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Abstract

:

One of the hypotheses in the field of forest ecology suggests that competition among individual plants is asymmetric or unidirectional. This notion holds particular significance for endangered species, necessitating a comprehensive assessment of the impact of their closest competitors to understand their spatial distribution and local-scale interactions. The mean response of Abies hickelii’s diameter at breast height and total height was determined for each unit that increased the distance from its neighbor and each unit that changed the size of its neighbor. The results obtained through the analysis of covariance suggest that, for each meter that the distance from the neighbor increases, there is a mean gain of 1.13 cm in the diameter of the individuals studied. The height results showed higher sensitivity to changes in the neighbor distance than the diameter. It was observed that the population is exposed to asymmetric competition, suggesting that larger individuals take available resources disproportionately, thereby inhibiting the growth of smaller individuals. The intraspecific competition surpassed the interspecific competition. A suggestion was made to use selective thinning during the early-growth stages of the species. The habitat of the species studied is under strong pressure from land use change due to clandestine logging, the opening of roads, and other anthropogenic effects. Thus, these results represent an important step in the implementation of action strategies to preserve the species in the wild.
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1. Introduction


Abies hickelii (Flous et Gaussen) is a critically endangered species found in isolated populations forming strips or small patches in the mountain ranges of Mexico, mainly in Chiapas, Oaxaca, and Veracruz [1]. Currently, it is listed in the endangered category on the IUCN Red List, and its population is decreasing [2,3]. This species has also been recognized as a priority for conservation in the official Mexican standard NOM-059-SEMARNAT-2010 related to the conservation of the diversity of species in wildlife (NOM-059, 2010). Small and isolated populations like A. hickelii are particularly vulnerable to competition for limited resources, which can be exacerbated by their low genetic diversity and increased inbreeding [4,5]. These factors hinder the species’ adaptive capacity and restrict its ability to expand its territory or thrive in the wild. Considering the context of climate change and land use alterations, understanding the factors influencing the growth and survival of geographically restricted populations like A. hickelii becomes vital for effective conservation efforts [6,7].



Understanding the pattern of spatial distribution of plants in wildlife in accurate and meaningful terms has not been an easy task due to various factors, including interactions such as competition and interference [8]. Conventionally, the effect of competition is usually assessed by looking at the average plant yield as a function of the density [9,10,11,12]. This approach, nevertheless, does not fully reveal the phenomenon of competition due to the effects associated with spatial and temporal variation in the natural environment, plant immobility, and phenotypic plasticity, among other aspects that are difficult to control [11]. An alternative approach to describing the structure, composition, and evolution of populations is studying plants at the individual level [11]; that is, assuming that a particular individual responds to the competitive activity of only some of its neighbors to a greater extent and not to the density of the entire population, this is understood as the joint effect of the total spatial relationships of the individuals [9,11,13].



In evaluating individual plant performance as a function of the observable neighbor characteristics, it is desirable to know the recent performance of the plant when neighbor conditions were not very different from the present [9]. Yet, if the individual performance history is unavailable due to ongoing variations in measurable neighbor characteristics, conducting a correlational study between the dimensions of specific reference trees and the size and proximity of their neighboring plants can offer valuable insights into plant interactions at the individual scale. In that sense, the total height and diameter at breast height are quintessential indicators of tree growth and resource utilization [14]. In this study, the rates of change in height and diameter at breast height of Abies hickelii were quantified as the unit changes in the distance and size of the five nearest neighbors. The study was guided by the following research questions: Do the size and proximity of neighbors, whether large or small, affect the reference trees? If yes, by how much are they affected? Which growth dimension, vertical or horizontal, is more influenced by the size and distance of the nearest competitors? Is the impact of neighbors when they belong to the same species similar to when they belong to different species? Answering these questions strengthens knowledge about the interactions occurring in the A. hickelii population at the local scale, which could be used to support the development of models of structure in future studies of forest dynamics and decisions related to the conservation of the species.




2. Materials and Methods


2.1. Sampling Area and Data Collection


The studied population of A. hickelii is located within the municipality of Santo Domingo Xagacía, in the vicinity of the mountain range known as Sierra Norte de Oaxaca, in southeastern Mexico, between the coordinates 96°21′01″ W and 17°07′04″ N and 96°20′44″ W, 17°07′43″ N (Datum: WGS84). The study area is approximately 112.27 hectares in size, and it is between 2810 and 3087 m above sea level. Our own estimates using historical climatic layers from 1961 to 1990 show that the mean annual temperature is between 10.3 and 11.9 °C and the mean annual precipitation is between 1301 and 1398 mm. During the months of the greatest vegetative activity (April–September), the average precipitation varies from 1045 to 11,104 mm, and the mean temperature ranges from 10.85 to 12.58 °C. The species observed in the study area during field data collection were mainly from the genera Pinus and Quercus, mainly P. ayacahuite Ehren, P. patula Schiede ex Schltdl, & Cham, P. pseudostrobus Lindl., Q. laurina Humb et Bonpl., Q. glabrescens A.Kern, and Q. obtusata Bonpl. (Figure 1).




2.2. Sampling and Data Collection


Nine sampling units were formed in the research area using cluster sampling, each covering an area of 10,000 m2 with a radius of 56.42 m. Special attention was given to ensure coverage of the diverse local conditions present in the target area. This included variations in the terrain slope, geographic exposure, proximity to streams, and density. Areas heavily impacted by anthropogenic activities such as timber harvesting, agriculture, and roads were excluded from the sampling process.



Within each cluster, there were four circular plots, each measuring 400 m2 in size with a radius of 11.28 m. These plots were strategically placed to achieve representative sampling. The first plot was established at the center of the main unit. Subsequently, the second, third, and fourth plots were positioned on the perimeter of the main plot, corresponding to azimuth angles of 0°, 120°, and 240° relative to magnetic north (north is indicated by a compass).



During data collection in each plot, various measurements were recorded. The average slope of the terrain, expressed as a percentage, was measured using a Suunto® clinometer (model KB-14 Vantaa, Finland). Additionally, the orientation of the slope or geographic exposure was recorded in degrees ranging from 0 to 360°, with reference to magnetic north, using a compass. Furthermore, the elevation above sea level was captured using a GPS receiver.



In the 400 m2 plots, an inventory of individuals of A. hickelii with a diameter at breast height (DBH) equal to or greater than 7.5 cm was conducted. In each of these plots, trees of the species of interest with the smallest and largest DBH were identified and designated as reference trees. Subsequently, the five nearest neighbors were located for each reference tree (RT) with a DBH greater than or equal to 7.5 cm, regardless of the species. It should be noted that some plots had no A. hickelii individuals, did not meet the criterion, or there were fewer than five neighbors (ATs) in the entire plot. For this reason, 57 reference trees and 269 neighboring trees were identified and georeferenced. Assuming that only the nearest competitors have the strongest influence on the reference trees [11], only the effect of the first five neighbors was evaluated here. This value (5) is close to 6 (k = 6), as suggested in the forestry literature for sampling [15,16]; also, it coincides with the minimum number of observations in which statistical efficiency was observed in a teak plantation study [17].



We recorded the linear distance (in meters) from the base of the RT stem to the base of the stem for each of the five defined neighbors. Additionally, we noted the location of each neighbor in degrees with respect to magnetic north, ranging from azimuth angles of 0 to 360°. For each of the RT and their five neighbors, we measured the DBH and total height (TH) (Table 1).




2.3. Data Analysis


To assess whether the five nearest neighbors of A. hickelii were randomly distributed around the reference trees, two analyses were conducted. Firstly, the observed frequency of neighbors around each RT was subjected to the Wald–Wolfowitz randomization test using the “runs.test” function from the “randtests” package in the statistical software R v.3.6.1 [18]. Then, the confidence intervals of the empirical proportions were compared.



To analyze the distribution of neighbors around each RT, the contour of each tree was divided into eight quadrants based on the azimuth, proceeding clockwise: north (337.5–22.5°), northeast (22.5–67.5°), east (67.5–112.5°), southeast (112.5–157.5°), south (157.5–202.5°), southwest (202.5–247.5°), west (247.5–292.5°), and northwest (292.5–337.5°).



The observed proportions for each quadrant were estimated, and their corresponding 95% confidence intervals were calculated. To determine significant differences in the neighbor proportions between quadrants, overlapping intervals were considered to be non-significant, while non-overlapping intervals indicated significant differences. The confidence intervals were calculated using the Clopper–Pearson method [19] with the “DescTools” package in R v.3.6.1 [20]. A Bonferroni correction was applied by dividing the significance level (0.05) by the total number of comparisons (8).



To assess how changes in the distance and neighbor size (independent variables) affect the diameter and height of the TRs (variables of interest), we employed an analysis of covariance. This method incorporated, as a covariate, the groups of the five nearest competitors, determined by their sizes. The first group consisted of trees with a diameter at breast height (DBH) larger than those of any of their neighbors. The second subset included trees with a DBH smaller than those of any of their neighbors. The third comprised trees with the tallest overall height compared to their neighboring trees. Lastly, the fourth subset encompassed trees with a shorter total height than their competitors.



First, the hypothesis of null incidence of the groups in the predictor-variables-of-interest relationship was tested. Then, the rates of change in diameter and height of the reference trees were examined for each unit that the predictors increased or decreased.



To measure the impact of neighbors based on their size, we calculated the ratios of change in the diameter at breast height (DBH) and total height (TH) of the target trees for each unit of the relative size measure. Two measures of relative size were defined for this purpose: (i) the average relative size of the stem diameter at 1.3 m (RSD), which indicates the number of times the DBH of the neighboring tree was larger or smaller than that of the RT. In the results section, this measure is known as the horizontal relative size; (ii) the average relative size of the total height (RSH), which indicates the number of times the total height of the neighbor is larger or smaller than that of the RT. In the results section, this is known as the vertical relative size.



The relative size measure was obtained by dividing the corresponding size of the RT by the size of each neighbor. If the neighbor had larger dimensions, the quotient was a proper fraction (0–1). If the neighbor had smaller dimensions than the RT, the resulting quotient was an improper fraction (>1). To determine the predictor that exerted a more significant impact compared to its counterpart, a second iteration of the models was performed by scaling the original variables. This involved subtracting the mean from each value and dividing it by the standard deviation. By employing this scaling technique, the resulting rate of change accurately reflected the effect size of the predictor, independently of the unit of measurement. A larger standardized coefficient indicated a larger effect, while a smaller coefficient indicated a smaller effect. When calculating the coefficients, any value that produced a substantial bias was disregarded.



All models were evaluated by observing the percentage of variability that a predictor was able to explain (R2); likewise, the significant contribution of the regressor in the model was observed. For the latter, no a priori significance level was established. If the probability values associated with the coefficients were significantly close to zero, it suggested that the predictor contributed significantly to the variation in the response variable, since the evidence for the null contribution hypothesis was very low [21].



To determine the effect size due to neighboring species, Cohen’s standardized mean difference was used, which was calculated using the “cohen.d” function of the R package “effsize” [22]. For this purpose, the variables of interest were grouped into two subsets: (1) the first group corresponded to trees whose neighbors were only A. hickelii, and (2) the second group corresponded to trees whose neighbors were trees of species other than A. hickelii. Cohen’s d formula is expressed as follows:


  d =   (  x 1  −  x 2  )       (  n 1  − 1 )  S 1 2  + (  n 2  − 1 )  S 2 2     n 1  +  n 2  − 2        








where x1 and x2 are the means of group 1 (A. hickelii) and group 2 (other species), respectively, and S1 and S2 are the variance of group 1 and group 2, respectively.



In an additional analysis, the distances of the five neighbors were modeled with the Weibull function. Parameter estimation was performed through the log-likelihood method by the Nelder–Mead algorithm [23] in R v.3.6.1. The expression of the Weibull probability density function, as reported by Prodan et al. [24], is expressed as:


  f  (  x | c , b , a  )  =  c b     (    x − a  b   )    c − 1    e   (  −    (    x − a  b   )   c   )     








and its cumulative function is:


  F  (  x | c , b , a  )  = 1 −  e   (  −    (    x − a  b   )   c   )     











Assuming that the maximum height of the density curve (peak) suggests the value of the modeled variable at which the maximum probability occurs, in this work, the formula employed to calculate the distance at which the probability of locating a neighbor is maximized was as follows:


  m a x = a + b  ×   (  1 −    (  1 −  1 c   )     1 c     )     











In these formulas, c > 0 is the shape parameter, b > 0 is the scale parameter, and a > 0 is the location parameter.





3. Results


3.1. Distribution of the Neighbors and the Effect of Distance from the Neighbors


When the neighbors were arranged in order from closest to farthest, it was observed that the neighbors occupying the first position, starting from the center outward, had a mean distance of 2 m. The subsequent neighbors were located at mean distances of 2.8, 3.4, 4.1, and 4.5 m, resulting in a regression slope of 0.62 (Figure 2A). These neighbors had a single-mode distribution (Figure 2A). Among the observed neighbors, 33% were A. hickelii, while 67% were comprised of other species, mainly Pinus and Quercus. The distribution of the neighbors around each reference tree appeared to be relatively uniform, with no significant concentrations observed in any particular azimuth quadrant. When the RT contour was divided into eight quadrants based on the azimuth, the proportion of observed neighbors was similar across all quadrants, and no significant differences were observed (Figure 2B).



Distance was found to have a significant effect (p-value < 0.05) only when neighbor dimensions were larger than RT dimensions (Table 2), but when neighbors possessed smaller dimensions, the effect of distance was not significant, as the probability values against the null hypothesis were greater than 0.5 (Table 2). When neighbors were larger, the rate of change suggested that, for every meter that the neighbor distance increased, there was an average gain of 1.132 (±0.464) cm in the normal diameter of the RT. In contrast, height appears to respond inversely, as for every meter that neighbor distance increases, a coefficient equal to −1.218 m was observed; that is, height growth appears to be inhibited as the neighbor distance increases. When examining the unit impact of the mean neighbor distance, the standardized coefficients revealed that the neighbor distance has a two times greater impact on the TH than on the DBH of the RTs (Table 2). Distance manages to explain 62.4% of the total variability in height and 33.2% of the total variability in DBH (Table 2).




3.2. Effect of Neighbors Due to Their Sizes


A high and significant correspondence was observed between the dependent variables and the relative size, both vertical and horizontal. For example, when considering the standardized coefficients, the horizontal relative size had a 1.08 times greater impact on the DBH than on the height, without pooling the data (Table 3). This predictor explained 64.8% of the variability in the first variable and 59.6% of the variability in the second variable. On the other hand, the vertical relative size exhibited similar influences on both response variables, with standardized coefficients of 0.915 for height and 0.895 for diameter (Table 3).



Close examination revealed that, when the reference trees had their five smallest neighbors, for every cm increase in the horizontal relative (ratio), there was a mean gain of 2.61 cm in the DBH and a 1.28 m mean gain in the total height of A. hickelii trees (Table 3, Figure 3A,C). For every cm increase in the vertical relative proportion, there was a mean gain in diameter of 6.63 cm and a 4.36 m gain in the total height (Table 3, Figure 3B,D). When the RT had its five largest neighbors, the rates of change in the response variables were negative in most cases (Table 3, Figure 3A–C), suggesting inhibition of the diameter and height growth.



In general, when the first five neighboring trees were larger than the RT, negative regression coefficients were observed in the majority of cases, indicating growth inhibition. Nonetheless, it is worth noting that not all of these coefficients reached statistical significance (Table 3).




3.3. Neighbor Effect Due to Size, Distance, and Species


Taking into account the standardized coefficients and the percentages of variability in the regression model, as previously observed, distance has a greater impact on the TH than on the DBH. However, when considering the combined effect of distance and neighbor size, the regression coefficients undergo changes. For instance, the joint effect of the relative horizontal distance and the mean distance of the first five neighbors was significant for predicting both the DBH and the total height of the reference trees. Together, these variables explained 18.11% of the total variability in the DBH and 13.83% of the total variability in the total height (Table S1). On the other hand, the vertical relative proportion combined with distance accounted for 9.69% of the total variability in the DBH and 7.19% of the variability in the total height (Table S1).



Cohen’s index, which measures the relative strength of the differences between the means of the variables of interest attributed to the species of the neighbors, revealed that the effect size is greater when the neighbors belong to the same species compared to when they belong to different species. This was particularly evident for the first, second, fourth, and fifth neighbors (Table S2). For instance, when examining the DBH response in relation to the neighbors occupying the first position (1AT), a Cohen’s index of 0.44 was observed. This indicates that the average diameter of the reference trees was 0.44 standard deviations larger when their competitors were of the same species compared to when they were of different species. In contrast, the height variable exhibited an index equal to 0.58, implying that the heights were 0.58 standard deviations greater when the neighbors were of the same species rather than different species (Table S2). The highest Cohen’s index was observed for DBH when evaluating the effect of neighbors occupying the fifth position, while the smallest index was observed for the TH variable when evaluating the effect of neighbors in the third position (Table S2).





4. Discussion


4.1. Evidence of Asymmetric Competition


It has been documented that competition among plants at the individual scale can be symmetrical or asymmetrical [9,25]. In the first case, it implies that the effects of competition between larger and smaller individuals are similar, which is also known as resource depletion competition [25]. Asymmetric competition, on the other hand, occurs when larger individuals disproportionately take the available resources, suppressing the growth and development of smaller individuals [25,26,27].



The results of this study suggest that the distance of neighbors has a significant effect (p-value < 0.05) on RTs only when the dimensions of those neighbors are larger than those of the reference trees (Table 2 and Table 3). Even so, when neighbors have smaller dimensions, the effect of distance is not significant. In the latter case, the probability values against the null hypothesis were greater than 0.05 (Table 3). This result suggests that competition in the studied population is asymmetric, meaning that the intensity of the neighbor incidence is proportional to the discrepancy in size between A. hickelii and its closest competitors: the greater the discrepancy, the greater the impact.



Understanding how the individuals of interest respond to variations in size and distance from neighboring trees will provide insight into potential threats to their survival. Specific actions, such as selective thinning, controlling the distance from neighboring trees, or implementing strategies to create a more favorable environment for the species’ survival, can be taken.



The distance variable directly measures the spacing between individuals, eliminating the need for quadrants and thus removing the effect of the quadrat size [8]. In this study, three groups of neighbors could be classified based on species: those with homospecific neighbors, those with heterospecific neighbors, and those with mixed neighbors (Figures S1 and S2). According to empirical observations, the mean distances of the first five neighbors were, on average, 2, 2.8, 3.4, 4.1, and 4.5 m (Figure 2A). An important observation is that, despite being a shade-tolerant species [1], the total height of A. hickelii is more sensitive to the average variation in distance from its neighbors compared to the DBH (Table 2). This suggests that the proximity and arrangement of neighboring trees have greater impacts on the height growth of A. hickelii than on the trunk diameter. The height of a tree is crucial for light capture and therefore plays an important role in competitive interactions.



On the other hand, a complementary analysis using the Weibull function revealed that the mean distance of the first five neighbors has an asymmetric distribution with a rightward tail, although the farthest neighbors tend to have a symmetric distribution (Figure 4). According to this model, the distance at which the probability of finding the first neighbor of A. hickelii is maximized, regardless of the species, and in situations where that neighbor has a DBH of equal to or greater than 7.5, it is at a distance of 1.65 m.




4.2. Vertical Relative Size Has a Greater Effect Than the Horizontal Relative Size


Quantifying the responses of the A. hickelii tree diameter and height to a unit change in the relative sizes of their neighbors is important for effectively understanding plant interactions in their natural environment [11]. The results reveal that the competitors of the studied species have a stronger impact when their dimensions exceed those of the target trees. In such cases, for every meter increase in distance from the neighbor, there is an average gain of 1.132 cm in the normal diameter of the RT (Table 2). On the other hand, height appears to respond relatively more strongly but inversely, as a change rate of −1.218 m was observed for every meter increase in the neighbor distance (Table 2). This result is logical because as the density decreases, trees exert less effort to attain greater heights. Conversely, at higher densities, trees strive to grow vertically in order to outcompete their competitors [28,29].



In general, the DBH exhibited a response that was 1.04 times greater than that of the total height in relation to the variation of the horizontal relative size. This predictor was able to explain 64.8% of the variability in the first variable and 59.6% of the variability in the second variable (Table 3). On the other hand, the vertical relative size had a relatively higher standardized coefficient for height (0.915) compared to the DBH (0.895). It was observed that when the reference trees had their five smallest neighbors (i.e., none of the five neighbors was larger than the RT), each cm increase in the horizontal relative resulted in a mean gain of 2.61 cm in the normal diameter and a mean gain of 1.28 m in the total height (Table 3, Figure 3A). Similarly, for each cm increase in the vertical relative proportion, a mean gain of 6.63 cm in diameter and a mean gain of 4.36 m in total height were observed (Table 3). So, it was confirmed that the effect size of the vertical relative proportion is greater than that of the horizontal relative proportion.



Considering the standardized coefficients (Table 3), the relative vertical size was consistently larger than the relative horizontal size in most cases. This implies that the height has a more significant impact on the population of A. hickelii compared to the discrepancy in the DBH. This finding is in partial agreement with Duchesneau et al.’s [30] observations for balsam fir. The dominance of vertical size in influencing population dynamics could be attributed to the competition for space and access to light, particularly during early growth stages [31,32]. In the sampling area, the highest concentration of A. hickelii individuals was on steep slopes facing north and northeast, where competition for light is likely more intense (sunlight is slanting in places with northern exposure). As the species advances through the growth stages, access to sunlight becomes increasingly vital for photosynthesis, and taller trees might have a competitive advantage in terms of obtaining this resource. Still, the effect of the DBH discrepancy should not be overlooked, as it also plays a vital role in competition. Trees with larger DBH dimensions possess larger root systems [33], enabling them to access and utilize more underground resources such as water and nutrients [34].




4.3. The Roles of Species, Distance, and Size


The distance and size of neighboring trees can significantly influence various ecological processes and the growth of the species of interest. For instance, there is competition for available resources such as sunlight, water, and nutrients [35,36,37]. This study suggests that the size of the neighbors has a significant effect on A. hickelii individuals, only when the neighbors are larger than the reference trees. This could be due to larger trees capturing more sunlight and extracting greater amounts of water and nutrients from the soil, reducing the resources available to smaller neighboring trees. In this context, some plants prioritize height growth at the expense of lateral growth [38,39], which might be occurring in the studied population.



Another noteworthy factor is that the size of the effect is larger when the neighbor is of the same species compared to the effect of a neighbor from another species. The intraspecific competition has more significant impacts on the growth and development of A. hickelii than interspecific competition (Table S2). This is reasonable considering the species’ restricted geographic distribution, which is confined to small patches. As a result, individuals of A. hickelii would compete for the same limited resources and have similar resource requirements.



On the other hand, microtopography plays a vital role in the study of the distribution of plants that exhibit non-uniform and discontinuous patterns [21,40], such as A. hickelii. Future research will focus on analyzing the local topography, which is characterized by fluctuations in exposure, concavity, and slope over a few kilometers. It will also be investigated as to whether topographic features influence the frequency distribution of natural regeneration, which will be mature trees in the coming decades. Additionally, the application of alternative methods to explain the rates of change in those sectors of the conditional distribution that are far from the average [41] as well as the calculation of conventional competition indices based on the stem diameter and distance [42,43] are also being considered for further research.





5. Conclusions


Gaining a comprehensive understanding of competitive dynamics and the factors impacting the growth of Abies hickelii is important for efficient management and conservation endeavors. We conclude that the studied species experiences asymmetric competition with its first five neighbors. The height of the species under study demonstrates higher sensitivity to the average variation in the neighbor distance as compared to the diameter at breast height. Additionally, the impact of competition is more noticeable when the neighboring tree is of the same species than when it belongs to a different species. Taking these results into account, as a preliminary recommendation, selective thinning could be implemented during the early stages of growth to promote diameter and root system development. While no optimum distance between individuals has been investigated here, decision-makers could gradually increase the spacing between trees as they attain larger dimensions. Given the presence of significant intraspecific competition, priority for removal should be given to individuals of the same species. Transplanting these removed individuals to neighboring areas within the species’ range could be a viable conservation strategy. These practices would facilitate the expansion of healthier trees with adequate access to light, nutrients, and underground resources, thereby contributing to the long-term sustainability of the species.
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Figure 1. Location of the Abies hickelii population in Xagacía, Oaxaca, Mexico. 
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Figure 2. The interquartile range of the five nearest neighbors is depicted in the violin diagram (A) as well as a graphical representation of the proportion of neighbors with their 95% confidence intervals (B). The positions occupied by the neighbors are denoted as 1AT, 2AT, 3AT, 4AT, and 5AT, indicating the first, second, third, fourth, and fifth positions, respectively; m is the slope given by the linear regression. The green lines in panel (B) represent the confidence intervals for the proportions of neighbors belonging to the species A. hickelii, while the black lines represent neighbors belonging to other species. The cardinal directions are abbreviated as follows: N: north, NE: northeast, E: east, SE: southeast, S: south, SW: southwest, W: west, and NW: northwest. 
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Figure 3. Scatter plots showing the relationship between the horizontal relative size and the DBH (A), the vertical relative size and the DBH (B), the horizontal relative size and the total height (C), and the vertical relative size and the total height (D). The data are color-coded in green when the DBH of the RT > any of the neighbors, while they are marked in red when the DBH of the RT is < any of its neighbors. In panels (C,D), the green color denotes that the TH of the RT is > any of the neighbors and the red color denotes that the TH of the RT < any of the neighbors. 
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Figure 4. Distance distribution of the first five neighbors of Abies hickelii, according to the three-parameter Weibull function. The peak value of each density curve represents the distance at which the probability of encountering a neighbor is maximized, according to the three-parameter Weibull density function. 
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Table 1. Summary of the descriptive statistics of the diameter at breast height of the reference trees (DBH-RT) and their first five neighbors (DBH-AT) and the total height of the reference trees (TH-RT) and their first five neighbors (TH-AT).
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	DBH-AT
	TH-AT
	DBH-RT
	TH-RT





	Minimum
	1.66
	4.10
	7.50
	4.45



	Maximum
	119.60
	46.00
	75.05
	42.50



	Mean
	24.66
	16.73
	23.27
	16.74



	Standard deviation
	20.20
	9.92
	19.41
	10.62



	Asymmetry coefficient
	1.49
	1.00
	1.10
	1.09
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Table 2. Regression coefficients when evaluating the responses of the diameter at breast height (DBH) and the total height (TH) to the unit change in the average distance of the first five neighbors of A. hickelii. RT is the reference tree, SE is the standard deviation, the T-value is the t-score, the p-value is the value of the probability against the null hypothesis, and R2 is the coefficient of determination.
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Non-Standardized Coefficients Associated with the Neighbor’s Distance




	
Variable Assessed

	
Grouping Criteria

	
Coefficients

	
SE

	
T-Value

	
p-Value

	
R2






	
DBH

	
Ungrouped

	
−4.82

	
6.95

	
−0.694

	
0.492

	
0.011




	
DBH

	
DBH of the RT > any of the neighbors

	
−5.460

	
8.758

	
−0.623

	
0.547

	
0.037




	
DBH

	
DBH of the RT is < any of its neighbors

	
1.132

	
0.464

	
2.441

	
0.031

	
0.332




	
TH

	
Ungrouped

	
−3.394

	
3.838

	
−0.884

	
0.381

	
0.018




	
TH

	
TH of the RT > any of the neighbors

	
0.357

	
6.963

	
0.051

	
0.960

	
0.0003




	
TH

	
TH of the RT is < any of its neighbors

	
−1.218

	
0.386

	
−3.153

	
0.020

	
0.624




	
Standardized coefficients associated with the neighbor’s distance




	
DBH

	
Ungrouped

	
−0.200

	
0.288

	
−0.694

	
0.492

	
0.011




	
DBH

	
DBH of the RT > any of the neighbors

	
−0.227

	
0.364

	
−0.623

	
0.547

	
0.037




	
DBH

	
DBH of the RT is < any of its neighbors

	
0.047

	
0.019

	
2.441

	
0.033

	
0.332




	
TH

	
Ungrouped

	
−0.254

	
0.287

	
−0.884

	
0.381

	
0.018




	
TH

	
TH of the RT > any of the neighbors

	
0.026

	
0.513

	
0.051

	
0.960

	
0.0003




	
TH

	
TH of the RT is < any of its neighbors

	
−0.090

	
0.028

	
−3.153

	
0.020

	
0.624
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Table 3. Regression coefficients when testing the hypothesis of null incidence of horizontal and vertical relative sizes in the unit change in the diameter at breast height (DBH) and the total height (TH) of A. hickelii. RT is the reference tree, SE is the standard deviation, the T-value is the t-score, the p-value is the value of the probability against the null hypothesis, and R2 is the coefficient of determination.
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Variable Assessed

	
Grouping Criteria

	
Coefficients

	
SE

	
T-Value

	
p-Value

	
R2






	
Non-standardized coefficients associated with the horizontal relative size




	
DBH

	
Ungrouped

	
5.909

	
0.648

	
8.906

	
<0.001

	
0.648




	
DBH

	
DBH of the RT > any of the neighbors

	
2.611

	
0.808

	
3.233

	
0.009

	
0.511




	
DBH

	
DBH of the RT is < any of its neighbors

	
−2.980

	
2.489

	
−1.197

	
0.254

	
0.107




	
TH

	
Ungrouped

	
3.140

	
0.394

	
7.973

	
<0.001

	
0.596




	
TH

	
DBH of the RT > any of the neighbors

	
1.275

	
0.540

	
2.360

	
0.040

	
0.358




	
TH

	
DBH of the RT is < any of its neighbors

	
−1.497

	
3.503

	
−0.427

	
0.676

	
0.015




	
Non-standardized coefficients associated with the vertical relative size




	
DBH

	
Ungrouped

	
14.131

	
1.074

	
13.157

	
<0.001

	
0.801




	
DBH

	
TH of the RT > any of the neighbors

	
6.626

	
2.844

	
2.330

	
0.045

	
0.376




	
DBH

	
TH of the RT is < any of its neighbors

	
−4.465

	
3.751

	
−1.190

	
0.279

	
0.191




	
TH

	
TH ungrouped

	
8.002

	
0.539

	
14.836

	
<0.001

	
0.837




	
TH

	
TH of the RT > any of the neighbors

	
4.362

	
1.490

	
2.928

	
0.017

	
0.488




	
TH

	
TH of the RT < any of the neighbors

	
1.859

	
2.816

	
0.660

	
0.534

	
0.068




	
Standardized coefficients associated with the horizontal relative size




	
DBH

	
Ungrouped

	
0.805

	
0.090

	
8.906

	
<0.001

	
0.648




	
DBH

	
DBH of the RT > any of the neighbors

	
0.356

	
0.110

	
3.233

	
0.009

	
0.511




	
DBH

	
DBH of the RT is < any of its neighbors

	
−0.406

	
0.339

	
−1.197

	
0.254

	
0.107




	
TH

	
Ungrouped

	
0.773

	
0.097

	
7.973

	
<0.001

	
0.596




	
TH

	
DBH of the RT > any of the neighbors

	
0.313

	
0.133

	
2.360

	
0.039

	
0.358




	
TH

	
DBH of the RT is < any of its neighbors

	
−0.368

	
0.862

	
−0.427

	
0.677

	
0.015




	
Standardized coefficients associated with the vertical relative size




	
DBH

	
Ungrouped

	
0.895

	
0.068

	
13.160

	
<0.001

	
0.801




	
DBH

	
TH of the RT > any of the neighbors

	
6.626

	
2.844

	
2.330

	
0.044

	
0.376




	
DBH

	
TH of the RT is < any of its neighbors

	
−4.465

	
3.751

	
−1.190

	
0.278

	
0.191




	
TH

	
TH ungrouped

	
0.915

	
0.062

	
14.840

	
<0.001

	
0.837




	
TH

	
TH of the RT > any of the neighbors

	
4.362

	
1.490

	
2.928

	
0.017

	
0.488




	
TH

	
TH of the RT < any of the neighbors

	
1.859

	
2.816

	
0.660

	
0.534

	
0.067
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