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Abstract

:

Natural regeneration is deemed essential for maintaining biodiversity and ecosystem stability. Previous studies, however, have primarily concentrated on regions exhibiting limited environmental and climatic variability, overlooking the classification of natural regeneration based on age and source. Research conducted at the mesoscale, characterized by increased environmental variability and the incorporation of neighborhood competition and understory-associated vegetation, enhances our comprehension of the multifaceted influences on natural regeneration. To comprehend this issue, this study implemented 60 plots, each measuring 20 m × 20 m, across five distinct areas of Chongqing, China. Twenty explanatory variables were chosen from five diverse categories: understory vegetation, neighborhood competition, stand structure, climatic factors, and environmental factors. And the naturally regenerated species were classified into seedlings and saplings, as well as endogenous and exogenous species, based on their age and origin. We examined the response of the different categories of natural regeneration to various factors and constructed a structural equation model (SEM) for significant factors to investigate their direct and indirect effects on natural regeneration. A total of 61 regenerated tree species belonging to 29 families and 42 genera were found in the study area, and the naturally regenerating species with high importance values were Quercus fabri, Robinia pseudoacacia, Alangium chinense, Cunninghamia lanceolata, and Ligustrum lucidum. It was found that neighborhood competition and understory-associated vegetation explained the largest proportion (more than 50%) of the variation in the different categories of natural regeneration, and forests with clumped distribution (W), a high mingling index (M) and strong competition (H) had a reduced natural regeneration capacity. Understory-associated herbs significantly reduced natural regeneration and the crowdedness index (C) significantly inhibited the understory-associated herbs, thus indirectly promoting natural regeneration. The shrub cover is significantly and positively correlated with the number of naturally regenerated plants and can be used as an indicator of a forest community’s regeneration potential. Understanding the differences in the importance of various factors at the mesoscale, as well as their direct and indirect impacts, can help us further comprehend the mechanisms of natural regeneration and provide a foundation for the sustainable development of forests.
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1. Introduction


Natural regeneration serves as a crucial mechanism for maintaining biodiversity and stability within forest ecosystems [1], playing a significant role in achieving sustainable forest development [2] and facilitating natural recovery post-disturbance [3,4,5]. Moreover, with the emergence of carbon neutrality goals, natural regeneration has been recognized as a cost-effective and sustainable approach to enhance forest carbon sinks, mitigating climate change [6]. However, the natural regeneration process of trees is susceptible to various factors [7,8], particularly those at vulnerable development stages such as seedlings and saplings [9]. Previous studies have revealed that factors such as elevation [10], aspect [11], and slope [12], and climatic factors like rainfall and temperature [13], are crucial abiotic factors influencing forest regeneration. Biotic factors such as the stand density, tree diameter at breast height (DBH), and tree average height (TAH) have been shown to play significant roles in natural regeneration [14,15,16]. However, most previous studies have focused on sites with limited environmental and climatic heterogeneity. The relative importance of various factors for natural regeneration has not been adequately compared.



Competition among canopy trees for light, growing space, water, and nutrients can influence natural regeneration [17]. Consequently, many researchers have begun to use neighborhood competition to quantify the impact of tree competition on natural regeneration. He et al. (2022) confirmed that neighborhood competition was found to affect the regeneration and biomass allocation of Pinus massoniana [18]. The impact of competition is not necessarily negative. Larger crown sizes may lead to stronger canopy competition and coverage, which can suppress natural regeneration [19]; larger crown coverage can provide a sufficient number of seeds for natural regeneration, potentially benefiting the process [20]. On the other hand, the impact of understory-associated vegetation on natural regeneration is complex. The diversity of shrubs and herbs contributes to the forest’s water-holding capacity and nutrient retention [21]; for example, thorny shrubs can reduce browsing by herbivores [22], thereby increasing the survival rate of seedlings and saplings. However, shrubs may compete with tree seedlings [23]. Neighborhood competition or stand structure factors can also influence shrubs and herbs, thereby exerting direct or indirect effects on forest regeneration [24,25,26]. Neighborhood competition and understory-associated vegetation have complex impacts on natural regeneration. Understanding these mechanisms could help develop appropriate management strategies for trees and understory vegetation.



Previous studies on natural regeneration have rarely categorized regeneration according to age and origin. However, within the realm of natural regeneration, varying responses to biotic and abiotic factors are discernible among seedlings of diverse ages and sizes [13,25,27]. Metslaid et al. (2005) indicated that seedlings taller than 1.3 m may exhibit stronger competitive abilities [28]. The transition from seedling to sapling is often a critical bottleneck in supplementing the forest stand structure through natural regeneration [29]. Therefore, understanding the responses of seedlings and saplings at different age levels to various factors can further elucidate the mechanisms of natural regeneration. On the other hand, in undisturbed conditions, naturally regenerating understory plants represent the future composition of plant communities [30], and the seeds from natural regeneration originate from both within and around the community, resulting in different impacts [31]. Seeds from other stands or communities can effectively alter species diversity in understory regeneration, determining the structure and dynamics of future communities [32,33]. Notably, endogenous regeneration in forests is beneficial for maintaining the stability of species composition and ecosystem services [34], and current forest management aims to transform coniferous forests into mixed forests, thereby enhancing forest biodiversity and productivity [35]. Therefore, studying the mechanisms of natural regeneration effects from different sources of seedlings can help us understand the future changes in forest communities under different environments and assist forestry management authorities in decision-making.



Chongqing, situated in the southwestern region of China, is marked by substantial variations in altitude and an uneven distribution of rainfall, thereby exhibiting pronounced environmental heterogeneity. Therefore, by comparing the capacity of the stand structure (or neighborhood competition), understory-associated vegetation, and environmental factors to influence natural regeneration, a deeper comprehension of this ecological process at the mesoscale can be achieved. Such an understanding is vital for protecting the forest environment in Chongqing, thereby facilitating the realization of sustainable forestry development goals.



Based on these challenges, we proposed the following research objectives: 1. to identify the key factors influencing forest natural regeneration at the mesoscale; 2. to assess the responses of natural regeneration from different ages and origins to various factors; 3. to examine the direct and indirect effects of neighboring competition and understory-associated vegetation on different ages and origins of natural regeneration.




2. Materials and Methods


2.1. Study Site


The study area is located in Chongqing (28°10′–32°13′ N, 105°11′–110°11′ E), situated in inland China, covering a total area of 82,400 km². The terrain predominantly consists of hills, low mountains, and mid-mountains, with altitudes ranging from 400 to 1400 m. Chongqing experiences a subtropical monsoon climate, with an annual average temperature of 14–18 °C and an annual average precipitation of 1000–1400 mm [36]. Due to significant environmental heterogeneity in Chongqing, five representative areas were selected from the east, south, west, north, and central regions for this study (Figure 1). The study areas are located at elevations of 397–1497 m, with annual average temperatures of 12.4–17.4 °C and an annual average precipitation of 1076–1426 mm, which collectively represent the environmental and climatic characteristics of Chongqing (Table S1).




2.2. Plot Selection and Vegetation Investigation Methodology


Within the study area, natural forest communities that are common in each region, with stable structures, minimal human disturbance, no management or logging, and an age of 20–30 years (middle-aged and near-mature forests) were selected. Representative areas within these communities were chosen to establish permanent 20 × 20 m plots. A total of 60 plots were established across the five regions.



In each plot, every tree (height > 5 m) was identified and recorded. Measurements included diameter at breast height (DBH), height, and crown width. Spatial positioning of each tree was conducted using Real-Time Kinematic (Qianxun SI SRmini, Shanghai, China).



To calculate neighborhood competition, a 5 m buffer zone was set around the edge of each plot. Surveys of shrubs and herbaceous plants were conducted within the 10 × 10 m core area at the center of each plot. The core area was divided into four 5 × 5 m subplots, and four of these were selected to identify and record all woody plants (H < 5 m, including shrubs and natural regeneration). Measurements included species, basal diameter, height, crown width, and cover. Additionally, all herb species, heights, and covers were recorded. The basic information for each plot is detailed in Table S1.




2.3. Selection and Interpretation of Explanatory and Response Variables


We tallied the number of naturally regenerated plants within the subplots. When the height of naturally regenerated plants was <1.2 m, they were classified as seedlings, while those with heights between 1.2 and 5 m were categorized as saplings. Naturally regenerated plants were further classified based on their seed source into endogenously and exogenously regenerated plants; endogenously regenerated plants were denoted as progeny originating from parent trees within the 20 m × 20 m plot, and otherwise were classified as exogenous regeneration. According to the classification method, the number of tree regenerations (NTR), the number of herb seedlings (NHS), the number of shrub saplings (NSS), the number of exogenous regenerations (NExR), and the number of endogenous regenerations (NEnR) were considered the five primary response variables in this study.



The explanatory variables were divided into five groups: environmental factors, climate factors, stand structure, neighborhood competition, and understory-associated vegetation (Table 1). The neighborhood competition index was calculated using ArcGIS 10.4 (ESRI, Redlands, CA, USA). The basic information of the explanatory variables is detailed in Table S1.




2.4. Data Analysis


We assessed the potential for multicollinearity by using the Variance Inflation Factor (VIF) and correlation analysis. Variables with VIF > 5 and correlation coefficients exceeding 0.7 were removed, and for these, the tree species richness (TSS) was removed [42]. We checked the normality, homogeneity, and independence of residuals for all models [43], and applied normality transformations and scaling transformations when necessary.



Different canopy structures have varying impacts on the understory [44], and coniferous and broadleaf tree species possess distinct functional traits and canopy structures. Therefore, we divided the proportion of coniferous trees into five categories (0%–20%, 20%–40%, 40%–60%, 60%–80%, 80%–100%) as random effects in the model.



We utilized the R package ‘glmmTMB’ to construct Generalized Linear Mixed Effects Models (GLMMs) to analyze different response variables concerning environmental factors, climate factors, stand structure, neighborhood competition, and understory-associated vegetation. We conducted model selection based on the AICc (ΔAICc ≤ 2) to identify the best predictors of species importance value. This procedure was carried out using the ‘dredge’ function in the R package ‘MuMIn’ [45,46]. Subsequently, we employed the R package ‘glmm. hp’ to calculate the relative importance values of each explanatory variable [47], elucidating the degree of influence of different factors. Using the above methods, we modeled the impact of different factors on regeneration. The models included the following information: (i) Generally, when understory regeneration density exceeds overstory tree density, the community’s regeneration potential is considered better [48]. Therefore, the response variable was set as 0 (lower regeneration density than overstory tree density, indicating poor regeneration potential) or 1 (higher regeneration density than overstory tree density, indicating excellent regeneration potential). GLMM regression models were established based on logit transformation. (ii) GLMM regression models were constructed based on log transformation, with the number of tree regenerations replacing tree regeneration density. Different explanatory variables were used to establish optimal models for the number of tree regenerations (NTR), the number of herb seedlings (NHS), the number of shrub saplings (NSS), the number of exogenous regenerations (NExR), the number of endogenous regenerations (NEnR). These models were constructed to examine the response of different types of natural regeneration to the explanatory variables. (iii) To compare the differences in natural regeneration between the shrub layer and the herb layer, we set the condition where the number of saplings in the shrub layer exceeds that in the herb layer as 1, and vice versa as 0. We then established the optimal model using a GLMM based on logit transformation.



Due to the limited data, structural equation models (SEMs) with fewer variables are expected to provide greater reliability [45,49]. Therefore, SEMs were only established for the important neighborhood competition and understory-associated vegetation in the optimal models. The R package ‘piecewiseSEM’ was utilized to construct SEMs to test whether neighborhood competition indirectly affects spontaneous regeneration through mediating understory-associated vegetation factors.



All analyses were performed using R software (v4.3.1, R Foundation for. Statistical Computing, Vienna, Austria) We set the significance level at p < 0.05. Additionally, data with p < 0.1 were also marked, with explanations provided for any special cases as necessary.





3. Results


3.1. Natural Regeneration Basics and Important Factors Affecting Regeneration


In the 60 plots, a total of 2522 trees belonging to 76 species, 36 families, and 62 genera were recorded. The top five importance values were given to the following tree species: Pinus massoniana, Cupressus funebris, Cunninghamia lanceolata, Quercus fabri, and Cornus wilsoniana. A total of 636 natural regeneration saplings or seedlings were recorded, comprising 61 species from 29 families and 42 genera. The top five importance values of the regeneration layer were given to Quercus fabri, Robinia pseudoacacia, Alangium chinense, Cunninghamia lanceolata, and Ligustrum lucidum. In the understory-associated vegetation, 89 species of shrubs were recorded, which belonged to 43 families and 69 genera, and the top five importance values of shrubs were given to Camellia oleifera, Coriaria nepalensis, Viburnum erosum, Zanthoxylum armatum, and Vitex negundo. A total of 127 herbaceous species were recorded, which belonged to 53 families and 98 genera, and the top five importance values of herbs were given to Carex breviculmis, Carex brunnea, Cyclosorus acuminatus, Miscanthus floridulus, and Imperata cylindrica. Overall, the number of tree regenerations (10.6 stems) (Table 2) varied considerably in terms of the regeneration density among the different plots, ranging from 0 to 54 stems, with a large standard deviation (S.D.) and coefficient of variation (CV).



Among the plots, 28 were identified as having a better regeneration potential, with the number of tree regenerations (NTR) exceeding the tree density (TDEN). The optimal model indicated that neighborhood competition (38.97%) and understory-associated vegetation (30.1%) had the most significant impact on regeneration (Figure 2a, R2c = 0.59). To further validate the effects of neighborhood competition and understory plants on the regeneration capacity, the optimal model based on the number of tree regenerations (NTR) showed that the understory plants (40.63%) remained the most influential factor (Figure 2b, R2c = 0.81). Therefore, the focus of this study is primarily on neighborhood competition and understory-associated vegetation factors.




3.2. The Influence of Neighborhood Competition and Understory-Associated Vegetation on Natural Regeneration in the Shrub and Herb Layers


In the plots, there was considerable variability in the influencing factors of natural regeneration across different layers (Figure 3). Neighborhood competition and understory-associated vegetation collectively accounted for the majority of the explained variance proportion, with understory-associated vegetation exerting a greater influence on the shrub layer than the herb layer. Furthermore, the number of herb seedlings (NHS) was negatively correlated with the understory-associated vegetation factors, while the number of shrub saplings (NSS) showed a positive correlation with the understory-associated vegetation factors.



The optimal models for the number of herb seedlings (NHS) and the number of shrub saplings (NSS) exhibited high explained variances (Figure 3, R2c = 0.87 and R2c = 0.61, respectively). Neighborhood competition and understory-associated vegetation collectively accounted for 67.67% (Figure 3a) and 74.64% (Figure 3b) of the explained variance proportion in the two optimal models, respectively. A highly significant negative correlation was observed between the understory-associated vegetation and the number of herb seedlings (NHS, p < 0.001), with the effects of the shrub height (SH, 18.61%) and shrub species richness (SSR, 16.57%) surpassing those of the herb cover (HC, 7.89%) and herb species richness (HSR, 4.83%). Conversely, a significant positive correlation was observed between the number of herb seedlings (NHS) and understory-associated vegetation. The explained variance proportion of the shrub height (SH, 26.18%) and shrub cover (SC, 19.18%) exceeded that of the herb species richness (HSR, 7.56%). Overall, it was found that the influence of the shrub layer in the understory-associated vegetation on natural regeneration exceeded that of the herb layer.



The mingling index (M) exerted significant negative effects on natural regeneration in both layers (Figure 3a, 15.24%; Figure 3b, 13.85%). Additionally, the crowdedness index (C, 4.62%) increased the number of herb seedlings (NHS), while the uniform angle index (W, 7.87%) decreased the number of shrub saplings (NSS).



To better understand the coordinated contributions of neighborhood competition and understory-associated vegetation to natural regeneration in the herb and shrub layers, we further employed structural equation modeling (SEM) to quantify the path coefficients between neighborhood competition, understory-associated vegetation, and natural regeneration in both layers (Figure 4). The explained variances for the two models were R2c = 0.84 and R2c = 0.50, respectively, showing a relatively small decrease compared to the full model. Each neighborhood competition factor exerted direct or indirect effects on natural regeneration through understory-associated vegetation.



In the SEM for the number of herb seedlings (NHS, Figure 4a), the mingling index (M) significantly and directly influenced the number of herb seedlings (NHS, −0.44). However, it also indirectly affected the number of herb seedlings (NHS) positively by negatively impacting the herb cover (HC, −0.28). The crowdedness index (C) exerted a positive direct or indirect influence on the number of herb seedlings (NHS) by affecting various factors of understory-associated vegetation, ultimately leading to a positive effect (0.05) on the number of herb seedlings (NHS).



In the SEM for the number of shrub saplings (NSS, Figure 4b), the uniform angle index (W) indirectly and significantly influenced the shrub cover (SC, 0.46), resulting in a positive indirect effect on the NSS. However, the indirect effect was smaller than the direct effect (indirect effect 0.161 < direct effect −0.30). Therefore, the uniform angle index (W) still exhibited a negative impact on the NSS.




3.3. The Impact of Neighborhood Competition and Understory-Associated Vegetation on Natural Regeneration from Different Sources


There was significant variability in the factors influencing natural regeneration from different sources (Figure 5). Understory-associated vegetation dominated the optimal model for the number of endogenous regenerations (NEnR, R2c = 0.69), explaining 93.05% of the variance. Only the shrub cover (SC, 2.18%) showed a positive correlation with a relatively low explained variance proportion. However, in the optimal model for the number of exogenous regenerations (NExR, R2c = 0.83), the influence of understory-associated vegetation varied, with an overall lower explained variance proportion (10.71%) than that observed for the number of endogenous regenerations (NEnR). The shrub cover (SC, 1.8%) and herb height (HH, 2.54%) were positively correlated with the number of exogenous regenerations (NExR), while the shrub height (SH, 2.26%) and herb cover (HC, 3.87%) were negatively correlated.



Neighborhood competition factors also exhibited significant differences between the exogenous and endogenous tree natural regeneration. In the endogenous natural regeneration model (Figure 5a), the crowdedness index (C) had a positive effect on the number of endogenous regenerations (NEnR) but accounted for a low proportion of the explained variance, at only 0.25%. However, in the optimal model for the number of exogenous regenerations (NExR, Figure 5b), the neighborhood competition factors were the most important explanatory variables. The crowdedness index (C) and the mingling index (M), respectively, accounted for 4.08% (positively correlated) and 30.75% (negatively correlated) of the explained variance.



In the structural equation model (SEM) (Figure 6), the explained variances of the two models were R2c = 0.69 and R2c = 0.76, respectively, with less reduction compared to the full model. Each neighborhood competition factor directly or indirectly influenced natural regeneration through understory-associated vegetation.



In the SEM for the number of endogenous regenerations (NEnR, Figure 6a), the crowdedness index (C) had a significant direct effect (0.16), but C exerted a significant indirect effect through understory-associated vegetation factors (−0.15), explaining the low proportion of explained variance for C in the optimal model (Figure 5a). Similarly, in the SEM for the number of exogenous regenerations (NExR, Figure 6b), the crowdedness index (C) exhibited similar characteristics. C had a significant inhibitory effect on the NExR (−0.25), but C indirectly promoted the NExR by reducing the HC (herb cover, −0.45) and SC (shrub cover, −0.34). The mingling index (M, −0.55) had a highly significant direct negative effect on the NExR, with a relatively lower positive indirect effect through the HC (herb cover, −0.34) on the NExR.





4. Discussion


4.1. Impact of Environment, Climate, and Stand Structure on Natural Regeneration


At the mesoscale level, the stand structure was observed to have the least influence on natural regeneration, indicating that traditional stand structure metrics, such as tree density (TDEN) and average tree diameter at breast height (DBH), may be insufficient to explain natural regeneration.



Climate and environmental factors retained a significant influence, possibly due to variations at the mesoscale, which contrasts with findings from previous microscale studies [50]. The slope (SLO) exhibited significant and relatively important negative correlations with natural regeneration across different categories, which is similar to previous studies related to slope [51] (Figure 2b, Figure 3 and Figure 5b). Generally, steeper slopes were associated with diminished soil moisture and nutrient retention capacities [52,53], exacerbated by the prevalence of karst landforms in the study area, resulting in soil nutrient and water deficiencies unfavorable for natural regeneration [54]. Additionally, our study found that an increase in the mean annual precipitation (MAP) enhanced both the number of herb seedlings (NHS) and the number of exogenous regenerations (NExR) (Figure 3a and Figure 5b). Conversely, shady slopes had abundant seedlings and saplings, possibly due to increased solar radiation on the sunny slopes, leading to seasonal soil aridity and higher mortality rates [55,56]. Furthermore, an enhancement in the mean annual temperature (MAT) can lead to increased drought conditions, significantly reducing the number of herb seedlings (NHS) and the number of endogenous regenerations (NEnR) (Figure 3a and Figure 5a), negatively correlating with the forest regeneration potential within the plots (Figure 2).



Under the context of future climate warming and the prevalence of extreme drought conditions, greater attention should be directed towards forest natural regeneration to ensure the stability of forest communities’ age structures [57,58].




4.2. Direct and Indirect Effects of Neighborhood Competition Factors and Understory-Associated Vegetation on Natural Regeneration


Understory-associated vegetation emerged as a significant kind of explanatory variable in our study, accounting for up to 50% of the explained variance proportion in several optimal models. However, its influence on natural regeneration varied substantially among different categories. The number of herb seedlings (NHS, Figure 3a) and the number of endogenous regenerations (NEnR, Figure 5a) exhibited significant and substantial negative correlations with the understory-associated vegetation, whereas the number of shrub saplings (NSS, Figure 3b) showed a significant positive correlation with it. Previous studies have indicated that herbaceous plants tend to outcompete and reduce natural regeneration due to soil nutrient competition [59,60], and a significant positive correlation was shown only in the number of shrub saplings with higher competitive abilities (Figure 3b). In contrast, as areas with a higher shrub cover exhibited higher sapling numbers and regeneration numbers (Figure 2b and Figure 3b), forests had a better regeneration potential (Figure 2a). We hypothesized that more shrubs reduced the conspecific negative density dependence (CNDD) of naturally regenerating species [13]; shrubs could retain soil moisture or alter the microclimate under high temperatures [25], reducing browsing by phytophagous animals [61]. Therefore, we propose that the shrub cover could be used as an indicator of the potential for the natural regeneration of forests, and that management to promote the natural regeneration of forests should focus attention on areas with high shrub cover. In our study, neighborhood competition emerged as the second most important influencing factor following understory-associated vegetation. Compared to traditional forestry, neighborhood competition encompassed information regarding tree positions and spatial relationships among adjacent trees. These pieces of information directly or indirectly determined the intensity of competition among neighboring trees, exerting a significant impact on the natural regeneration process [62,63]. Our research revealed a significant decrease in the number of herb seedlings (NHS), shrub saplings (NSS), and exogenous natural regenerations (NexR) with increasing M (Figure 3 and Figure 5b). The observed decline has been hypothesized to result from elevated levels of the mingling index (M), which lead to intensified interspecific competition, particularly for light, indirectly reducing resources and thereby impeding natural regeneration [64]. A similar explanation may be drawn from the positive correlation between the mingling index (M) and Hegyi competition index (H) (Figure S5), where the number of herb seedlings (NHS), the number of endogenous regenerations (NEnR), and the number of exogenous regenerations (NExR) were significantly negatively affected by H, consistent with previous studies reporting a negative correlation between regeneration and the Hegyi competition index (H) [18].



In addition, an interesting phenomenon was observed in our results: the crowding index (C) showed greater indirect effects than direct effects on different types of natural regeneration. In single-factor regression, C (Figures S1 and S4) showed a significant negative correlation, while in multi-factor regression, C always showed a significant positive correlation. As shown in Figure 4a and Figure 6b, this difference may stem from indirect effects, where the reduction in C increases the herb cover (HC), and the competition between herbs and natural regeneration weakens natural regeneration [59,60]. Previous studies have also confirmed that the reduction in canopy openness and crowding caused by thinning may promote the colonization of other species in the understory, thereby offsetting the positive impact of larger forest gaps on natural regeneration [19,65]. However, our study further illustrates that reducing canopy crowding may even have detrimental effects on natural regeneration. Although logging is inevitable in forestry development, more attention should be paid to the management of understory-associated vegetation to ensure the natural regeneration of the forest [66].




4.3. Effects of Neighborhood Competition on Natural Regeneration of Shrub and Herb Layers


It is generally considered that taller saplings may possess stronger competitive abilities [28]. This point was also demonstrated in our study through the optimal model of differences in the regeneration capacity between saplings and seedlings that we established (Figure 7). The competition among the trees exerted a stronger negative impact on natural regeneration in terms of the number of herb seedlings (NHS, p < 0.1, 8.63%) due to its weaker competitive ability than that of the saplings. The diameter dominance index (U, 21.24%, Figure 7) has a significant negative effect on the number of naturally regenerating shrub seedlings. In the single-factor regression, there is a significant negative correlation between the diameter dominance index and the number of shrub seedlings (NSS, Figure S2), and a positive correlation between the diameter dominance index and the number of herb seedlings (NHS, Figure S1). It has been hypothesized that the dominance of smaller tree species with an increasing diameter dominance index (U) would lead to the competitive exclusion of saplings from renewal in the shrub layer due to their similar life forms and ecological niches [67]. The uniform angle index (W) of the neighborhood competition factor had a significant negative effect on all the types of natural regeneration (Figures S1–S4). When the trees were distributed in clumps (W > 0.517), the naturally regenerated seedlings were forced to survive in areas with higher localized upper-level competition due to the limitation of seed rain in the canopy [20], or colonization by exogenous wind-borne seeds colliding with the canopy [68]. As a result, the number of naturally regenerated seedlings was reduced. Overall, evenly distributed communities can effectively reduce forest competition and promote natural regeneration.




4.4. The Responses of Endogenous and Exogenous Regeneration to Various Factors


A highly significant negative correlation (90.9%, Figure 5a) was observed between the number of endogenous regenerations (NEnR) and understory-associated vegetation, whereas the explanatory variance for the number of exogenous regenerations (NExR) in understory-associated vegetation was notably lower at 10.8% (Figure 5b). The observed differences may be attributed to both endogenous and exogenous species composition variations. The top five importance values of endogenous regenerations were given to Quercus fabri, Cornus wilsoniana, Cunninghamia lanceolata, Ligustrum lucidum, and Cupressus funebris. Endogenously regenerating species, predominantly comprising pioneer species in early successional stages, exhibit a strong requirement for light and possess weak competitive abilities [69], making them more susceptible to the influence of understory-associated vegetation.



Exogenously regenerating species typically represent late successional species, commonly characterized by certain abilities such as dispersal, colonization, shade tolerance, or competition. The top five importance values of exogenous natural regeneration were given to Alangium chinense, Melia azedarach, Morus alba, Quercus fabri, and Robinia pseudoacacia. For instance, Robinia pseudoacacia demonstrates a strong environmental adaptability and seed germination capability [70], while Morus alba exhibits a high environmental adaptability to drought, infertility, and low temperatures [71]. Moreover, Melia azedarach produces numerous seeds and has strong dispersal capabilities, resulting in abundant seedlings [72]. Consequently, the number of exogenous regenerationd (NExR) is less influenced by understory-associated vegetation and more affected by other factors (Figure 5b). We speculate that this may be related to the mechanisms of seed dispersal. Generally, exogenous seed dispersal is influenced by environmental, climate, and stand structural factors [73]. In our study, areas with a higher mean annual precipitation (MAP, 25.17%) exhibited a greater number of exogenous regenerations (NExR), suggesting that seeds may be more extensively dispersed by water flow from outside the plot (Figure 5b) [73]. The crowdedness index (C, 3.94%) showed a positive correlation with the NexR, indicating that wind-dispersed seeds are more likely to collide with the canopy and become established in communities with a higher crowdedness index (C) [68,74].




4.5. Insights for Forestry Management


Based on our research, at the mesoscale regional level, neighborhood competition and understory-associated vegetation play a significant role in natural regeneration within forests. In the face of future climate warming and frequent extreme droughts, the potential and number of forest regenerations can be increased through effective forest stand and understory management strategies. It is generally observed that evenly distributed communities can effectively reduce competition within forests and enhance natural regeneration. The harvesting of larger trees can increase the density of seedling regenerations and improve the regeneration potential of forests, while the harvesting of smaller trees can promote the density of sapling regeneration and growth. Additionally, the management of understory-associated vegetation is crucial. We believe that a higher shrub cover represents areas suitable for understory natural regeneration. Additionally, the removal of associated herbs and the pruning of associated shrubs increase the number of herb seedlings (NHS) and the number of endogenous regenerations (NEnR), thus enhancing the natural regeneration potential of the forest, maintaining the stability of forest age structures. The retaining of understory-associated shrubs increases the number of shrub saplings (NSS) and provides the potential for them to grow into mature trees that can be added to the stand structure.





5. Conclusions


In mesoscale subtropical forests with environmental and climatic heterogeneity, understory-associated vegetation and neighborhood competition are the two most important influences on natural regeneration. In forests with clumped distribution (W), a high mingling index (M), and strong competition (H), the number of natural forest regenerations was significantly reduced. The crowdedness index (C) indirectly promoted the natural regeneration of the forest by suppressing the understory-associated herbs. The shrub cover (SC) improved the natural regeneration potential of forests, and areas with a high shrub cover were more suitable for natural regeneration. In short, considering future climate warming and frequent extreme droughts, the natural regeneration of forests would unavoidably be limited. Forest management should pay more attention to factors such as neighborhood competition and understory-associated vegetation, evenly distributed trees, minimal inter-tree competition, the removal of understory herbs, and the retention of specific shrubs to facilitate natural forest regeneration. These measures are essential for preserving forest ecosystem resilience and ensuring sustainable forest management practices amidst changing environmental conditions.
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Figure 1. Location and distribution of permanent plots in Chongqing. 
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Figure 2. The optimal models and relative importance of various types of explanatory variables: (a) regeneration potential, (b) number of tree regenerations (NTR). The points and error bars represent the mean parameter estimates (standardized regression coefficients) of the predicted variables along with their associated 95% confidence intervals. The relative importance of each explanatory variable category (expressed as a percentage of explained variance) and the relative importance of each explanatory variable (expressed as a percentage of explained variance) are presented. + p < 0.1; * p < 0.05; ** p < 0.01; *** p < 0.001. SC: shrub cover, SH: shrub height, SSR: shrub species richness, HC: herb cover, HSR: herb species richness, U: the diameter dominance index, C: the crowdedness index, M: the mingling index, W: the uniform angle index, ATH: average tree height, DBH: average diameter at breast height, MAP: mean annual precipitation, MAT: mean annual temperature, TRASP: transformation aspect, ALT: altitude, SLO: slope. 
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Figure 3. The optimal models and relative importance of various explanatory variables: (a) The number of herb seedlings (NHS); (b) the number of shrub saplings (NSS). The points and error bars represent the mean parameter estimates (standardized regression coefficients) of the predicted variables along with their associated 95% confidence intervals. The relative importance of each explanatory variable category (expressed as a percentage of explained variance) and the relative importance of each explanatory variable (expressed as a percentage of explained variance) are presented. * p < 0.05; ** p < 0.01; *** p < 0.001. HC: herb cover, HSR: herb species richness, SH: shrub height, SC: shrub cover, SSR: shrub species richness, C: the crowdedness index, M: the mingling index, W: the uniform angle index, DBH: average tree diameter at breast height, TDEN: tree density, MAP: mean annual precipitation, MAT: mean annual temperature, TRASP: transformation aspect, SLO: slope. 
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Figure 4. Structural equation modeling of the effects of neighborhood competition and understory-associated vegetation on understory natural regeneration: (a) The number of herb seedlings (NHS) with Fisher’s C = 8.926 and p-value = 0.349; (b) the number of shrub saplings (NSS) with Fisher’s C = 3.044 and p-value = 0.55. Colored single arrows indicate significant positive pathways between factors, while colored double arrows represent correlations between factors, with solid lines indicating positive correlations and dashed lines indicating negative correlations. The numbers on the arrows denote standardized path coefficients, and the thickness of the lines is proportional to the strength of the relationship. Gray indicates non-significance but p < 0.1, while colored lines indicate significance, with symbols indicating significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001. HC: herb cover, HSR: herb species richness, SH: shrub height, SC: shrub cover, SSR: shrub species richness, C: the crowdedness index, M: the mingling index, W: the uniform angle index. 
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Figure 5. The optimal models and relative importance of various explanatory variables: (a) the number of endogenous regeneration (NEnR); (b) the number of exogenous regeneration (NExR). The points and error bars represent the mean parameter estimates (standardized regression coefficients) of the predicted variables along with their associated 95% confidence intervals. The relative importance of each explanatory variable category (expressed as a percentage of explained variance) and the relative importance of each explanatory variable (expressed as a percentage of explained variance) are presented. * p < 0.05; ** p < 0.01; *** p < 0.001. HH: herb height, HC: herb cover, HSR: herb species richness, SH: shrub height, SC: shrub cover, SSR: shrub species richness, C: the crowdedness index, M: the mingling index, DBH: average tree diameter at breast height, TDEN: tree density, MAP: mean annual precipitation, MAT: mean annual temperature, TRASP: transformation aspect, SLO: slope. 
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Figure 6. Structural equation modeling of the effects of neighborhood competition and understory-associated vegetation on understory natural regeneration: (a) The number of endogenous regenerations (NEnR) with Fisher’s C = 6.303 with p-value = 0.789, (b) the number of exogenous regenerations (NExR) with Fisher’s C = 6.012 with p-value = 0.422. Colored single arrows indicate significant positive pathways between factors, while colored double arrows represent correlations between factors, with solid lines indicating positive correlations and dashed lines indicating negative correlations. The numbers on the arrows denote standardized path coefficients, and the thickness of the lines is proportional to the strength of the relationship. Gray indicates non-significance but p < 0.1, while colored lines indicate significance, with symbols indicating significance levels: + p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001. HH: herb height, HC: herb cover, HSR: herb species richness, SH: shrub height, SC: shrub cover, SSR: shrub species richness, C: the crowdedness index, M: the mingling index. 
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Figure 7. The optimal models and relative importance of various explanatory variables in regeneration between shrub and herb layers. The points and error bars represent the mean parameter estimates (standardized regression coefficients) of the predicted variables along with their associated 95% confidence intervals. The relative importance of each explanatory variable category (expressed as a percentage of explained variance) and the relative importance of each explanatory variable (expressed as a percentage of explained variance) is presented. + p < 0.1; * p < 0.05; U: the diameter dominance index, W: the uniform angle index, H: Hegyi competition index, TRASP: transformation aspect, SLO: slope. 
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Table 1. Categorization, selection, and abbreviation of explanatory variables.
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Categories

	
No.

	
Explanatory

Variables

	
Equation

	
Note






	
Environmental factors

	
(1)

	
Slope (SLO, °)

	

	
Multiple measurements were averaged using a compass in the plot.




	
(2)

	
Altitude (ALT, m)

	

	
The altitude of permanent plots was measured using GPS within the plot,




	
(3)

	
Transformation aspect (TRASP)

	
   T R A S P =   1 − c o s [ π (   A S P   i   − 30 ) / 180 ]   2     

	
where ASPi denotes the aspect of the plot i. After conversion, 0 is a sunny slope and 1 is a shady slope.




	
Climate factors

	
(4)

	
Mean annual temperature (MAT, °C)

	

	
Mean annual temperature data at 1 km resolution from WorldClim 2.1 https://worldclim.org/ (accessed on 10 February 2024).




	
(5)

	
Mean annual precipitation (MAP, mm)

	

	
Mean annual precipitation data at 1 km resolution from WorldClim 2.1 https://worldclim.org/ (accessed on 10 February 2024).




	
Stand structure

	
(6)

	
Tree density (TDEN, stems/plot)

	

	
Tree density for which DBH > 5 cm.




	
(7)

	
Average tree diameter at breast height (DBH, cm)

	

	
Using vernier calipers, the diameter at breast height (DBH > 5 cm) of each tree at 1.3 m was measured, and the average DBH was calculated.




	
(8)

	
Average tree height (ATH, m)

	

	
Using a laser rangefinder (Tianjin Lookout Photoelectric 3M02–600), the height of each tree (DBH > 5 cm) was measured, and the mean ATH was calculated.




	
(9)

	
Tree species richness (TSS)

	

	
Tree species richness for which DBH > 5 cm.




	
Neighborhood competition

	
(10)

	
The uniform angle index (W)

	
   W =     W   i    ¯    

     W   i   =   1   4      ∑  j = 1   4       K   i j       

     K   i j   =       0 ,   if     α   i j   > 72 °       1 ,   otherwise         

	
αij represents the angle formed between the reference tree and its two neighboring trees out of the four nearest trees. i denotes the nth reference tree, while j denotes the nth of the four nearest trees to the reference tree, with n = 1, 2, 3, 4 [37].




	
(11)

	
The diameter dominance index (U)

	
   U =     U   i    ¯    

     U   i   =   1   4      ∑  j = 1   4       K   i j       

     K   i j   =       0 ,   if     D   i   >   D   j         1 ,   otherwise         

	
Di represents the diameter at breast height (DBH) of the reference tree, while Dj represents the DBH of one of the four nearest trees to the reference tree. Here, i indicates the nth tree within the subplot, and j indicates the nth of the four nearest trees to the reference tree, where n = 1, 2, 3, 4 [38].




	
(12)

	
The mingling index (M)

	
   M =     M   i    ¯    

     M   i   =   1   4      ∑  j = 1   4       K   i j       

     K   i j   =       0 ,   if     s p e c i e s   i   =   s p e c i e s   k         1 ,   otherwise         

	
speciesi represents the species of the reference tree, while speciesj represents the species of one of the four nearest trees to the reference tree. Here, i denotes the nth tree within the subplot, and j denotes the nth of the four nearest trees to the reference tree, where n = 1, 2, 3, 4 [39].




	
(13)

	
The crowdedness index (C)

	
   C =     C   i    ¯    

     C   i   =   1   4      ∑  j = 1   4       K   i j       

     K   i j   =       0 ,   if     ( C W   i   +   C W   k   ) / 2 <   d   i j         1 ,   otherwise         

	
i represents the nth tree within the subplot, and j represents the nth of the four nearest trees to the reference tree, where n = 1,2,3,4. CW denotes the average canopy width of the trees, and dij represents the distance between the reference tree and its adjacent tree [40].




	
(14)

	
Hegyi competition index (H)

	
   H =     H   i    ¯    

     H   i   =   1   4      ∑  j = 1   4       K   i j       

     K   i j   =    ∑  j = 1   4     (     D   j       D   i     ×   1     d   i j     )     

	
i represents the nth tree within the subplot, and j represents the nth of the four nearest trees to the reference tree, where n = 1,2,3,4. D denotes the diameter at breast height (DBH) of the tree, and dij is the distance between the reference tree and its adjacent tree [41].




	
Understory-associated vegetation

	
(15)

	
Shrub height (SH, m)

	

	
The average height of plants between 1.2 and 5 m, excluding natural regeneration saplings.




	
(16)

	
Shrub cover (SC, %)

	

	
The coverage of plants between 1.2 and 5 m in height, excluding natural regeneration saplings.




	
(17)

	
Shrub species richness (SSR)

	

	
The species richness of all plants excluding natural regeneration saplings with heights between 1.2 and 5 m.




	
(18)

	
Herb height (HH, m)

	

	
The average height of plants below 1.2 m, excluding naturally regenerated seedlings.




	
(19)

	
Herb cover (HC, %)

	

	
The coverage of plants below 1.2 m in height, excluding natural regeneration seedlings.




	
(20)

	
Herb species richness (HSR)

	

	
The species richness of plants below 1.2 m in height, excluding naturally regenerated seedlings.











 





Table 2. Basic information on natural regeneration.
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	Mean (Stems/Plot)
	S.D.
	CV (%)
	Max
	Min





	NTR
	10.6
	11.4
	108.0
	54.0
	0.0



	NHS
	7.9
	10.8
	136.7
	46.0
	0.0



	NSS
	2.7
	2.9
	108.2
	14.0
	0.0



	NEnR
	4.6
	6.8
	145.9
	30.0
	0.0



	NExR
	6.0
	8.9
	150.3
	54.0
	0.0







S.D., standard deviation; CV, coefficient of variation, NTR: number of tree regenerations, NHS: number of herb seedlings, NSS: number of shrub saplings (NSS), NEnR: number of endogenous regenerations, NExR: number of exogenous regenerations.
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