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Abstract

:

Structural indices are often proposed as guiding measures for increasing structural heterogeneity. However, few studies have examined the association between such indices and conventional stand attributes. The primary objectives of this study were to evaluate changes in structural heterogeneity and tree species diversity at different plot sizes and to quantify the relationships between conventional stand attributes (mean tree diameter, absolute tree density, basal area, species proportion) and structural indices in a mixed old-growth forest in Southeast Europe. Paired tests were used to identify significant changes in structural heterogeneity with increased plot area, while the relationships between stand attributes and analyzed indices (Gini, diameter differentiation, species mingling, and Shannon’s index) were evaluated with Pearson’s correlations. The index values of Gini, diameter differentiation, and tree species mingling were rather stable with the increase of plot size, whereas tree species diversity increased significantly with the increase of plot area from 200 m2 to 1500 m2. The measures of tree species mingling and tree species diversity were strongly associated with each other, while their association with diameter variability was weak to moderately strong. Tree species mingling index was strongly associated with the changes in tree species proportions. However, conventional stand attributes were generally not strongly correlated with the examined indices. For restoring and maintaining old-growth characteristics, forest managers may use structural indices to increase small-scale structural heterogeneity, tree species mingling, and diversity, but only as an additional set of measures, not as surrogates for conventional stand attributes.
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1. Introduction


For both conservation and commercial reasons, the characteristics of forest stand structure are of great interest to various groups of stakeholders, including forest managers, scientists, ecologists, and decision makers. Depending on the purpose of the research, stand structure is usually described by structural attributes and their empirical distributions, or by structural complexity indices [1,2]. In particular, the distribution of trees based on diameter at breast height (DBH) has been conventionally used to describe stand structure, including that of unmanaged forests [3,4,5,6,7]. However, conventional stand attributes, such as DBH distribution, mean tree size, tree density, and basal area, are considered to be insufficient to distinguish how stands are structured “from within”, that is, at the small-scale level [8,9]. This includes very small areas in which the interactions among neighboring trees occur. Such scales often correspond to the sizes of small inventory plots (e.g., up to several hundred square meters) depending on the research interests [10]. Quantifying small-scale structure is of importance to forestry practitioners when the goal is to manage a forest by emulating the small-scale DBH variability and tree species mingling patterns found in old-growth (reference) forests. In addition, forest researchers are often interested in scrutinizing DBH variability at the small-scale level within a stand for the purpose of examining its potential association with tree species diversity. Such investigations have mostly been conducted in managed forests [11,12] and are lacking for old-growth forests.



Recent studies have indicated that intermediate to severe disturbances play an important role in shaping the structure and composition of some European old-growth forests [13,14]. However, in many cases, the mid-sized and large trees in these forests are persistent over long periods of time. Consequently, in the old-growth forests of the Dinaric Mountains, small trees of European beech (Fagus sylvatica L.), silver fir (Abies alba Mill.), and Norway spruce (Picea abies (L.) H. Karst.) often endure long periods in shaded conditions before they reach the upper story [15,16,17]. It is thus important to investigate the small-scale interactions between neighboring trees of different sizes and/or different species in forests regulated by small-scale gaps to better understand the mechanisms of their coexistence. For this purpose, structural indices have often been used to quantify and describe local tree-size variety and the interactions between neighboring trees of different species [18,19,20]. There are a number of structural indices used in forest research, but the most applied indices seem to be the Gini index [21] and DBH differentiation index [10]. The mingling index [22] and the Shannon’s index [23] are typically used to assess small-scale tree species mingling and diversity, respectively.



When the goal is to use structural indices as independent modeling variables, researchers can test and present indices that have a significant impact on the response variable [24]. However, when the goal is to quantify and characterize small-scale stand structure, there is still a great deal of uncertainty and varied outcomes as to what extent different structural indices are correlated with each other [25] and if they are associated with species diversity indices [11]. Structural indices have been widely accepted as sound measures for biodiversity conservation purposes [19]. However, information on the associations between different indices is still rather scarce. Thus, the practical question of high relevance to forest managers is whether conventional stand attributes could be used as surrogates for structural indices.



In the present study, we focused on quantifying small-scale structural heterogeneity and local interactions between tree species in a mixed beech-fir-spruce old-growth forest in the central Dinaric Mountains. The specific objectives of the study were to (i) evaluate structural heterogeneity, species mingling patterns, and tree species diversity at different plot sizes; and to (ii) examine the relationships between conventional stand attributes, structural indices, and species diversity indices.




2. Materials and Methods


2.1. Study Area


The study was conducted in the Perućica old-growth forest, which is located in Sutjeska National Park, Bosnia-Herzegovina. The altitude of our sample plots ranged from 1050 m to 1450 m above sea level. The mean annual air temperature is between 5.9 °C and 8.6 °C, and the mean annual precipitation ranges from 1400 mm to 1900 mm (Suha and Cemerno stations, 690 m and 1329 m a.s.l., respectively). Due to specific historical events in this part of Europe [26,27], Perućica has remained intact as one of the largest (1434 ha) old-growth forests in Southeast Europe. Different forest associations developed in this area, but most of the reserve is occupied by mixed beech-fir-spruce forests between 1000 m and 1600 m a.s.l. [28]. Although Perućica was officially set aside as a strict forest reserve in 1954, the history of nature protection in this area dates back to 1893, during the Austro-Hungarian Empire [29]. In contrast to some other European old-growth forests, Perućica has not experienced chronic overbrowsing during the last three decades, as ungulate densities were reduced due to the Bosnian civil war and intensive hunting. The mean number of living trees with DBH ≥ 6.0 cm is 771 ha−1. The mean and maximum DBH are 24.4 cm and 134.5 cm, respectively. DBH distribution cumulatively for all species at the stand level is rotated-sigmoid. Species composition, with respect to the number of trees, favors beech (56%), followed by fir (38%) and spruce (3%). The basal area amounts to 68.5 m2·ha−1, of which fir comprises 53%, beech 37%, and spruce 6%. The share of other species is below 2%, including Acer pseudoplatanus (L.), Fraxinus excelsior (L.), and Ulmus glabra (Huds.).



Even though Perućica is a unique old-growth forest in Southeast Europe, its structural characteristics, even at the stand level, were rarely studied during the 20th century [30]. It was only at the onset of the 21st century that studies began to shed light on its disturbance regime [17], species population dynamics [31], and deadwood structure [32]. Nevertheless, research is still scarce, and the present study is the first to explicitly focus on small-scale structural heterogeneity in this old-growth forest.




2.2. Field Measurements


A network of 10-ha polygons was created using the ArcView 9.3 Environment (ESRI ArcGIS, 2011). Within each 10-ha polygon, two sample plots were set. In this way, a total of 48 plots were randomly superimposed in the study area (for details, see [33]). Each established plot was divided into three circularly fixed nested plots: An inner plot (radius 7.98 m, area 200 m2), a middle plot (radius 17.84 m, area 1000 m2), and an outer plot covering whole plot area (radius 21.85 m, area 1500 m2). On each plot, the tree species were distinguished, and the diameters of all trees with DBH ≥ 6.0 cm were cross-measured in two perpendicular directions at 1.30 m above the ground. In order to calculate DBH differentiation (T) and species mingling (M) indices, x and y coordinates were recorded for each tree on each of the 48 plots.




2.3. Data Analysis


We evaluated the Gini coefficient (GC) due to its wide application in forest research [21,34,35]. This index was computed using the following formula:


  G C =     ∑   j = 1  n   (  2 j − 1 − n  )  b  a j      ∑   j = 1  n  b  a j   (  n − 1  )     



(1)




where j is a rank of tree in ascending order from 1 to n, n is total number of trees in a plot, and baj stands for basal area (m2) of tree with rank j.



Theoretically, the GC has a maximum value of 1.0 in case of absolute inequality. However, in practice its maximum value in forest stands may reach up to 0.8, whereas its minimum value equals 0 when all the trees have the same DBH on the observed plot area.



In the next step, we examined the DBH differentiation index [20,24,36], which was calculated by applying the following formula:


  T = 1 −  1 n    ∑   j = 1  n    min  (  D B  H i  , D B  H j   )    max  (  D B  H i  , D B  H j   )     



(2)




where T represents DBH differentiation index; thereby, i stands for a reference tree, j refers to closest neighbor trees, where n = 1, 2, 3, 4, …, 7. Thus, the DBH differentiation index was computed by using from one to seven closest neighbor trees around each reference tree.



The DBH differentiation index has a minimum value of 0 when a reference tree and its nearest neighbors (considered for computation) have exactly the same DBH, whereas its value increases with the increase in DBH difference between a reference tree and its neighbors, and theoretically, its maximum value is 1.0.



Tree species mixing patterns were determined by tree species mingling index [37,38], which was also computed on the basis of each central (reference) tree and its closest neighbor trees [20,37] using the following formula:


  M =  1 n    ∑   j = 1  n   m  i j   ,        m  i j   =  {      1   if   s p e c i e  s j  ≠ s p e c i e  s i        0   otherwise        



(3)




where M stands for tree species mingling index. Thereby, i stands for a reference tree, j refers to closest neighbor trees, where n = 1, 2, 3, 4, …, 7. Thus, the mingling index was computed using between one and seven closest neighbor trees around each reference tree.



Tree species mingling index has a minimum value of 0 when a reference tree and its nearest neighbors are of the same tree species. This index proportionally increases with the increase of the number of trees of another species around a reference tree (for details, see [10]). The maximum value of tree species mingling index is also 1.0.



Finally, the Shannon’s H′ index [23] was used to evaluate tree species diversity at different plot sizes. Its computation was performed by employing the following equation:


   H ′  = −   ∑   s = 1  k   p s  ln  p s   



(4)




where p represents the s-th species’ proportion of the total tree number per (sub)plot and k is the number of species. If there is only one species recorded on the subplot, the Shannon’s index H′ is equal to zero. For k species with equal proportions, H′ corresponds to ln(k). It is also important to notice that this index differs from the above-described indices in that it can take values higher than 1.0.



GC and H′ were calculated for nested plot areas of 200 m2, 1000 m2, and 1500 m2, while T and M were first calculated for each tree, and then the average index values were computed at the mentioned nested plot levels. Consequently, these average values of T and M indices were used in the analysis. In order to avoid potential issues related to edge effects, for the computation of these indices, we used only those trees within the 1500 m2 plot for which all neighbors were known/recorded. If the distance from the plot boundary was shorter than that from the nth neighbor, then the nearest trees to tree i may occur outside of the plot. In this case, the trees close to the plot boundary for which the closest neighbors were not known were excluded from the analysis in order to avoid edge effect bias [39,40].



We tested all calculated indices for normality with the Shapiro–Wilk test, while the equality of variances was tested with Levene’s test. To check if the values of a particular index changed significantly with plot size, multiple paired t-tests were used. This approach was relevant for the designed experiment, as each pair of tested plots had exactly the same geographical position, while they differed in the observed area. Where indices exhibited non-normal frequency distributions and/or heteroscedasticity, multiple paired Wilcoxon tests were conducted to determine between which plot areas the index values differed significantly. All statistical tests were conducted at α = 0.05.



Since different studies have used (and will probably continue to use) a different number of neighbor trees for computation of T and M indices of reference (central) trees, we ran Pearson’s correlations and conducted paired tests to check for significant differences between the DBH differentiation indices and species mingling indices with a different number of neighbors (one to seven). The relationships between conventional stand attributes (tree number, mean DBH, basal area, species proportion) and all analyzed indices (GC, T4, M4, H′) in this study were also evaluated by running a set of Pearson’s correlations to gain insight into how strongly these variables might be associated. In the latter case, strong linear relationships could potentially enable more straightforward usage of structural indices in forestry practice. Complete data analysis was performed in the R statistical package, Version 3.5.1 [41].





3. Results


3.1. Descriptive Statistics and Frequency Distributions of All Examined Indices


Very strong correlations between T indices (and likewise M indices) with one to four neighbor trees were determined, whereby the indices based on four neighbors were slightly higher than those based on a lower number of neighbors. The analysis further showed that using a greater number (five to seven) of neighbor trees for computation yielded almost the same index values as when four neighbors were used. Consequently, in this and other sections, we present only T and M values computed based on the four closest neighbors. Hereafter we use the symbols T4 for DBH differentiation index and M4 for tree species mingling index.



The mean values of GC and T4 on plots ranging from 200 m2 to 1500 m2 were constant, amounting to 0.67 and 0.47, respectively. Likewise, the mean values of M4 (0.41–0.42) were also stable across plots of different sizes. The values of H′ index increased with plot size (Table 1). GC was characterized by left-skewed frequency distributions regardless of plot size (for the largest 1500 m2 plots, p < 0.001). On the other hand, T4 and M4, as well as the Shannon index (H′) for tree species diversity, exhibited normal frequency distributions regardless of plot size. However, heteroscedasticity was significant for GC (p < 0.001), T4 (p = 0.015) and M4 (p = 0.010), whereas H′ index had equal variances between plots of different size.



Because the frequency distributions of the analyzed indices (for all tree species combined) were rather similar on plots of different sizes, we graphically illustrated only those from the largest plots in this study (Figure 1). However, it is important to emphasize that when the frequency distributions of the M index were analyzed separately per single tree species, all three examined species exhibited significant deviation from normal distribution regardless of plot size or number of neighbor trees (in all cases, p < 0.001). Namely, the distribution of the M index was significantly right-skewed for beech, significantly left-skewed for spruce, and exhibited heavy-tailed kurtosis for silver fir.



Based on the calculated measures of the central tendency for the M index at the species level (Table 2), spruce locally mingled most intensively with other species, fir was moderately inclined toward mingling, and beech mingled least with other species. These outcomes should be treated with caution, considering the overall tree species composition of the Perućica forest described in the Section 2.1. Namely, the mingling of a tree species can be expected to increase to a certain extent with a decrease in the overall tree species composition.




3.2. Behavior of Indices with the Change of Plot Size


GC values did not change significantly with the increase of plot size, whereas their association with tree number was weak to moderate (r = 0.37; p = 0.022). The T4 and M4 indices were not significantly correlated either with plot size or tree number. The Shannon index (H′) for tree species diversity was similar between the 1000 m2 and 1500 m2 plots, whereas significant differences were found when the smallest 200 m2 plots were compared to the 1000 m2 (p = 0.021) and 1500 m2 (p = 0.011) plots (Figure 2).




3.3. Associations among Indices and Their Correlations with Stand Attributes


The correlations between T4, M4, and GC were significant only on the 1000 m2 and 1500 m2 plots, but the strength of these correlations was weak to moderate. The Shannon index for tree species diversity (H′) correlated significantly and strongly only with M4 (Table 3).



Regarding the relationships between stand attributes and the analyzed indices on the smallest plots of 200 m2, the species mingling index M was positively associated with the relative share of conifers/broadleaves by tree number (r = 0.62; p < 0.001) and with the relative share of conifers/broadleaves by basal area (r = 0.47; p < 0.001). On the 1000 m2 and 1500 m2 plots, the species mingling index M was even better related to the relative share of conifers/broadleaves by tree number (r = 0.71; p < 0.001).



The absolute plot densities of broadleaved trees were moderately associated with the M4 index (r = 0.46; p = 0.001). Similarly, the values of T4 index on the 1000 m2 and 1500 m2 plots were positively associated with the absolute densities of broadleaved trees (r = 0.51; p < 0.001), as well as with the absolute densities of all trees (r = 0.49; p < 0.001). In addition, the basal area of broadleaves showed a moderate correlation with GC values (r = 0.42; p = 0.003). However, except for M4 index, it is important to notice that the associations of basal area and species proportions with GC, T4, and H′ were weak to moderately strong at different plot sizes (Pearson’s r values ranged from 0.30 and 0.54). Likewise, independent of plot size, only moderate associations of mean DBH with T4 and M4 were determined. Mean DBH had a relatively strong correlation only with GC values on the 1000 m2 (r = 0.57; p < 0.001) and 1500 m2 (r = 0.66; p < 0.001) plots.





4. Discussion


4.1. Local DBH Differentiation, Species Mingling, and Diversity in Perućica


The GC, T, and M indices in the mixed beech-fir-spruce old-growth forest Perućica were stable across a range of plot sizes, while only H′ index increased with the plot size. The behavior of different indices at different plot sizes may depend on their mathematical design, but the same index may also vary depending on the small-scale DBH variability, species mingling, and diversity of the forest under study. It is important to note that in the Perućica forest, the strong DBH differentiation was determined among nearest neighbor trees, and likewise, strong single-tree mingling of different species in the closest neighborhood. Consequently, even small plots of 200 m2 seem sufficient to capture DBH differentiation and tree species mingling in this forest. However, in forest stands that may exhibit spatial autocorrelation [10], such as by creating cohorts of trees with very similar DBHs or cohorts composed of the same tree species, then larger plot areas might be needed to detect changes in DBH differentiation and species mingling. Consequently, future studies may try to include forest stands that exhibit positive spatial autocorrelation. Regarding Shannon’s H′ index, in this study, even a small increase in the plot size resulted in higher tree species diversity. However, we could expect that the larger the species spatial autocorrelation, that is, the larger the cohorts of one species, the larger the plot area would be required to “capture” additional tree species. This also remains an important task for future studies.



The mean GC value of 0.67 was at the upper range or higher than the GC values reported for several uneven-aged managed forests across Europe [21,34,42]. Two Chilean old-growth forests exhibited GC values above 0.70 [43], but other studies in old-growth forests reported fairly low values of this index [44,45]. These contradictory findings regarding GC should be noted, as they indicate that this index may be sensitive to the intrinsic eco-physiological traits of constituent tree species or the unique disturbance history of a given plot or stand. Therefore, although a number of studies used GC to characterize forest structure, the discussion about the variability of this coefficient in different forest types (see also [2,42]) still remains open.



The diameter differentiation index has been evaluated in a number of studies in managed forests, but rarely in old-growth forests. The average T index value of 0.47 in the old-growth forest of Perućica was higher than that in some other unmanaged [2,44] and managed [25] forests in Europe and was similar compared to some other mixed old-growth forests in Bosnia-Herzegovina and Slovakia [45,46]. Based on the classification of T index values proposed by Peck et al. [25], the Perućica old-growth forest exhibited strong DBH differentiation at small-scale levels, since the index values on most plots (regardless of their size) ranged between 0.41 and 0.60.



Regarding the tree species mingling index M, its average value of 0.42 in our study indicated fairly strong single-tree species mingling. Comparable outcomes were reported in two other Dinaric old-growth forests [46], as well as in managed uneven-aged forests in Europe [19,20]. The distribution of the M index values in Perućica was normal, whereas Balanda [44] in a similar forest type, and Seidling et al. [47] in different forest types, reported right-skewed distributions of this index. Obviously, in the case of a non-normal distribution of the M index, its median value would be a better measure of species mingling than its usually reported mean value.



However, perhaps even more important is the frequency distribution of M index for individual tree species within a mixed forest. We can assume based on our results that the frequency distribution, and therefore mingling tendency of a particular tree species, will depend, to a large extent, on its share in the tree species composition at the stand level (see also [48]).




4.2. Relationships between the Evaluated Indices and Conventional Stand Attributes


Strong correlations between different structural indices were found in homogeneous even-aged forests [49] and, likewise, Sterba und Zingg [35] reported a strong positive correlation between the GC and T indices in Swiss plenter forests. However, Peck et al. [25] found that GC and T were significantly correlated only in even-aged stands. Likewise, our results indicated that correlations between the GC and T indices were rather weak (see also [50]). The reason for such an outcome may lie in the different mathematical design of each index. Thus, the comparison between two or more forest sites regarding structural heterogeneity seems to be reasonable only if the same structural index and similar or identical sampling procedures are used.



T was the only index for which the strength of the correlations with GC and M increased with plot size. Most correlations among these indices, however, could be classified as weak to moderately strong. Consequently, none of the evaluated structural indices should be replaced with each other. In the case of weak correlations among structural indices, Sterba [50] stated that each of the analyzed indices is expected to provide additional information about the examined forest ecosystem. However, despite the ever-larger number of studies employing structural indices, the discussion still remains open with regard to the ecological meaning of different structural indices. In this context, Neumann and Starlinger [11] determined only weak associations between the indices of stand structure and species diversity in different forest types in Austria, whereas in the Perućica old-growth forest, the correlations between the T and M indices were weak to moderately strong. Seidling et al. [47] obtained similar results for the correlation between these two indices for a large set of different forest types across Europe.



With respect to the relationships of conventional stand attributes with the measures of small-scale structural heterogeneity, Schall et al. [2] reported a decrease in GC with increasing mean DBH. In our study, mean DBH had a moderately strong positive correlation with GC on plots of 1000 m2 and 1500 m2. We also found that the absolute densities of broadleaved trees were moderately associated with T4. Strong correlations were found only between tree species mingling index M4 and tree species proportions (see also [2]). Namely, it can be expected that the species with a small share will exhibit high tendency toward mingling with other species, whereas its mingling pattern will probably change with its increased share in the species composition. To verify this statement, additional studies from different forest types would be needed. It would therefore be valuable for future studies to analyze forest stands where two or more species have approximately equal shares in the tree species composition at stand or plot scales. The information from such studies could reveal the true mingling tendency of each constituent tree species.





5. Conclusions


The Perućica old-growth forest exhibited high DBH differentiation and single-tree mingling of different tree species at the small-scale level. The values of all evaluated indices in this study were at the upper range or higher compared to available sources from uneven-aged managed forests. However, it was difficult to make comparisons with old-growth forests due to the small number of corresponding studies. Based on the GC and T4 indices, small-scale structural heterogeneity was similar between plots of different sizes (200 m2, 1000 m2, and 1500 m2). The tree species mingling index (M4) was also rather stable across plots of different sizes. The probability of finding additional tree species (hence diversity) increased with plot size.



The measures of tree species mingling and diversity (M4 and H′) were strongly associated with each other. On the other hand, the associations between structural indices GC and T4 were rather weak. Thus, the comparison of structural heterogeneity between different sites will only be reasonable using the same index and a similar or the same sampling procedure. The GC was also weakly associated with tree species mingling and diversity, while a moderate association was determined between T4 and M4 indices.



Among all evaluated indices, only M4 correlated fairly strongly with the changes in tree species proportions. However, mean DBH, absolute tree density, and basal area were weakly to moderately associated with all analyzed indices (GC, T4, M4, H′). Consequently, for restoring and maintaining old-growth characteristics, forest managers may use structural indices to increase local structural heterogeneity, tree species mingling, and diversity, but only as an additional set of measures, not as surrogates for conventional stand attributes. Therefore, future studies will need to include additional stand attributes and perhaps even environmental factors in order to better explain the local variability of structural indices.



Finally, because the mingling intensity of single tree species in our study increased with its decrease in the overall tree species composition, our recommendation for future studies that may investigate small-scale species mingling is to make an effort to find and analyze such stands (or reasonably sized plots) that have approximately equal shares of each tree species in the overall tree species composition at stand (or plot) scales. Such studies may have the strongest potential to reveal the true mingling tendency of each constituent tree species.
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Figure 1. Frequency distributions of the Gini coefficient (GC), diameter differentiation index (T4), species mingling index (M4), and Shannon index (H′) in the Perućica old-growth forest based on 48 plots, each with an area of 1500 m2. 
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Figure 2. Boxplots of the Gini coefficient (GC), diameter differentiation index (T4), tree species mingling index (M4), and Shannon index (H′) for different plot sizes. The small inner box represents the median, the large box represents the interquartile range, and the whiskers extend to the lowest and highest values below and above the first and third quartile. Small circles stand for outliers that are more than 1.5-times the interquartile range. 
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Table 1. Statistical summary for the Gini coefficient (GC), diameter differentiation index (T4), species mingling index (M4), and Shannon index for tree species diversity (H′) on plots of different sizes in the Perućica old-growth forest.
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Plot size

	
Index

	
Mean

	
Median

	
Min.

	
Max.

	
St. Dev.






	
200 m2

	
GC

	
0.67

	
0.70

	
0.32

	
0.88

	
0.14




	
T4

	
0.47

	
0.47

	
0.33

	
0.62

	
0.06




	
M4

	
0.41

	
0.43

	
0.06

	
0.75

	
0.17




	
H′

	
0.59

	
0.64

	
0.00

	
1.20

	
0.27




	
1000 m2

	
GC

	
0.67

	
0.68

	
0.40

	
0.78

	
0.08




	
T4

	
0.47

	
0.47

	
0.38

	
0.55

	
0.04




	
M4

	
0.42

	
0.44

	
0.15

	
0.70

	
0.12




	
H′

	
0.72

	
0.69

	
0.34

	
1.38

	
0.22




	
1500 m2

	
GC

	
0.67

	
0.69

	
0.37

	
0.77

	
0.08




	
T4

	
0.47

	
0.47

	
0.37

	
0.54

	
0.04




	
M4

	
0.42

	
0.42

	
0.10

	
0.70

	
0.12




	
H′

	
0.73

	
0.69

	
0.25

	
1.34

	
0.21
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Table 2. Mean and median values of species mingling index with one (M1), two (M2), three (M3), and four (M4) neighbor trees on 1500 m2 plots in the Perućica old-growth forest.
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Tree Species

	
European Beech

	
Silver Fir

	
Norway Spruce




	
Mingling Indices

	
Mean

	
Median

	
Mean

	
Median

	
Mean

	
Median






	
M1

	
0.30

	
0.00

	
0.45

	
0.00

	
0.74

	
1.00




	
M2

	
0.31

	
0.00

	
0.46

	
0.50

	
0.79

	
1.00




	
M3

	
0.31

	
0.33

	
0.46

	
0.33

	
0.81

	
1.00




	
M4

	
0.31

	
0.25

	
0.47

	
0.50

	
0.81

	
1.00
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Table 3. Pearson’s r coefficients for correlations between the Gini coefficient (GC), diameter differentiation index (T4), tree species mingling index (M4), and Shannon index for tree species diversity (H′) for different plot sizes.
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Plot Size 200 m2




	
Index

	
T4

	
M4

	
H′




	
GC

	
0.25

	
0.09

	
0.15




	
T4

	
-

	
0.19

	
0.08




	
M4

	
-

	
-

	
0.87 ***




	
Plot Size 1000 m2




	
Index

	
T4

	
M4

	
H′




	
GC

	
0.32 *

	
0.05

	
0.05




	
T4

	
-

	
0.36 *

	
0.11




	
M4

	
-

	
-

	
0.85 ***




	
Plot Size 1500 m2




	
Index

	
T4

	
M4

	
H′




	
GC

	
0.32 **

	
0.15

	
0.16




	
T4

	
-

	
0.43 ***

	
0.14




	
M4

	
-

	
-

	
0.86 ***








Significance: (*) p < 0.05; (**) p < 0.01; (***) p < 0.001.
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