habitat associations for four environmental attributes [labeled as (A–D)] is shown. Species with a significant positive or negative association (95% confidence interval does not overlap with zero) are highlighted in red, while species with no significant association (confidence interval overlaps with zero) are shown in blue. Please refer to see Supplementary Figure S3 for the complete confidence interval plot.




3.2 Influence of different life form and dispersal syndrome on spatial distribution characteristics

In our analysis, the spatial characteristics of species distribution did not consistently show significant differences between species life history traits (life form and dispersal syndrome; see Figure 2). There was a significant difference in mean aggregation intensity among different life forms (p = 0.033), with tree species (mean = 2.30, SE = 1.44) having a lower mean aggregation intensity than shrub species (mean = 3.26, SE = 1.86) and liana species (mean = 3.23, SE = 1.43), but no significant difference in mean cluster size among different life forms (p = 0.49). There were no significant differences in mean aggregation intensity and mean cluster size among different dispersal syndromes (p = 0.88, p = 0.81). Furthermore, there were no significant differences in environmental correlation coefficients among different life forms and different dispersal syndromes.


[image: Figure 2]
FIGURE 2
 Boxplots comparing spatial characteristics of species across the dispersal syndrome and life form. (A–F) The impact of different life forms on spatial characteristics, with a significant transition from trees to shrubs and then to climbers in terms of average aggregation intensity. (G–L) The effects of different dispersal syndrome on spatial characteristics, but no significant differences were observed. ns represents non-significant results. The bold horizontal lines indicate the median, and the boxes represent the interquartile range (IQR).




3.3 Influence of different functional traits on spatial distribution characteristics

The pairwise correlations between individual functional traits and model parameters related to environmental filtering and diffusion constraints were weak (see Table 1), and only potential maximum height and maximum diameter at breast height were significantly negatively correlated with average aggregate intensity (see Figure 3). Potential maximum height, maximum diameter at breast height, leaf area, and leaf nutrient content are significantly correlated with certain environmental correlation coefficients.


TABLE 1 The relationship between functional traits and spatial attributes.

[image: Table 1]
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FIGURE 3
 Functional traits are related to the spatial attributes among species. (A, B) Maximum DBH and potential maximum height are negatively correlated with σ2, indicating that larger-sized species have lower aggregation intensity. (C, D) Species positively correlated with elevation and soil nutrients, that is, species in high-altitude areas or areas with abundant soil nutrients have larger body sizes. The red line represents the ordinary linear regression fit, and the gray transparent area indicates the 95% confidence interval.


Phylogenetic signals analysis showed that the phylogenetic signals of the selected 10 functional traits were weak, but most of them still had a certain degree of significance (see Supplementary Figure S4, Supplementary Table S3). The K values ranged from 0.10 to 0.24, indicating that the phylogenetic signals were higher than the expected signals by chance but lower than the expected signals under the Brownian motion evolution model (Blomberg et al., 2003).

The phylogenetic generalized linear model with multiple trait combinations improved its predictive ability to some extent (see Table 2). For example, species with more resource-conservative traits (lower specific leaf area and leaf dry matter content) often exhibited stronger clustering strength (R2 = 0.34). Additionally, the residual of systematic development was smaller than that of non-systematic development, suggesting that the model's fitting effect is better when considering the phylogenetic correlation between species. This indicates that phylogenetic correlations significantly impact explaining differences in species spatial distribution.


TABLE 2 Coefficients of multivariate regression model.
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4 Discussion

All species were well described by the LGCP model, indicating that both environmental filtering and dispersal limitation influenced the spatial distribution pattern of species in the current forest. This joint effect has been demonstrated in many forests. Research in subtropical forests in China and tropical forests in Panama has emphasized the significance of the combined impact of environmental filtering and dispersal limitation on the species-area curve (Shen et al., 2009). Likewise, indications of environmental filtering and dispersal limitation have been observed in a natural temperate forest in Belgium (Beyns et al., 2021). The significant role of dispersal limitation in this forest may be partly attributed to the presence of numerous young trees in the community. Pioneer species like Betula alnoides and Wendlandia tinctoria coexist with late-successional species such as Anneslea fragrans, nearly half of the individuals in the plot are juveniles, indicating that dispersal limitation influences the initial spatial clustering of species, while environmental filtering may require time to visibly impact species distribution (Shen et al., 2013; Yang et al., 2016; Beyns et al., 2021).

Our finding that functional traits are correlated with spatial properties of species is noteworthy. For example, the aggregation intensity of species attributed to dispersal limitation was related to the maximum potential height. This could be due to tree height limiting the dispersal distance of seeds; tree height was linearly correlated with seed diffusion distance (Thomson et al., 2011). A lower release height will lead to a decrease in seed diffusion distance, resulting in the formation of smaller clusters. Alternatively, lower tree heights may lead to weaker competition for light and nutrient resources, making it easier for species to gather in specific areas. Clark et al. (2018) and McFadden et al. (2019) have shown that the maximum potential tree height is an important functional trait that can predict the average number of individuals in each cluster, and species with smaller body sizes have stronger aggregation intensity. Specific leaf area and leaf dry matter were good predictors for species aggregation intensity; species with lower specific leaf area and leaf dry matter content exhibit stronger aggregation intensity. This may be related to the acquisition and utilization of resources by species, which can more effectively utilize limited resources and thus have a certain advantage in competition (Li et al., 2009; Réjou-Méchain et al., 2011; Clark et al., 2018). This makes them more suitable for gathering in resource-scarce environments to obtain more resources and reduce the intensity of competition. The differences in spatial characteristic parameters among different life forms could be related to trait syndromes (McFadden et al., 2019; Arnell et al., 2021), with shrubs exhibiting a more clustered spatial distribution compared to trees. Shrubs usually have a relatively short growth height and branching structure, allowing them to grow and reproduce in a relatively small space. Additionally, shrubs typically prefer to grow in humid and nutrient-rich environments, which are usually limited (Gunatilleke et al., 2006; Clark et al., 2018). When such an environment arises, shrubs tend to compete for resources and form clusters within the area. These results support that the spatial distribution characteristics of species may be regulated by traits that represent body size and resource conservation.

Species dispersal syndrome is considered an important trait in predicting species spatial distribution (Seidler and Plotkin, 2006; Ramon et al., 2018; Arnell et al., 2021), but no correlation between the two was found in our study. The reasons for this difference are that we used different classification criteria for dispersal syndrome, and the number of species studied was far smaller than in other studies (Seidler and Plotkin, 2006). Furthermore, secondary dispersal due to predators, heavy rain events, and other factors after fruit falling (Guo et al., 2013) could be another reason, but we ignored it in this study. For example, some gravity-dispersed nuts and the pulp of berries that are not preyed upon by birds will be dispersed by mammals after falling. The monsoon evergreen broad-leaved forest studied in this paper has a large amount of rainfall, and the secondary dispersal of seeds caused by the erosion of a large amount of rainwater will have a great impact on the average concentration intensity of species.

Our study's findings indicate that phylogenetic relationships between species may explain differences among species' spatial distribution. A study by Martins et al. (2018) in the Atlantic rainforest of Brazil also confirmed that phylogenetic relationships between species can account for a high proportion (up to 95%) when explaining the degree of population overdispersion or aggregation. The phylogenetic relationship not only reflects the co-evolutionary history and differentiation process of functional traits but also provides a lot of additional information, which is not included in the few functional traits we have measured (Judd et al., 1999; Gerhold et al., 2015). This can increase the model's ability to explain species distribution and improve the accuracy of predictions. In fact, environmental filtering results in phylogenetic clustering, and competition and other negative density-dependent interactions result in phylogenetic overdispersion (Molleman et al., 2023). Even without pinpointing the exact traits or species interactions at a given location,we can still infer the assembly process of a community by observing how coexisting species are dispersed phylogenetically within the community (Gerhold et al., 2015).

The premise that taxonomic or phylogenetic distance may better explain differences between species is based on the assumption that functional traits show phylogenetic signals (Réjou-Méchain et al., 2011; Chhaya et al., 2021; Etienne et al., 2023). However, the phylogenetic signals for most of the functional traits in our analysis were weak. We speculate that due to the small number of species in the same genus in the study, the phylogenetic signal results actually show excessive dispersion or aggregation of functional traits between phylogenetically close genera, rather than species. For example, species belonging to the family Theaceae, such as Anneslea fragrans and Schima wallichii, exhibit very similar spatial distributions. As found by Réjou-Méchain et al. (2011), species with similar phylogenetic development may have similar functional traits, thus exhibiting more similar spatial distribution patterns, which are more significant at taxonomic levels above the species level.

Although the combination of functional traits and phylogenetic information can indicate the relationship between species' functional traits and phylogenetic information and specific ecological processes, further research is still needed on other functional traits that affect the spatial distribution and phylogenetic relationships of species. New functional traits should emphasize resource acquisition and usage, including photosynthesis, respiration rate, and leaf turgor loss point (McFadden et al., 2019), which have been proven to limit the distribution of individuals. At the same time, phylogenetic similarity can be used as a proxy for ecological similarity, uncovering variations in species' spatial distribution and aiding our comprehension of the ecological mechanisms that uphold diverse species communities (Martins et al., 2018).

Spatial point process models can incorporate both environmental filtering and dispersal limitation processes and estimate their effects accurately. When coupled with functional traits, they can reveal indicate which species' functional traits mediate these processes, especially those characterizing size and resource conservatism, which can better reflect the changes in species' spatial distribution. Our results also highlight the importance of phylogenetics to species adaptability and distribution patterns. By considering phylogenetic information, we can better understand the effects of functional traits on species' spatial distribution characteristics. This is helpful for revealing the niche differentiation of species, comparing the validity of different phylogenetic hypotheses, and understanding the impact of geographical environmental factors on species distribution.
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