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A B S T R A C T

Understanding competition between trees is essential for sustainable forest management as interactions between 
trees in uneven-aged mixed forests play a key role in growth dynamics. This study investigated nine competition 
indices (CIs) for their suitability to model the effects of neighboring trees on silver fir (Abies alba) growth in 
Dinaric silver fir-European beech (Fagus sylvatica) forests. Although numerous competition indices have been 
developed, there is still limited consensus on their applicability in different forest types, especially in mature, 
structurally complex forest stands. The indices were evaluated using the adjusted coefficient of determination in 
a linear model wherein the volume growth of the last five years for 60 dominant silver fir trees was modeled as a 
function of tree volume and competition index. The results demonstrated that distance-dependent indices (e.g., 
the Hegyi height-distance competition and Rouvinen-Kuuluvainen diameter-distance competition indices), 
which consider the distance to competitors and their size, perform better than distance-independent indices. 
Using the optimization procedure in calculating the competition indices, only neighboring trees at a distance of 
up to 26-fold the diameter at breast height (DBH) of the selected tree (optimal search radius) and with a DBH of 
at least 20% of that of the target tree (optimal DBH) were considered competitors. Therefore, competition 
significantly influences the growth of dominant silver firs even in older age classes. The model based solely on 
tree volume explained 32.5% of the variability in volume growth, while the model that accounted for compe
tition explained 64%. Optimizing the optimal search radius had a greater impact on model performance than 
optimizing the DBH threshold. This emphasizes the importance of balancing stand density and competition in 
silvicultural practice.

1. Introduction

Competition is among the most studied topics in forest research 
(Biging and Dobbertin, 1992, 1995; Woodall et al., 2003; Das, 2012; 
Fraver et al., 2014); however, several questions remain unresolved 
(Weiskittel et al., 2011; Seifert et al., 2014). These include under
standing how competition varies between different species, forest types, 
and environmental conditions, and how competition can best be quan
tified. Another challenge is to reconcile competition with other stress 
factors such as climate change, pests, and natural disturbances. 
Competition is crucial to gain insights into fundamental forest processes, 
such as resource allocation (Men et al., 2023; Chen et al., 2024), species 

interactions (Hrivn�ak et al., 2022; Seifert et al., 2014), and successional 
dynamics (D'Amato and Puettmann, 2004; Puettmann et al., 2009), as 
well as to predict forest development under changing environmental 
conditions (Verdonck et al., 2025). In addition, it is instrumental in 
optimizing various silvicultural measures, including stand density 
regulation (Luu et al., 2013), species selection (Wagner and Radosevich, 
1998; Castagneri et al., 2008), and growth modeling (Pretzsch, 2009), 
which are essential for sustainable forest management (Mizunaga et al., 
2010; Bon�cina, 2011; O'Hara, 2014).

Competition occurs because of limited resources (Grams and 
Andersen, 2007). An important division in competition is above ground, 
where trees compete for light, and below ground, where trees compete 
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for water and nutrients (Weiskittel et al., 2011). Studies on 
below-ground competition are rare for obvious reasons, e.g., inaccessi
bility and complexity of roots, intertwined root systems, lack of clear 
spatial boundaries, and various measurement problems (Lei et al., 2012; 
Bolte et al., 2013).

Most studies on competition have been conducted in even-aged 
forest stands and/or plantations (Lorimer, 1983; Daniels et al., 1986; 
Tom�e and Burkhart, 1989; Wagner and Radosevich, 1998; Larocque, 
2002; B�eland et al., 2003; Hynynen and Ojansuu, 2003; D'Amato and 
Puettmann, 2004; Corral Rivas et al., 2005; Castagneri et al., 2008; 
Boivin et al., 2010; Contreras et al., 2011; Sabatia and Burkhart, 2012; 
Luu et al., 2013), and much less in uneven-aged forest stands (Mailly 
et al., 2003; Woodall et al., 2003; Richards et al., 2008; Duduman et al., 
2010; Fichtner et al., 2012; Pedersen et al., 2012). The awareness of the 
benefits of uneven-aged forests is growing (Mizunaga et al., 2010; 
Bon�cina, 2011; Pukkala et al., 2011; Schütz et al., 2012; O'Hara, 2014), 
considering that various studies have shown that competition in these 
forests differs significantly from that in even-aged forests (Oliver and 
Larson, 1996). Additionally, the stand structure of uneven-aged forests 
can be very diverse, as knowledge about competition in such forests 
remains insufficient (Seydack et al., 2011). In particular, the response of 
older trees in uneven-aged stands is poorly understood (Fichtner et al., 
2012).

To analyze competition, researchers have proposed several in
dicators, among which competition indices (CIs) stand out as a more 
practical alternative to direct assessments of resource availability, which 
are usually very labor-intensive and involve measurements of many 
variables such as light, water, and nutrient availability (Seifert et al., 
2014). CIs can be defined as the effect of neighboring trees on the 
growth of the subject tree and are usually expressed using mathematical 
equations that represent how much the subject tree is influenced by its 
neighboring trees (Burkhart and Tom�e, 2012). The number of CIs 
described is very high (Pretzsch, 2009), whereby we can distinguish 
groups of distance-independent CIs (Munro, 1974), distance-dependent 
CIs (Lorimer, 1983; Tom�e and Burkhart, 1989) and, more recently, a 
group of semi-distance-independent CIs (Stage and Ledermann, 2008; 
Ledermann, 2010).

One of the most used parameters in CI calculations to assess 
competition is the diameter at breast height (DBH). However, CIs vary in 
complexity depending on their applicability (Pretzsch, 2009; Burkhart 
and Tom�e, 2012). While some indices rely solely on DBH or basal area, 
several also incorporate the spatial relationships between trees. Several 
well-established indices consider both DBH and the distance between 
the subject tree and its neighboring trees (DISTij) (Hegyi, 1974; Lorimer, 
1983; Martin and Ek, 1984). More complex CIs may additionally 
consider tree height (H), crown dimensions, and light availability, which 
require extensive calculations and field measurements (Stadt et al., 
2007).

Some CIs have been further refined by including a relationship be
tween the DBH of the subject tree (DBHi) and that of its neighboring 
trees (DBHj). This modification considers the fact that the competitive 
effect of a neighboring tree increases with its DBHj, indicating that larger 
trees compete more strongly with the subject tree. In calculating the CI, 
some studies consider only neighboring trees with a DBH equal to or 
greater than that of the subject tree as competitors (Fichtner et al., 
2012). In addition, some indices refine the competition assessment by 
including a distance-dependent weighting factor in which the influence 
of neighboring trees decreases with increasing DISTij. While some 
studies assume a fixed threshold for DISTij (Hegyi, 1974; Mailly et al., 
2003; Woodall et al., 2003; Coomes and Allen, 2007; Stadt et al., 2007; 
Contreras et al., 2011; Szwagrzyk et al., 2012), others investigated 
variable DISTij based on the dimensions of the subject tree to determine 
the distance at which neighboring trees act as competitors (Lorimer, 
1983; B�eland et al., 2003; Puettmann et al., 2009; Oheimb et al., 2011; 
Das, 2012; Sabatia and Burkhart, 2012; Luu et al., 2013).

Two important questions arise in connection with CI calculation in 
uneven-aged forests: How large must a neighboring tree be to act as a 
competitor to the subject tree, and at what distance does a neighboring 
tree exert significant competitive influence? These considerations are 
crucial for precisely defining CIs, as they determine which trees should 
be included in their calculation. Determining appropriate DBHj and 
DISTij thresholds is particularly important in complex stand structures, 
where variations in tree size, spacing, and species composition influence 
competitive interactions. It is, therefore, reasonable to define both the 
limiting DBHj and DISTij relative to the dimensions of the subject tree. 
This implies that the minimum competitive diameter (DBHjmin ) and 
maximum competitive distance (DISTijmax ) are not fixed values but 
instead depend proportionally on the DBHi of the subject tree.

This study aimed to refine the methodology for calculating CIs for 
dominant silver fir trees in uneven-aged forests by considering two key 
aspects: the DBHjmin , at which a neighboring tree acts as a competitor, 
and DISTijmax , at which it still exerts competitive influence. Considering 
the complexity of stand structure in uneven-aged forests, where differ
ences in tree size, spacing, and species composition significantly affect 
competitive interactions, we sought to develop a more dynamic 
approach to defining competition. By considering the proportional 
relationship between the DBHi of the subject tree and DBHj and DISTij, 
we aimed to improve the accuracy of competition assessment and its 
usefulness for forest growth modeling and silvicultural decision-making 
in uneven-aged forests with diverse forest structures.

2. Materials and methods

2.1. Study area

The study was conducted in the Dinaric Mountains in southwest 
Slovenia (14◦26′ E, 45◦35′ N) at an elevation of 850 m where silver fir 
(Abies alba)-European beech (Fagus sylvatica) forests are dominant 
(Fig. 1). Topography in the area is diverse, with abundant sinkholes and 
limestone outcrops typical of the high karst geology in the region. 
Various soils are developed from the limestone parent material, pri
marily litosols, leptosols, cambisols, and luvisols. The soil depth varies 
between 0 and 300 cm depending on micro-topographic position (FMP, 
2012).

Precipitation is evenly distributed throughout the year, with a mean 
annual sum of precipitation of 2,150 mm. The mean yearly temperature 
averages 6.5 ◦C, and late spring and early autumn frosts are common. 
The Dinaric silver fir-European beech forest type (Omphalodo-Fagetum) 
is the dominant forest community in the study area. These forests pri
marily comprise silver fir and European beech, with varying proportions 
of Norway spruce (Picea abies), sycamore (Acer pseudoplatanus), and elm 
(Ulmus glabra). Stands are managed using selection (single-tree or 
group) systems or irregular shelterwood, leading to considerable within- 
stand variation in tree age and species composition (FMP, 2012).

In the middle of the 19th century, forests of European beech and 
silver fir predominated in the wider study area, and the young trees 
under the canopy consisted primarily of silver fir, which regenerated 
well due to the low ungulate densities. Older beech trees were inten
sively harvested until the mid-20th century (firewood and charcoal 
production), while silver fir became a dominant tree species (Ga�sper�si�c, 
1967; Bon�cina et al., 2003).

Over time, its share has declined due to silver fir mortality between 
the 1960s and late 1990s. Recent studies suggest that the decline of 
silver fir is a consequence of interactions of various influences (e.g., air 
pollution, acid rain, drought effects, extensive ungulate browsing) 
(Tikvi�c et al., 2008; Diaci et al., 2010; Nagel et al., 2015). During this 
period, European beech gained considerable importance, while Norway 
spruce was promoted as its primary substitute. As a result of these forest 
dynamics, today's stands are more mixed and structurally diverse than in 
the past and have greater species diversity (Kobal et al., 2017). Tree 
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species now occur more frequently in mixed patterns, either as indi
vidual trees or in small groups. Size differentiation has become more 
pronounced, with a wider range of smaller and larger trees. Conse
quently, the vertical and horizontal diversity of stands has increased, 
indicating a higher degree of differentiation and spatial complexity in 
the current forest structure (Kobal and Hladnik, 2009). Most stands are 
managed by selective felling (single trees or groups) or by irregular 
shelterwood management, which leads to considerable differences in 
tree age and species composition within stands. The close-to-nature 
forest management prevents clear-cutting or intensive forest conver
sion, which makes these forests very suitable for studying the structure 
and dynamics of forest communities. The ingrowth of trees is largely due 
to natural processes and not to the planting of trees (Fig. 2).

2.2. Fieldwork

2.2.1. Plot establishment and subject silver fir selection
In 2008, a systematic sampling grid was established with a spacing of 

50 m × 50 m. On each grid intersection, a circular sampling plot of 500 
m2 was established and served as the basis for selecting the dominant 
silver fir trees. In each plot, all live trees with a DBH >10 cm were 
measured, and the data on tree species and DBH were recorded.

Dominant trees were defined as those with the largest diameter in the 
plot, corresponding to 100 largest diameter trees per hectare or five 
largest diameter trees per 500 m2. To ensure representative selection, 
the third-largest silver fir tree in each plot was selected as the subject 
tree to represent the average dominant tree for further analysis. A total 
of 60 subject trees were selected.

Fig. 1. Locations of the Leskova dolina study area in Slovenia.

Fig. 2. Typical uneven-aged mixed structure of silver fir-European beech forests.
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2.2.2. Stem analyses of subject silver firs
The selected subject trees were felled to enable a detailed stem 

analysis. Each stem was then divided into 15–20 sections, depending on 
the tree's total H. The diameter was measured at each section, and stem 
discs were taken for tree-ring width measurements. The first stem disc 
was obtained from the stump (0.15 m above the ground), followed by 
one at breast height (1.3 m) and then at regular intervals of 4.1 m up to a 
diameter of 30 cm. For the tree top, where the diameter of the stem was 
<30 cm, the stem was divided into 1 m sections. Overall, 992 stem discs 
were collected from all sampled trees, allowing a thorough analysis of 
stem growth patterns.

2.3. Laboratory work

Stem discs were air-dried for at least three months before being 
prepared for tree-ring measurements. From each disc, a central block 
was extracted, carefully excluding the reaction wood. The bottom sur
face was sanded with progressively finer grades of sandpaper. Tree-ring 
widths were measured in two directions along the block, with a preci
sion of 0.01 mm using ATRICS (Slovenian Forestry Institute, Slovenia; 
Levani�c, 2007) and WinDendro software (Regent Instruments Inc., 
Canada). Each ring width series was checked, corrected, and dated both 
visually and statistically using PAST software (SCIEM, Austria). A 
standard arithmetic mean function was used to obtain the individual 
tree-ring width series.

2.4. Data analysis

2.4.1. Stem analysis: tree volume and volume increment measurement
The tree stem volume (V) was calculated as the sum of the volumes of 

all sections of the stem, treated as truncated cones. The volume in 2008 
(the year of felling) marked as V2008 was computed using the following 
equation (Eq. 1): 

V2008 =
π⋅hs

3
⋅
(
r2

2008 +R2008 ⋅ r2008 +R2
2008

)
(1) 

where hs represents the height of the truncated cone (length of the 
section), and R2008 and r2008 denote the radii of the stem at the bottom 
and top of the section, respectively.

We also calculated the V of the tree in the past to calculate the vol
ume increment (Vincr). As we have analyzed, five-year Vincr in this 
analysis, the 2003 volume V2003 was calculated using Eq. 1, while R2003 
and r2003 were calculated by subtracting R2008 and r2008 from the sum of 
tree-ring widths (radial increment) between 2003 and 2008, respec
tively, which was obtained from detailed stem analysis at the bottom 
and top of the section separately.

The Vincr over the five years was then determined as per Eq. 2. 

Vincr =V2008 − V2003 (2) 

where Vincr is the volume increment between 2003 and 2008, V2008 
represents the volume of the tree in 2008, and V2003 represents the 
volume in 2003.

A detailed stem analysis was performed using a software package 
written specifically for our study in the R programming language (R 
Foundation for Statistical Computing, Austria) (R Development Core 
Team, 2013). Among its various capabilities, the software allowed for 
the reconstruction of the past growth history of tree stems. We used the 
correction proposed by Carmean (1972) to estimate the height growth of 
each subject tree. This method assumes that the annual height growth 
within a given stem section is constant and that crosscuts occur in the 
middle of the given annual height growth.

2.4.2. Measurement of neighboring trees
The measurements used to determine competition intensity were 

conducted after cutting and removing discs from the selected dominant 

silver fir trees (subject trees). All live neighboring trees with a DBH >10 
cm were measured, and the data on tree species, DBH, and H with radii 
of 25.23 m from the subject tree (area = 2,000 m2) were recorded. The H 
and horizontal distances between the subject tree and its potential 
competitors were measured using a Vertex IV instrument (Hagl€of Swe
den AB, Sweden). In total, 4,454 trees were measured.

2.4.3. CIs
We quantified the level of competition using nine different CIs 

(Table 1). The first three CIs (CI1− CI3) are distance-independent, 
whereas the remaining six CIs (CI4− CI9) are distance-dependent. The 
CIs (CI5− CI9) include a relative component in their calculations by 
considering the ratio of the size of the competitor to the subject tree 
(DBH or H). In addition, CI5− CI9 decreased the influence of a 
competitor with increasing distance, which further refines the assess
ment of competition intensity.

2.4.3.1. Parameter optimization for competition index computation. This 
analysis aimed to optimize the calculation of CIs in uneven-aged forests 
using threshold values that determine whether a neighboring tree acts as 
a competitor. We applied the optimization procedure described previ
ously by Miina and Pukkala (2000) and Vanclay (2006), as this approach 
ensures that competition is assessed dynamically based on the size of the 
subject and neighboring trees. To achieve this, we used the following 
threshold values. 

• DBHjmin , which defines the minimum DBH above which a neighboring 
tree is considered a competitor (DBHj > DBHjmin ).

• DISTijmax , which defines the maximum distance within which a 
neighboring tree is still considered a competitor (DISTij < DISTijmax ).

Unlike fixed threshold values, DBHjmin and DISTijmax are dynamic and 
scale in proportion to DBHi. Their values are determined by two 
parameters—α and β, which are used to be multiplied by DBHi to 
calculate the relative value of DBHjmin and DISTijmax , respectively (Fig. 3).

For each subject tree, the DBHjmin for neighboring trees was calcu
lated as follows (Eq. 3). 

DBHjmin =α⋅DBHi (3) 

where α determines how thick a neighboring tree needs to be relative to 
the subject tree to be a competitor and be included in the CI calculation. 
For instance, if α = 0.25, only neighboring trees with DBHj > 25% of the 
DBHi of the subject tree (DBHjmin > 0.25 × DBHi) qualify as competitors, 
and if α = 1.00, only neighboring trees with DBHj > 100% of the DBHi of 
the subject tree (DBHjmin > 1.00 × DBHi) qualify as competitors.

Additionally, for each subject tree, DISTijmax for neighboring trees was 
calculated as Eq. 4. 

DISTijmax = β⋅DBHi (4) 

where β determines how far a neighboring tree has to be from the subject 
tree to be a competitor and be included in the CI calculation. For 
instance, if β = 5, only trees within a distance of five times the DBHi of 
the subject tree qualify as competitors (DISTijmax > 5 × DBHi), and if β =
35, only trees within a distance of 35-fold the DBHi of the subject tree 
qualify as competitors (DISTijmax > 30 × DBHi).

Both DBHjmin and DISTijmax are dynamic and depend on the DBHi of the 
subject tree. The values of α and β are crucial, as they determine how 
strict the criteria for competitor definition are, since a higher α value 
results in fewer competitor trees, as only larger trees qualify, and a 
higher β value increases the competition radius, allowing more distant 
trees to be included as competitors. By adjusting α and β, the model can 
be fine-tuned to reflect diverse and heterogeneous stand structures, 
ensuring that competition is assessed dynamically rather than with fixed 
thresholds.
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2.4.3.2. Optimization of α and β and calculations of the effect of compe
tition on volume increment. The optimization of α and β was conducted 
using a linear regression model, where the Vincr of the subject tree was 
the dependent variable, while the volume of the subject tree (Vi) and 
calculated CIs were independent variables. The regression model was 
formulated as Eq. 5. 

Vincr = b0 + b1⋅Vi + b2⋅
∑

j
I
(
DBHj > DBHjmin ; DISTij < DISTijmax

)
⋅CIj

(5) 

where Vincr represents the increase in volume over a specified period and 
CI incorporates both the minimum competitive diameter (DBHjmin =

αDBHi) and maximum competitive distance (DISTijmax = βDBHi).
The parameters α and β were iteratively varied to explore various 

possible values, with α tested between 0.25 and 1.00 and β tested be
tween 5 and 35. Four approaches were used. 

Table 1 
Nine tested competition indices were used in the study.

Abbreviation Index Source Variable Equation

CI1 Sum of the basal areas of the competitors Steneker and Jarvis (1963) DBHj ∑n
j=1

π⋅DBHj
2

40000CI2 Sum of ratios of competitors to subject tree DBH Lorimer (1983) DBHj 

DBHi

1
DBHi

∑n
j=1

DBHj

CI3 Sum of ratios of competitor to subject tree basal area Corona and Ferrara (1989) DBHj 

DBHi

1
DBH2

i

∑n
j=1

DBH2
j

CI4
Sum of distances between competitors to subject tree Staebler (1951) DISTij

∑n
j=1

DISTij

CI5 Hegyi diameter-distance competition index Hegyi (1974) DBHj 

DBHi 

DISTij

∑n
j=1

DBHj=DBHi

DISTij

CI6
Hegyi height-distance competition index Braathe (1980) Hj 

Hi 

DISTij

∑n
j=1

Hj=Hi

DISTij

CI7
Rouvinen-Kuuluvainen diameter–distance competition index Rouvinen and Kuuluvainen (1997) DBHj 

DBHi 

DISTij

∑n
j=1

(
DBHj

DBHi

)

arctan
(

DBHj

DISTij

)

CI8
Rouvinen-Kuuluvainen height-distance competition index Rouvinen and Kuuluvainen (1997) Hj 

Hi 

DISTij

∑n
j=1

(
Hj

Hi

)

arctan
(

Hj

DISTij

)

CI9
Pukkala-Kolstr€om height-distance competition index Pukkala and Kolstr€om, 1987 Hj 

Hi 

DISTij

∑n
j=1

arctan
(

Hj − Hi

DISTij

)

Fig. 3. Comparison of CI calculations under different assumptions of DBHjmin and DISTijmax . The red circles represent subject trees with DBHi = 40 cm (left) and DBHi 
= 80 cm (right). Neighboring trees are included in the CI calculation based on their DBHj and DISTij relative to the DBHi of the subject tree. The four panels illustrate 
different combinations of fixed vs. dynamic DBHjmin (α × DBHi) and DISTijmax (β × DBHi). α = 0.5, β = 12. The size of the circles represents the DBH of a tree and the 
intensity of the green color indicates a higher DBHj. Empty circles represent trees not included in the CI calculation.
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1. Neighboring trees were considered as competitors, using a fixed 
threshold DBHjmin > 10 cm and maximum distance DISTijmax = 25.25 
m

2. Neighboring trees were considered competitors if DBHj > DBHjmin 

(where DBHjmin = α × DBHi), whereas we fixed the maximum dis
tance DISTijmax at 25.25 m.

3. Neighboring trees were considered competitors if DISTij < DISTijmax 

(where DISTijmax = β × DBHi), whereas we fixed the minimum 
diameter DBHjmin at 10 cm.

4. Neighboring trees were considered competitors if DBHj > DBHjmin 

(where DBHjmin = α × DBH) and DISTij < DISTijmax (where DISTijmax = β 
× DBHi).

To determine the optimal values for each CI, we selected the com
bination that resulted in the highest explanatory power of the linear 
regression model in terms of the maximum adjusted coefficient of 
determination (Adj. R2). This approach ensures that the selected α and β 
values maximize the ability of the CI to explain the growth variation in 
subject trees. Statistical analyses were conducted using the R2.9.3 
software environment (R Development Core Team, 2016).

3. Results

3.1. General data on forest structure and subject trees

Silver fir dominated the analyzed forests with 83.4% of the total 
growing stock, with the largest average DBH (41.3 ± 0.76 cm), H (26.0 
± 0.39 m), and V (2.70 ± 0.10 m3), indicating its dominance in the 
forest structure. European beech, which accounted for 10.2% of total 
growing stock, was the second most common tree species, but with an 
average DBH of 19.3 ± 0.47 cm, a H of 18.90 ± 0.30 m, and V of 0.46 ±
0.03 m3, it had the lowest dimensions among the measured trees (Fig. 4).

The subject silver fir trees were between 144 and 209 years old, with 
an average of 178 years. The DBH ranged from 43.4 to 72.1 cm, with a 
mean of 59.2 cm. The H of the trees ranged from 26.45 to 39.69 m. The 
Vincr was the most variable and ranged from 1.91 to 8.08 m3. Vincr in the 

last 5 years ranged from 0.036 to 0.720 m3. The linear model for the Vincr 
of silver fir related to its one V explained 32.5% of the variability in tree 
Vincr. Summary data are listed in Table 2.

3.2. Tree growth in terms of tree volume and competition

Four approaches were tested (see Supplemental Materials). Here, we 
focus only on the 4th approach, where we use dynamic DBHjmin and 
dynamic DISTijmax . Fig. 5 illustrates the variation in Adj. R2 for different 
linear models where Vincr serves as the dependent variable and V and 
various CIs are the independent variables. The results indicated that Adj. 
R2 values varied among CIs with changes in both α, which defines the 
DBHjmin based on DBHi (DBHjmin = α × DBHi), and β, which determines 
DISTijmax based on the same diameter (DISTijmax = β × DBHi). The overall 
pattern of Adj. R2 variation was consistent across different CIs (Fig. 5).

Among the indices, CI6 and CI8 had the highest Adj. R2 (0.647 and 
0.642, respectively), indicating their greater ability to explain the effects 
of competition in the dynamic DBHjmin and dynamic DISTijmax approach. 
Conversely, CI9 had the lowest Adj. R2 (maximum 0.428), indicating 
lower efficiency compared to the other indices. Indices such as CI2, CI4, 
and CI7 showed moderate performance, with a maximum Adj. R2 be
tween 0.621 and 0.636. Most CIs achieved a higher Adj. R2 when α was 
between 0.27 and 0.39, while the optimal value of β was generally be
tween 19 and 30.5 (Table 3).

Fig. 4. Height curve of neighboring trees in the study area by tree species. The plot above shows the density distribution of DBH for all three species combined, while 
the density plot on the right side shows the height density for all trees together.

Table 2 
Summary information for 60 subject silver fir trees, including values for age, 
DBH, H, V, and Vincr.

Value Age DBH Height Volume Volume increment

Unit years cm m m3 m3

Min. 144 43.4 26.45 1.91 0.036
Mean 178 59.2 34.23 4.82 0.260
Max. 209 72.1 39.69 8.08 0.720
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4. Discussion

4.1. Focus on the growth of dominant trees in Dinaric beech-fir forests

In this study, we focused on the growth of the dominant silver fir in 
heterogeneous Dinaric beech-silver fir forests. Silver fir was the pre
dominant tree species in the study area, accounting for 85.4% of the 
total growing stock, whereas European beech dominated in terms of tree 
numbers. When calculating competitiveness, it was, therefore, assumed 

that silver fir and the other tree species are equal competitors, although 
some studies reported that interspecific competition in silver fir stands is 
more important than intraspecific competition. For instance, Puettmann 
et al. (2009) found that even a small proportion of European beech in 
stands has a greater influence on silver fir growth than the presence of 
other conifers of similar size. Similarly, Pinto et al. (2007) found that the 
radial increment of silver fir decreased with increasing proportions of 
Norway spruce in the stand. While our results confirmed similar 
decreasing trends in growth, the proportion of other tree species (pri
marily Norway spruce and European beech) in the growing stock at our 
study site was relatively low (the proportion of silver fir in the growing 
stock ranged from 55% to 96% per plot level). Due to the limited pres
ence of other tree species, we could not reliably assess the role of 
interspecific competition.

4.2. Significant effect of tree volume on the growth of dominant trees

The Vincr over the last five years ranged from 0.036 to 0.720 m3, 
indicating considerable variability in the growth of dominant silver fir 
trees. Although the relationship between V and Vincr was statistically 
significant (p < 0.001), the relatively low value of Adj. R2 (0.325) in
dicates that V explains only a fraction of Vincr and that other factors such 
as heterogeneous topography (Kobal and Hladnik, 2021), numerous 
sinkholes (Kobal et al., 2015), variable soil properties (Kobal et al., 
2014), and diverse micro-site conditions (Kobal et al., 2015) play an 
important role in tree growth. In addition, the forests are characterized 
by uneven-aged stand structures (Ga�sper�si�c, 1967; Bon�cina et al., 2003), 
diverse tree species mixtures (Kobal and Hladnik, 2009; Kobal et al., 
2017), and spatial mingling and size differentiation of trees (Kobal and 
Hladnik, 2009) resulting from selective and irregular shelterwood 
management systems are likely to influence Vincr in a way that they 
might interact with or mask the effect of competition, reducing the 
predictive accuracy of the model.

Fig. 5. Changes in adjusted R2 values for the nine competition indices (CI1− CI9) under the optimal search radius and optimal DBH approaches. Each panel rep
resents a different competition index, with heatmaps illustrating the relationship between α (relative increase in critical diameter) and β (relative increase in critical 
distance). Darker areas on the heat maps indicate higher adjusted R2 values.

Table 3 
Adjusted R2 values and corresponding p-values for various CIs in the linear 
model, indicating the explanatory power of each index under the fixed search 
radius and optimum DBH approach.

Model Adj. R2 

value
p- 
value

Optimal α 
value

Optimal β 
value

Vincr = b0 + b1⋅V +
b2⋅CI1

0.602 0.0000 0.27 19.0

Vincr = b0 + b1⋅V +
b2⋅CI2

0.635 0.0000 0.28 19.0

Vincr = b0 + b1⋅V +
b2⋅CI3

0.557 0.0000 0.26 19.0

Vincr = b0 + b1⋅V +
b2⋅CI4

0.621 0.0000 0.39 20.5

Vincr = b0 + b1⋅V +
b2⋅CI5

0.627 0.0000 0.38 30.0

Vincr = b0 + b1⋅V +
b2⋅CI6

0.647 0.0000 0.39 30.5

Vincr = b0 + b1⋅V +
b2⋅CI7

0.636 0.0000 0.28 19.0

Vincr = b0 + b1⋅V +
b2⋅CI8

0.642 0.0000 0.39 19.0

Vincr = b0 + b1⋅V +
b2⋅CI9

0.428 0.0023 0.35 23.0
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4.3. Significance of competition on the growth of dominant trees

Our results confirmed that competition between trees has a signifi
cant negative influence on the growth of dominant and older silver fir 
trees, consistent with several other studies (Lorimer, 1983; Tom�e and 
Burkhart, 1989; Biging and Dobbertin, 1995; Pretzsch et al., 2002; 
Mailly et al., 2003; Corral Rivas et al., 2005; Hasenauer, 2006; Stadt 
et al., 2007; Seifert et al., 2014). Although our study focused on older 
and dominant individuals, previous research has shown that measures of 
competition between neighbors can better explain variation in the 
growth of younger trees (Cannell et al., 1984; Kubota and Hara, 1995; 
McLellan et al., 1997). However, this may not be true for immature 
canopy trees growing in the understory, as they did not appear to 
respond to the calculated CIs, suggesting that the CIs may not adequately 
reflect the resource conditions experienced by these trees (Seifert et al., 
2014).

Despite focusing on older trees, our results showed that neighbor 
competition remains relevant even at later stages of development 
(Pr�evosto and Curt, 2004; Fox et al., 2007), consistent with findings 
from other studies. For example, older silver fir trees have been shown to 
respond to reduced stand density with increased radial growth 
(Puettmann et al., 2009), and similar patterns were observed in 
uneven-aged old-growth reserves in Romania (Duduman et al., 2009), 
where the strongest correlation between competition and tree-ring 
width occurred when only the two nearest neighbors were considered. 
These results suggest that even minimal local crowding can significantly 
affect the growth of older silver fir trees. Our findings align with this, as 
competition indices in our study retained explanatory power even for 
dominant silver fir trees. Although our analysis focused on silver fir, 
studies of old conifers, such as black spruce (Picea mariana) (Mailly 
et al., 2003) and Norway spruce (Castagneri et al., 2008; Fraver et al., 
2014) have reported similarly strong responses to competition and stand 
composition.

4.4. Comparison of the performance of CIs

In this study, we used different types of competition indices 
(Table 1), which differ in which variables are included and whether 
distance is considered in the calculation. CI1− CI3 are based on tree 
diameter but do not consider DISTij, limiting their ability to accurately 
model competition in structurally heterogeneous forest stands. CI2 and 
CI3, which use the ratio of the competitor tree diameter to the subject 
tree diameter, perform relatively well, emphasizing the importance of 
relative tree size for competition modeling. Indices based solely on the 
diameter of the trees (CI1− CI3) failed to fully capture the effects of 
competition (Steneker and Jarvis, 1963; Lorimer, 1983; Corona and 
Ferrara, 1989). CI4, which considers spatial arrangement, also reflected 
the role of spatial distribution in competition (Staebler, 1951) but was 
less effective.

In contrast, CI5− CI9 considers both the distance and relative size of 
neighboring trees (DBH or H), allowing a more realistic assessment of 
competition intensity. Among these indices, CI6, which considers both H 
and distance, was the most effective competition index to emphasize the 
role of vertical competition in tree growth (Braathe, 1980). It achieved 
the highest Adj. R2 (0.647, p < 0.0001), confirming that the integration 
of distance and H significantly improves the performance of the model. 
This is consistent with the findings that size relationships remain 
important in modeling competition (Hegyi, 1974) and confirms that 
models incorporating H and distance better reflect competitive dy
namics in vertically complex stands representative of our research site 
(Kobal and Hladnik, 2009). We can conclude that competition indices 
integrating multiple factors—size (i.e., DBH or H) and dis
tance—provide the most accurate predictions of tree growth (Hegyi, 
1974; Braathe, 1980; Rouvinen and Kuuluvainen, 1997), although some 
studies suggest that no CI could be identified as the general best option 
to characterize competition, especially in complex, species-rich, and 

highly structured forest ecosystems (Seifert et al., 2014).
These findings can be directly linked to the structural complexity of 

the forest stands analyzed. As a result of historical management 
(Ga�sper�si�c, 1967; Bon�cina et al., 2003) and natural regeneration (Diaci 
et al., 2010), today's Dinaric European beech-silver fir forests exhibit 
high variability in terms of tree size, spatial arrangement, and tree 
species composition (Kobal and Hladnik, 2009; Kobal et al., 2017). 
Under such heterogeneous conditions, distance- and height-based 
competition indices, such as CI6 and CI8, better capture competitive 
interactions. This is in line with Lorimer (1983), who emphasized the 
importance of relative tree size for competition dynamics, and Hegyi 
(1974), who showed that the combination of size and distance improves 
the realism of competition modeling.

4.5. Use of critical distances and critical tree diameter threshold to 
determine CIs

To improve competition modeling, we used dynamic thresholds for 
the definition of competitors and adjusted both DBHjmin and DISTijmax 

based on the size of the subject tree (DBHi). By varying α-value within a 
dynamic modeling approach, we determine the optimal DBHjmin (DBHjmin 

= α × DBHi), where lower α-values make inclusion of smaller trees 
possible. By varying the β-value, we were able to dynamically model 
DISTijmax (DISTijmax = β × DBHi) and define the spatial extent of the 
competition.

For all models, the optimal α-values ranged from 0.26 to 0.39, sug
gesting that tree growth is best explained when both smaller and larger 
competitors are included. Previous studies consider both, thinner trees 
than the subject tree (Biging and Dobbertin, 1995; Stadt et al., 2007; 
B�eland et al., 2003; Seifert et al., 2014) and thicker trees than the subject 
tree (Tom�e and Burkhart, 1989; Biging and Dobbertin, 1995; Mailly 
et al., 2003; Fichtner et al., 2012) when calculating the competition 
index. However, more recent research emphasizes the role of smaller 
trees, especially in dense stands (Das, 2012), although their influence 
may be limited in older or structurally more complex forests (Aakala 
et al., 2013).

The values of β ranged from 19.0 to 30.5, indicating that competition 
extends beyond immediate neighbors. These results are consistent with 
Puettmann et al. (2009), who observed responses of fir growth to the 
distance of beech trees up to 18 m away. Similarly, Bella (1971), Daniels 
et al. (1986), and Das (2012) found that wider zones of influence 
increased modeling accuracy. Lorimer (1983) suggested a critical dis
tance corresponding to 3.5 times the crown radius of the tree, which in 
our case would be 11.2 m for the silver fir with a diameter of 50 cm and 
crown radius of 3.2 m (calculated from crown radius measurements at 
12 points around the tree; not shown). Das (2012) investigated the 
competition in old forests and found strong competitive responses in 
four coniferous species with influence radii ranging from 7.5 to 19.5 m, 
which is similar to our findings.

Our results show that optimizing DISTijmax had a stronger effect on 
model performance than optimizing DBHjmin alone, suggesting that the 
spatial arrangement of trees plays a more important role in explaining 
growth variability than size ratio alone. This is consistent with the re
sults of Canham et al. (2004), who showed that distance-weighted 
competition indices provide better predictions of tree growth in 
different forest types.

Although this study provides valuable insights into the effects of 
competition on the growth of dominant silver fir in Dinaric beech-fir 
forests, some limitations should be noted. It focused exclusively on the 
dominant silver fir, which limits the generalisability of the results to 
other community classes and tree species. Due to the low proportion of 
other species in most plots, the role of interspecific competition could 
not be assessed. Competition indices were based on structural variables 
(tree size and distance), which do not reflect the full range of ecological 
interactions, such as belowground competition or light interception, and 
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the narrow range of other ecological factors. Growth was assessed over a 
five-year period, which may not capture long-term or delayed responses 
to competition. Future research that incorporates longer-term moni
toring, a broader range of species, and functional ecological variables 
will help deepen our understanding of competition in complex forest 
ecosystems.

5. Conclusions

Competition significantly affects the growth of dominant silver fir 
trees in Dinaric beech-fir forests, with tree Vincr being influenced by 
competition even in older trees. Distance-dependent competition indices 
improve accuracy, as indices incorporating both distance and tree size 
(CI5− CI8) outperformed those based solely on basal area or diameter 
ratios (CI1− CI3). The Hegyi height-distance index (CI6) proved to be the 
best predictor (Adj. R2 = 0.647). Optimizing competition thresholds 
enhanced model performance, with the dynamic DBHjmin and DISTijmax 

approach improving competition assessment and suggesting the inclu
sion of smaller competitors (optimal α = 0.26–0.39). Competition effects 
extend beyond immediate neighbors, as the optimal β values 
(19.0–30.5) suggested that competition influences tree growth over 
greater distances. Additionally, H is a stronger predictor than DBH, as 
height-based indices (CI6 and CI8) better explained competition, 
emphasizing the importance of light availability. These results empha
size the need to incorporate spatial and vertical stand structures into 
forest growth models and silvicultural planning. Future studies should 
investigate how these relationships evolve over time, for different spe
cies and under different site and climatic conditions in order to improve 
forest management strategies.
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