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Abstract

:

Analyzing the spatial patterns and associations among tree species may help to elucidate the importance of the ecological processes behind population formation and the mechanisms of species coexistence. To explore this mechanism, we mapped and studied eight dominant tree species in Korean pine broad-leaved mixed forests in a temperate forest region in Jilin Province, Northeast China. The spatial distribution patterns and spatial associations of the eight dominant tree species at different life history stages and spatial scales were analyzed using the second-order spatial point pattern method based on pair correlation functions. The results indicated the following: (1) The diameter class structure of all individuals in the plots showed an obvious “L” shape, indicating that the community was well regenerated and belonged to a growing stand. (2) The distribution of trees was affected by scale, size, and habitat heterogeneity. The degree of aggregation decreased as the diameter class increased. (3) Out of the 56 pairs of individuals, a small number showed a significant correlation, while most were negatively correlated. It is concluded that seed dispersal limitations, competitive ability, and topography and light requirements may influence the spatial distribution and association of species to maintain species coexistence and diversity in Korean pine broad-leaved mixed forests. The results can provide insights into the ecological processes of population assembly, the mechanisms of species coexistence, and the relationship between forest management and restoration.
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1. Introduction


Forests are among the most biodiverse and ecologically important ecosystems on Earth, providing essential ecosystem services and habitats for countless species [1]. Among them, temperate forests occupy a prominent position, characterized by their wide geographic distribution and diverse species composition [2]. These forests support complex communities of tree species, whose spatial patterns are indicative of the intricate ecological processes at work.



Spatial patterns of tree species are a crucial structural feature of communities and are the result of the interaction of various factors over many years within a biological community [3]. Understanding the spatial distribution of tree species is fundamental to unraveling the dynamics of forest ecosystems [4]. Spatial patterns reflect the outcomes of various ecological processes such as seed dispersal, competition, and environmental heterogeneity and provide insights into species coexistence, community dynamics, and ecosystem functioning [5,6,7]. Additionally, studying changes in spatial patterns and species associations can inform the development of potential conservation strategies to maintain a baseline of species coexistence in natural communities [8].



Some researchers have studied the spatial patterns of species and have found that spatial patterns are highly dependent on scale [9,10,11]. While plant populations may follow an aggregated distribution at some scales, their distribution may be random or regular at other scales [12]. Previous studies have focused on small sample sizes, limiting the validity of their results. To determine the spatial distribution patterns of species, it is urgent to investigate the factors that influence them, as these patterns change depending on the scale of analysis. However, traditional spatial pattern analysis methods, such as the χ2 test, ANOVA, and nearest neighbor distance analysis, are insufficient to answer the aforementioned questions [13]. Therefore, the method of second-order statistics was developed [14]. This method is based on the distance between a pair of points, allowing it to overcome the limitations of traditional methods that can only analyze spatial distribution patterns at a single scale [15]. Second-order statistics has therefore been applied to multiscale studies of the spatial distribution of species and their spatial associations [16].



Previous studies have examined the spatial distribution of species on a large scale and their relationship to biodiversity conservation [15,17,18,19,20]. These studies generally found a significant correlation between the diameter at breast height (DBH) and the age of individuals of the same species in the same living environment [21,22]. Therefore, population spatial patterns are commonly studied using size class (DBH class) rather than age class. In the last decade, research has increasingly focused on the study of spatial patterns and associations at different life stages or age classes [23,24]. Ecologists study spatial patterns at different stages of the life history or age to determine the underlying mechanisms of these processes and the scale at which they operate. Comparative studies of various successional species can reveal the relationships between their distribution and their specific habitat requirements [25]. However, studies on temperate forests often fail to consider the various successional species. Several recent studies have examined the spatial patterns among congeneric species. The researcher conducted a study to understand the mechanisms for the coexistence of several tree species in a one-square-kilometer patch of temperate forest by comparing distribution patterns of sympatric populations [26]. Some research investigated the spatial distribution and interrelationships of four species at different life stages in a 9-hectare plot of a temperate forest. The study revealed that the coexistence of these species may be influenced by seed dispersal limitation, landscape spatial structure, and the need for specific topography [27]. Analyzing the spatial distribution patterns and correlations among individuals at different life stages is helpful in understanding the spatial and temporal dynamics of a population [28].



The Korean pine broad-leaved mixed forest is the climax vegetation type of Northeast China and is widely distributed in the temperate forests of the region. The ecosystem in Northeast China is of paramount importance due to its large biomass, high biodiversity, and complex community structure [29,30,31]. Previous studies on the distribution of key species in these forests, especially on the northern slope of Changbai Mountain, have used various methods, including χ2 tests, variance/mean ratio tests, mean square zone tests, and covariance analyses, with mixed results [32]. Recent studies have used methods such as point pattern analysis to simulate the spatial distribution of dominant tree species, revealing differences in spatial patterns of Pinus koraiensis among forest types and growth stages [33,34]. The China Forest Diversity Research Network (CFDRN) was established in 2004, and the Korean pine broadleaf woodland in Changbai Mountain is the earliest and largest forest in the network. The establishment of these forest plots further promotes the study of the spatial patterns of temperate broad-leaved Korean pine forests. For example, Zhang et al. investigated the spatial patterns and relationships between P. koraiensis and Tilia amurensis in different forest layers, revealing a mainly positive correlation and indicating T. amurensis as a beneficial companion species for P. koraiensis [32]. These studies, carried out under different conditions and at different scales using different analyses, have led to different conclusions.



In this study, we compared the population structure, spatial distribution patterns, and spatial associations of eight co-occurring species with two different DBH classes in a 1.44 ha mixed broad-leaved Korean pine forest to gain insight into their coexistence and regeneration processes. We addressed the following questions: (1) Are there significant differences in population structure and spatial distribution patterns among these eight major species in the forest? (2) What are the effects of habitat heterogeneity on the spatial distribution patterns of juvenile and adult trees? (3) How do the spatial patterns and associations change with the scale and size class?




2. Methods


2.1. Study Site


The study site was located in the Hongshi National Forest Park in Huadian City, Jilin Province, Northeast China (42.82° N, 127.13° E) (Figure 1). The park covers an area of approximately 28,577 ha and is characterized by hilly mountainous terrain, with elevations ranging from 400 m to 1000 m. The study site is dominated by the north temperate continental monsoon climate with short, rainy summers and long, cold winters. The average annual air temperature is 3.4 °C. The average annual precipitation is 700–800 mm, most of which falls during the short summer growing season from July to August. There are 125 frost-free days and the main soil types are dark brown, albic, alluvium, and meadow. The forest park has been spared from logging and other human disturbances for the last 30 years.



In addition to its ecological significance, Hongshi National Forest Park is also of socio-economic importance to the local community. The park has been spared from logging and other human disturbance in recent years, contributing to the preservation of biodiversity and ecosystem services. The park also serves as a recreational area for local residents and tourists, attracting visitors from nearby towns and providing opportunities for ecotourism development. The conservation efforts and sustainable management practices implemented in the park are essential to maintaining the ecological integrity and promoting the socio-economic well-being of the region.



The main tree species include P. koraiensis, Abies holophylla, Juglans mandshurica, Fraxinus mandchurica, Phellodendron amurense, Ulmus japonica, Quercus mongolica, T. amurensis, A triflorum, A mono, and A pseudosieboldianum.




2.2. Data Collection


A stem-mapped plot measuring 1.44 hectares (120 m × 120 m) was established in a mixed broadleaf Korean pine forest. This forest is the dominant vegetation type in the region in terms of species composition and stand structure. To enable systematic sampling, the plot was divided into 144 consecutive 10 m × 10 m quadrats. All trees within each sample plot were counted, and their species were identified and recorded in a data table along with their scientific names. The number of trees with a diameter at breast height (DBH) ≥ 3.1 cm was also recorded for each plot. Photographs of trees were taken for species that could not be identified in the field during the inventory. Subsequently, taxonomists and existing floras and taxonomic guides of Changbai Mountain were consulted to determine the species’ names [35]. DBH was measured at 1.3 m above the ground using a diameter tape or calipers. The study recorded the geographic coordinates of each tree using a GPS device to obtain relative geographic coordinates, in addition to measuring DBH and identifying the species.




2.3. Data Analysis


In this paper, two life stages were designated for the tree species according to DBH: juvenile (DBH < 10 cm) and adult (DBH ≥ 10 cm) [36]. An exception was Syringa. reticulata, which was classified according to different DBH measurements (juvenile for DBH < 4 cm and adult for DBH ≥ 4 cm) because it is a smaller sub-tree, understory species [37]. To achieve the required sample size, we only analyzed those species with more than 30 individuals in the population, which included eight species in the adult class, S. reticulata, P. koraiensis, J. mandshurica, A. holophylla, A. pseudosieboldianum, A. triflorum, A. mono, and T. amurensis, and five species in the juvenile class, P. koraiensis, J. mandshurica, A. pseudosieboldianum, A. triflorum, and A. mono (Figure 2).



In recent years, several different two-order statistical methods have been used to analyze spatial point pattern analysis [38,39,40,41,42]. Among them, Ripley’s K-function has been widely used [38,43,44,45]. The calculation formula for the K-function is as follows:


  K   r   =   A     n   2       ∑  i = 1   n          ∑  j = 1   n          I r   d i j     W i j     i ≠ j   ,  



(1)




where A is the area of the sample plot, n is the total number of species in the sample plots, r is the radius of the circle,     I   r       d   i j       is the indicator function, and     d   i j     is the distance between the center point i and point j. When     d   i j     ≤ r,     I   r       d   i j       = 1 and     d   i j     > r,     I   r       d   i j       = 0,     W   i j     is the weight. However, when the K-function is used to analyze spatial patterns, a distance (scale) is included for all the information in the circle: as the distance (scale) increases, the results for the large distances (scales) include the information of the small distances (scales) [46,47]. This cumulative calculation confuses the effects of large and small scales [38,44].



We used Ripley’s K-function and the pair correlation function to examine the spatial patterns among the trees [48]. Point pattern analysis, a statistical principle, was first proposed by Ripley and has subsequently been continuously improved and developed since then. The details of these mathematical principles can be found in previous publications [38,48]. In this paper, using the coordinates of individual plants in space as the basic data, each individual was considered as a point in two-dimensional space so that all the individuals together formed a point map. The spatial patterns were analyzed according to the point map [49].



The pair correlation function g(r) was derived from Ripley’s K-function [38]:


  g ( r ) =   1   2 π r     d K ( r )   d ( r )   .  



(2)







In this equation, the area of a circle with radius r is replaced by the area of a circle with a given radius, making it a probability density function, which is useful for exploring ecological pattern formation [47,49]. The pair correlation function includes univariate and bivariate analyses. The univariate statistics are used to analyze the spatial patterns of a single species, while the bivariate statistics are used to analyze the spatial associations of two species. For a univariate point pattern, g(r) > 1 indicates that the points are aggregated at a given distance, r, and g(r) < 1 indicates that they are regularly distributed, while g(r) = 1 indicates a random distribution. For a bivariate point pattern, g12(r) > 1 indicates a positive association (attraction) between the two patterns at a given distance, r, while g12(r) < 1 indicates a negative interaction (repulsion) between them at distance r, and g12(r) = 1 indicates no interaction.



In our study, univariate statistics were used to test the spatial distributions of eight species (for the adult class) and five species (for the juvenile class) at different scales. The complete spatial random model (CSR) was used as the null model to test whether habitat heterogeneity affects the spatial distribution of juveniles and adult trees. At a small scale, aggregation may be caused by interactions between plants. At scales greater than 10 m, if the adult trees are aggregated, it can be inferred that habitat heterogeneity is at work [50]. In addition, we also used the heterogeneous Poisson process (HP) to examine the distribution patterns of dominant populations excluding habitat heterogeneity. Bivariate statistics were used to determine whether there was a spatial relationship between two different species or two different life stages (DBH classes). The null model was a heterogeneous Poisson process based on a nonparametric intensity estimation using the Epanechnikov kernel [51]. For adult trees, we left the locations of species 1 untouched and distributed the trees of species 2 using the heterogeneous Poisson process described above, and for adult trees and juveniles, we kept the locations of the adult trees constant and used the locations of the juveniles to calculate the simulated values.



To analyze the spatial patterns of the plant population with fine precision, we used a grid size of 1 m × 1 m and a ring width of 3 m. Significant departures from the null model were assessed using the fifth lowest and fifth highest values of 199 Monte Carlo simulations of the null model to generate approximately 95% simulation envelopes. For all analyses, we performed the goodness-of-fit (GoF) test over the interval 0–20 m to assess departures from the null model. The results were retained for further analysis if the p value of the GoF test was less than 0.05. All analyses were performed using Programita software (November 2018 version), and all figures were generated in Sigmaplot 14.0 [47].





3. Results


3.1. Population Structure


We documented 1351 free-standing living individuals of 22 species belonging to 12 families and 14 genera. The stand was an old-growth forest with a reversed J-shaped distribution of tree diameters when pooled for all species. Of the individuals, 70.61% were in the 1–20 cm DBH class (Figure 3). As S. reticulata is a shrub, the majority of individuals of this species have a diameter at breast height (DBH) of less than 10 cm. P. koraiensis was present in all DBH classes, with more juveniles (DBH ≤ 10 cm) and adult trees than trees with DBH ≥ 40 cm. T. amurensis had an L-shaped distribution of diameters and relatively more adult trees. Six of the eight species had a similar L-shaped distribution with a high concentration of younger trees, indicating that the forest was regenerating.




3.2. Spatial Patterns


All species showed aggregated distributions at a certain scale (Figure 4). The GoF test revealed a significant departure from the CSR null model for all eight species and for both DBH classes. The spatial analysis did not include S. reticulata, A. holophylla, or T. amurensis due to the small number of younger trees in the plot. Of the eight main species, five in the juvenile class and eight in the adult class exhibited an aggregated distribution at small scales. This aggregation decreased as the scale increased, resulting in a random distribution. The aggregated distribution was very obvious among these eight species, and the ranges of the aggregated distributions were as follows: P. koraiensis at 0–2 m and 8 m scales; A. pseudosieboldianum at 0–47 m and 49–59 m; A. triflorum at 0–4 m and 12–14 m; A. mono at 0–34 m, 39 m, and 44–46 m; J. mandshurica was mainly concentrated at 0–38 m; S. reticulata at 0–20 m and 24–27 m; A. holophylla at 0–1 m, 3–4 m, 10–13 m, and 36–38 m; and T. amurensis at 0–1 m, 3 m, 10–11 m, 18–21 m, 25–26 m, and 30–31 m. Among them, there were obvious clustered distributions from small scales to medium scales for J. mandshurica, A. pseudosieboldianum, and A. mono.



P. koraiensis juveniles showed aggregated distributions at the scales of 0–13 m, 19–22 m, and 30–41 m, and the adult trees showed aggregation at scales of 0–2 m, 10–11 m, 16–25 m, 30–31 m, 38 m, and 44–45 m. J. mandshurica juveniles were found to be aggregated at scales of 2–7 m, 16–17 m, 23–24 m, 30–38 m, and 32–35 m, while the adult trees were aggregated at a scale of 0–38 m. At other scales, the distribution was random. The seedlings of A. pseudosieboldianum were also found to be aggregated at scales of 0–8 m, 10–40 m, and 44 m, while the adults showed an aggregated distribution at scales of 0–4 m, 7–13 m, 15 m, 19–21 m, 26–31 m, and 35–37 m. The juvenile trees of A. triflorum were clustered at scales of 0–23 m, 26–30 m, and 37–43 m, and the adult trees were found to be aggregated at scales of 1–3 m and 19 m. A. mono juvenile trees were in an aggregated distribution at scales of 0–1 m, 4–6 m, 15–32 m, and 38–39 m, while the adult trees aggregated at 3–15 m, 17–19 m, 21 m, and 23–27 m. For P. koraiensis and Acer spp., the degree of aggregation of juvenile trees at small scales was relatively high in comparison to the adult class: as DBH increased, the degree of aggregation significantly decreased. S. reticulata was found to be aggregated at scales of 0–20 m and 22 m. A. holophylla showed an aggregated distribution at scales of 3–5 m, 10–14 m, 10–14 m, 19–21 m, and 29–31 m. T. amurensis aggregated at scales of 0–1 m, 3–5 m, 10 m, and 16–22 m. In conditions of habitat heterogeneity, J. mandshurica adult trees mainly aggregated at scales of 0–40 m, while aggregated distributions of both the adult trees and juveniles of the remaining species were mainly concentrated at the 0–20 m scale.



Figure 5 shows the spatial distributions of the eight main populations (five species for juvenile trees and eight species for adult trees) in the absence of habitat heterogeneity. The GoF test also revealed a significant departure from the HP null model for seven species: four species of adult trees and four species of juvenile trees. Obviously, compared with the distribution patterns of the juvenile trees, the scale range of aggregation significantly decreased for the adult trees, and there were more random distributions in the adult age class. The aggregated distributions of the eight populations were mainly concentrated at 0–5 m, and only S. reticulata and J. mandshurica clustered at 0–10 m scales. The aggregated distributions of the five species of juvenile trees were mainly concentrated at 0–10 m. For adult trees, only S. reticulata was aggregated at 0–10 m, with the adult class of the remaining seven species mainly aggregating at 0–5 m.



P. koraiensis juveniles exhibited an aggregated distribution in the range of 0–7 m and a random distribution at other scales. Adult trees were only found to aggregate within the range of 0–1 m. J. mandshurica juveniles showed an aggregated distribution at 2 m and 4–7 m, and the adult trees were clustered in the range of 0–5 m. Juvenile trees of J. mandshurica showed an aggregated distribution at scales of 0–2 m and 23 m and at 0–3 m for the adult trees. The juvenile trees of A. triflorum clustered at the 0–3 m and 39–43 m scales, but the adult trees showed a random distribution at all scales. At the 0–1 m scale, only the juveniles of A. mono were clustered, while the adult trees were randomly distributed at all scales. The degree of aggregation in the juvenile class species decreased significantly at small scales as DBH increased, except for A. pseudosieboldianum. Both S. reticulata and A. holophylla showed aggregated distributions in the range of 0–1 m, while T. amurensis was aggregated at all scales. In addition to adult A. triflorum trees, A. mono and T. amurensis were randomly distributed at all scales. The other species showed a similar spatial distribution being aggregated at small scales and gradually becoming less so as the scale increased, ultimately resulting in a random distribution. After habitat heterogeneity was excluded, the five tree species in the juvenile class tended to aggregate at the 0–10 m scale, and eight tree species in the adult class tended to aggregate at the 0–5 m scale, with the exception of S. reticulata, which mainly aggregated at the scale of 0–10 m.



Regardless of whether habitat heterogeneity is included or excluded, the population as a whole, including juveniles and adult trees, showed similar spatial patterns (Figure 4 and Figure 5). Specifically, there was aggregation at small scales, which gradually decreased as the scale increased, and finally, there was random distribution at large scales. The results showed that the spatial distribution patterns of species varied with scale. Notably, when excluding habitat heterogeneity, all species aggregated at significantly reduced scales and mainly concentrated at 0–5 m or 0–10 m. This indicates that aggregation at small scales may be caused by the biological characteristics of the species, such as seed dispersal limitation. However, the large-scale aggregation suggests that habitat heterogeneity affects these species.




3.3. Spatial Associations


Using bivariate statistics, we performed a total of 56 (8 × 7), 56 (8 × 7), and 20 (5 × 4) bivariate point pattern analyses for all individuals of the eight species in the adult class and the five species in the juvenile class. The results of the GoF test showed significant negative associations (repulsion) for three pairs: J. mandshurica vs. A. pseudosieboldianum at 1–4 m, A. pseudosieboldianum vs. A. triflorum at 1–4 m, and A. triflorum vs. A. pseudosieboldianum at 0–4 m. Additionally, positive associations (attraction) were found for seven pairs at small scales (refer to Table 1). At scales of 0–4 m, A. triflorum and A. pseudosieboldianum showed a negative association. Six out of seven pairs with positive associations were found to be symmetric (in S. reticulata vs. J. mandshurica, P. koraiensis vs. A. mono, and P. koraiensis vs. A. holophylla). At scales of 0–2 m and 6–9 m, there was a positive association between S. reticulata and J. mandshurica, while at scales of 0–9 m, there was a positive association between J. mandshurica and S. reticulata. Additionally, at scales of 1–4 m, there was a significant positive association between P. koraiensis and A. mono. At scales of 1–3 m, there is a positive association between P. koraiensis and A. holophylla. Similarly, at scales of 2–5 m, there is a positive association between A. holophylla and P. koraiensis. Additionally, the pair of P. koraiensis and A. pseudosieboldianum showed a positive association at scales of 7–9 m. In our methodology, we described the pair correlation function g(r), which represents the probability of a species occurring within a certain distance (scale) from a given point, forming a ring around it. The ranges mentioned in the text, such as 0–2 m and 6–9 m, denote the widths of these rings, which are incrementally increasing. Thus, any scale can be calculated accordingly. However, the data in the table are aggregated based on a 5 m scale, which includes all rings within that width. We also analyzed the spatial associations among the individuals of each species in two size classes. When comparing the spatial associations among small trees (DBH < 10 cm, or DBH < 4 cm for S. reticulata), the GoF test revealed that only 2 of 20 pairs significantly departed from the HP null model (Figure 6); P. koraiensis vs. A. mono and A. mono vs. P. koraiensis, which showed positive correlations at small scales of 2–3 m.



When comparing the spatial associations among large trees (DBH ≥ 10 cm or DBH < 4 cm for S. reticulata), the GoF test detected significant departures from the HP null model for 15 species pairs (Figure 7). In 13 cases, the small-scale association was negative (repulsion), while in the other two cases, the small-scale association was positive (attraction). The two pairs of departing species were S. reticulata vs. J. mandshurica and J. mandshurica vs. S. reticulata, which showed positive correlations at scales of 0–2 m. The negative associations of the remaining 13 species appeared at different scales: J. mandshurica vs. A. pseudosieboldianum at 3–6 m scales, P. koraiensis vs. A. pseudosieboldianum at 1 m and 3–7 m scales, P. koraiensis vs. A. triflorum at 5–35 m scales, P. koraiensis vs. A. mono at 2–41 m scales, P. koraiensis vs. S. reticulata at 1–7 m and 20–24 m scales, P. koraiensis vs. A. holophylla at 5–41 m and 45–47 m scales, P. koraiensis vs. T. amurensis at 2–37 m and 41–46 m scales, S. reticulata vs. P. koraiensis at 1–25 m scales, S. reticulata vs. A. pseudosieboldianum at 2–11 m and 15–20 m scales, S. reticulata vs. A. triflorum at 0–33 m scales, S. reticulata vs. A. mono at 0–31 m scales, S. reticulata vs. A. holophylla at 1–38 m scales, and S. reticulata vs. T. amurensis at 0–32 m scales.



When comparing the spatial associations between large and juvenile trees of these species, the GoF test showed positive associations for 4 out of 40 species pairs and negative associations for only 2 out of 40 species pairs at small scales (Figure 8). At scales of 0–4 m, there was a negative correlation between A. triflorum and J. mandshurica and a negative association between A. triflorum and A. pseudosieboldianum at scales of 2–4 m. The four remaining species pairs showed positive correlations at different scales. Specifically, S. reticulata vs. A. triflorum at 3 m and 6–11 m scales, A. mono vs. P. koraiensis at 1–4 m scales, A. holophylla vs. P. koraiensis at 2–6 m scales, and T. amurensis vs. A. pseudosieboldianum at 0–2 m scales. The other large trees did not show any association with the juvenile trees.





4. Discussion


4.1. Spatial Distribution Patterns and Influencing Factors


Our study examined the spatial distribution and interspecific relationships of eight major tree species in a mixed broad-leaved Korean pine forest. The populations in the stand exhibited an aggregation pattern at small scales, transitioning to a more random distribution as the scale increased. This randomness at larger scales can be attributed to the abundance of Korean pine and the number of trees with larger diameter at breast height (DBH), which exacerbates competition for resources such as light and space, leading to a more stable community structure [22]. Research has shown that species with larger seeds, lower maximum heights, and lower frequency of distribution of adult individuals are more spatially and temporally restricted [52]. These restrictions on seed dispersal have an impact on intraspecific competition and competitiveness, which further affects the spatial distribution of species in the community and thus maintains the diversity of the community. Furthermore, it was discovered that the topography and light requirements significantly influenced the distribution of species [53].



The study analyzed the impact of habitat heterogeneity on species distributions and found that excluding it led to smaller aggregation sizes for all species. This result is in line with previous research, including Sierra de Guadarrama’s (2016) study, which highlighted the effects of habitat heterogeneity on species distributions at various scales [54]. We emphasized the significant influence of environmental factors on the distribution of woody plants, highlighting the close relationship between plant growth and environmental conditions. To mitigate the effects of habitat heterogeneity on study results, we recommend controlling for variables, selecting appropriate study sites, and using multiple data analysis methods when investigating plant interactions.



Some sources suggest that closely related species with similar ecological features may not coexist. Interspecific competition is more likely to occur between such species, especially at small scales [55]. The GoF test revealed significant correlations between certain pairs of species. Notably, Korean pine was found to have significant associations with six other species, while it did not show any significant association with J. mandshurica. S. reticulata was significantly associated with all seven species. These associations were largely influenced by similarities in habitat requirements and dispersal limits, suggesting adequate resources for species coexistence [56]. However, the preponderance of negative correlations among adult species, particularly among those occupying different forest levels, suggests that interspecific competition is influenced by biological traits [57].




4.2. Methodological Limitations


This study employs spatial point pattern analysis methods, such as Ripley’s K-function and pair correlation function, to investigate the spatial distribution patterns of tree species. However, it is important to note that these methods have limitations that require attention.



Specifically, the cumulative calculation of these methods may obscure the spatial distribution patterns at different scales [50]. As the scale of analysis increases, results at larger scales may obscure subtle changes at smaller scales. Therefore, it is important to carefully evaluate the results of the analysis at different scales and note any possible differences.



Additionally, we used a specific spatial resolution and ring width in our analysis. Different parameter settings can produce varying results. Choosing a larger spatial resolution may result in a loss of detail in the spatial pattern, which can fail to capture aggregation or dispersion on small scales. Conversely, selecting a smaller spatial resolution may increase the computational effort of the analysis and lead to overfitting of the data, resulting in unstable results. Regarding the ring width, it is important to consider the impact of parameter selection on our analysis of clustering and dispersion at different scales. To ensure robust and reliable results, it is best practice to perform parameter sensitivity analysis and try different parameter combinations.



This study utilized the complete spatial random (CSR) model and the heterogeneous Poisson process (HP) as the basic models for spatial distribution. The CSR model assumes that points or species in a given area are distributed randomly, without spatial correlation or aggregation [58]. This ignores, to a certain extent, the influence of environmental and biological factors on spatial distribution, such as soil type, vegetation structure, and biological interactions. The heterogeneous Poisson process, on the other hand, assumes spatial heterogeneity but may oversimplify the expression of this heterogeneity and ignore some subtle spatial differences [58].



In natural ecosystems, spatial distribution is influenced by various complex factors, including soil properties, topography, hydrological conditions, vegetation structure, and biological interactions [59]. These factors can cause diverse patterns of spatial distribution, such as aggregated, dispersed, or random patterns. Therefore, simple spatial models may not adequately capture these complex ecological processes and spatial structures. Therefore, it is important to carefully consider the limitations of these models when interpreting the study results. It should be noted that actual ecosystems may have more complexity and variability.




4.3. Implications for Conservation


The findings of this study hold significant importance for forest conservation and management. Firstly, the study uncovers the spatial distribution and interconnections of major tree species in forests, providing crucial information for ecosystem conservation. Understanding the spatial distribution patterns of tree species can aid in identifying key habitat types and ecological processes, which can guide the selection of sites for conservation and the development of management measures [8]. Aggregation of tree species was observed at different scales, indicating habitat preferences and interspecific interactions under specific environmental conditions. These findings provide guidance for the conservation and restoration of critical habitat types.



Additionally, the results are instructive for the management and sustainable use of forest resources. Understanding the interconnections between tree species is crucial for comprehending their functions and roles in the ecosystem. This knowledge can aid in optimizing forest resource management practices and promoting the health and stability of forest ecosystems [3]. The spatial associations of different tree species at different growth stages demonstrate the importance of their interactions on forest structure and successional processes.



These findings provide guidance for promoting the natural regeneration and successional processes of tree species, as well as supporting the provision of ecosystem services and the sustainable utilization of forest resources. A deeper understanding of the spatial distribution and interconnections of tree species can improve the assessment of ecosystem service functions such as water conservation, soil retention, and carbon storage. This provides a basis for developing strategies to sustainably utilize and manage forest resources [4].



In summary, our findings are significant for guiding forest conservation and management practices, as well as improving the management and conservation of forest resources. By gaining an in-depth understanding of the spatial distribution and interconnections of tree species, forest ecosystems can be better protected and managed for healthy and sustainable ecosystem development.





5. Conclusions


The aim of this study was to investigate the spatial distribution and spatial associations of Korean pine broad-leaved mixed forests in Hongshi National Forest Park, Huadian City, Jilin Province. Based on the analysis of population structure, spatial distribution, and spatial associations, we suggest that differences among them are due to seed dispersal limitation, habitat heterogeneity, and tree species’ demand for topography and light. In conclusion, this study presents the similarities and differences in population structure, spatial distribution patterns, and spatial associations among the eight main tree species at various scales of the forest community. The results indicate that the spatial distribution pattern of these species becomes more random with increasing scale. Therefore, protecting the diversity and integrity of forest habitats is critical to maintaining tree species diversity and community stability. While forest gap dynamics, topography, and life history strategies may contribute to explaining species distributions, there is currently insufficient evidence to support the interpretation of species coexistence. Further studies are necessary to reveal the mechanisms behind species coexistence. Furthermore, additional research into the connections between species and other ecological factors such as temperature, humidity, soil conditions, and disturbance history may offer valuable insights into the mechanisms or reasons behind species coexistence.
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Figure 1. Map of study sites. 
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Figure 2. Photographs of study species. Pictured from the first row onwards from left to right are S. reticulata, P. koraiensis, J. mandshurica, A. holophylla, A. pseudosieboldianum, A. triflorum, A. mono, and T. amurensis. 
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Figure 3. Diameter distribution for all live trees of each major species. 
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Figure 4. Univariate point pattern analyses of eight species under the CSR null model. The larger figures show the spatial distribution of all individuals of the 8 species, and the insets show the analyses of the two different size classes. Solid lines indicate the observed pair correlation functions; dotted lines indicate the expected g function under the CSR null model; and short-dashed lines indicate the simulation envelopes being the fifth-lowest and fifth-highest g(r) values of the 199 Monte Carlo simulations of the null model. Points above the upper envelopes stand for aggregation, points between the envelopes stand for random, and points below the envelopes stand for regular. 
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Figure 5. Univariate point pattern analyses of eight species under the HP null model. The larger figures show the spatial distribution of all individuals of the 8 species, and the insets show the analyses of the two different size classes. Solid lines indicate the observed pair correlation functions; dotted lines indicate the expected g function under the HP null model; and short-dashed lines indicate the simulation envelopes being the fifth-lowest and fifth-highest g(r) values of the 199 Monte Carlo simulations of the null model. Points above the upper envelopes stand for aggregation, points between the envelopes stand for random, and points below the envelopes stand for regular. 
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Figure 6. Examples of interspecies associations among juvenile species. Solid lines indicate ring statistics (g12®); dotted lines indicate the expected g function under the HP null model; and short-dashed lines indicate the simulation envelopes being the fifth-lowest and fifth-highest g12(r) values of the 199 Monte Carlo simulations of the null model. Points above the upper envelopes stand for positive associations, points between the envelopes stand for independent patterns, and points below the envelopes stand for negative associations. 
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Figure 7. Examples of interspecies associations among adult species. All other symbols and descriptions are the same as in Figure 6. 
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Figure 8. Examples of intra- and interspecies associations among juvenile species and adult species. All other symbols and descriptions are the same as in Figure 6. 
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Table 1. Analyses of the spatial associations of eight species in the study plot.
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Species 1

	
Species 2

	
p Values

	
Scales (m)




	

	

	

	
0–5

	
5–10

	
10–15

	
15–20

	
20–25

	
25–30

	
30–40

	
40–50






	
S. reticulata

	
J. mandshurica

	
0.0005

	
+(no)

	
+(no)

	
no

	
no

	
no(−)

	
no

	
no

	
no




	
J. mandshurica

	
S. reticulata

	
0.01

	
+

	
+

	
no

	
no

	
no

	
no

	
no

	
no(−)




	
J. mandshurica

	
A. pseudosieboldianum

	
0.035

	
−(no)

	
no(−)

	
no

	
no

	
no

	
no

	
no

	
no




	
P. koraiensis

	
A. pseudosieboldianum

	
0.02

	
no

	
+(no)

	
no

	
no(−)

	
no

	
no

	
no(+)

	
no




	
P. koraiensis

	
A. mono

	
0.005

	
+(no)

	
no

	
no(+)

	
no

	
no

	
no

	
no

	
no




	
P. koraiensis

	
A. holophylla

	
0.005

	
+(no)

	
no(+)

	
no

	
no

	
no

	
no

	
no

	
no




	
A. mono

	
P. koraiensis

	
0.015

	
+(no)

	
no

	
no

	
no

	
no

	
no

	
no

	
no




	
A. holophylla

	
P. koraiensis

	
0.005

	
+(no)

	
no(+)

	
no

	
no

	
no

	
no

	
no

	
no




	
A. triflorum

	
A. pseudosieboldianum

	
0.005

	
−

	
no(−)

	
no

	
no

	
no

	
no

	
no

	
no




	
A. pseudosieboldianum

	
A. triflorum

	
0.02

	
−(no)

	
no

	
no

	
no

	
no

	
no

	
no

	
no








Note: The bivariate statistic of the pair correlation function was used to analyze the spatial associations among eight species under the heterogeneous Poison null model. “+” stands for a positive association, “no” stands for no spatial association, “−” stands for a negative association, “+(no)” indicates the positive association is greater than no spatial association, “no(+)” indicates that no spatial association is greater than the positive association, “−(no) ” indicates the negative association is greater than no spatial association, and “no(−)” indicates that no spatial association is greater than a negative association at the studied scales. The p values were calculated based on the GoF test. Only species pairs with a p value < 0.05 are shown in the table.
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