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LIVE CROWN RATIO AND SLENDERNESS COEFFICIENT AS
INDICATORS OF BEECH TREE STABILITY

Milo§ RACIC**, Nenad PETROVIC?, Nikola MARTAC", Jovan
DOBROSAVLJEVIC?, Janko LJUBICIC?, Ivana RACIC*, Branko KANJEVAC?

Abstract: This study investigates the applicability of the live crown ratio (LCR) and
the slenderness coefficient (SC) as indicators of tree and stand stability of European beech
(Fagus sylvatica L.). The research was conducted within the Forest Management Unit
(FMU) "Lomnicka Reka", managed by the Public Enterprise "Srbijasume”. Data were
obtained from the stand inventory of the analyzed FMU, conducted on a network of
permanent sample plots. The analysis focused on five structurally uneven-aged stands,
encompassing 103 beech trees belonging to the middle-aged silvicultural group across eight
sample plots. For each measured tree, both the live crown ratio and the slenderness
coefficient were determined. Logistic regression and Conditional Inference Tree (CIT)
analyses were used to identify critical LCR thresholds distinguishing slender from non-
slender trees, with bootstrap procedures employed to assess the stability of the results. The
findings revealed a significant negative relationship between LCR and SC (p < 0.001), with
a critical LCR threshold of approximately 0.36—0.40 identified as necessary to maintain tree
stability. Both statistical approaches yielded consistent results, supporting the robustness of
LCR as a reliable predictor of slenderness. The obtained results emphasize the importance
of analyzing these parameters during the process of planning silvicultural measures,
particularly thinning, aiming to enhance tree stability, and improve the overall resilience of
beech stands.

Keywords: beech, live crown ratio, slenderness coefficient, stand stability.

RELATIVNA DUZINA ZIVE KRUNE I KOEFICIJENT VITKOSTI KAO
INDIKATORI STABILNOSTI STABALA BUKVE

Sazetak: Ova studija istrazuje primenljivost relativne duzine Zive krune (LCR) i
koeficijenta vitkosti (SC) kao pokazatelja stabilnosti stabala i sastojina evropske bukve
(Fagus sylvatica L.). IstraZivanje je sprovedeno u okviru gazdinske jedinice (FMU)
., Lomnicka Reka*, kojom upravlja Javno preduzece ,, Srbijasume . Podaci koris¢eni u ovoj
studiji dobijeni su iz sastojinske inventure analizirane gazdinske jedinice, sprovedene na
mreZi permanentnih primernih povrsina. Analiza je obuhvatila pet sastojina, strukturno
raznodobnih, sa ukupno 103 stabla bukve na 8 primernih povrsina koje pripadaju
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2 Faculty of Forestry University of Belgrade, Belgrade, Serbia
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srednjedobnoj uzgojnoj grupi. Za svako izmereno stablo odredeni su relativna duzina zive
krune i koeficijent vitkosti. Za identifikaciju kriticnih vrednosti LCR koje razdvajaju vitka od
nevitkih stabala koris¢ene su logisticka regresija i analiza uslovnog stabla zakljucivanja
(CIT), dok su bootstrap postupci primenjeni za procenu stabilnosti dobijenih rezultata.
Rezultati ukazuju na znacajnu negativnu vezu izmedu LCR i SC (p < 0.001), pri cemu je
utvrden kriticni prag LCR od priblizno 0.36—0.40 kao neophodan za odrzavanje stabilnosti
stabala. Obe statisticke metode dale su konzistentne rezultate, potvrdujuci pouzdanost LCR
kao prediktora vitkosti. Dobijeni rezultati ukazuju na potrebu da se ovi parametri analiziraju
u postupku planiranja uzgojnih mera, posebno proreda, sa ciljem povecanja stabilnosti
stabala i poboljsanja ukupne otpornosti sastojina bukve.

Kljuéne refi: bukva, relativna duzina zive krune, koefiicijent vitkosti, stabilnost
sastojine.

1. INTRODUCTION

Climate change has been identified as one of the greatest global challenges
(Psistaki et al, 2024). Forest ecosystems, which cover an area of 4.06 billion hectares
globally (FAO, 2020), are recognized as a fundamental component of the Earth’s
climate system (Brack, 2019) while being significantly affected by climate change
impacts (Kirilenko et al, 2007; Aaheim et al, 2011; Tian et al, 2016; Markovi¢ et al,
2019). These impacts are manifested through the generation of various biotic and
abiotic risks (Venéldinen et al, 2020). Due to climate change, the frequency of
extreme events is expected to rise (Lidskog and Sjodin, 2016; Campbell et al, 2020).
The resilience of forest ecosystems, defined as their capacity to recover from such
adverse effects (Ibafiez et al, 2019), has declined in tropical, arid, and temperate
forests (Forzieri et al, 2022). Adequate forest management can enhance the resilience
of forest stands, thereby ensuring the preservation of ecosystem services and
biodiversity (Trivifio et al, 2023).

Tree crowns represent a fundamental structural feature of both individual
trees and entire forest stands, owing to the multitude of ecological and functional
roles they fulfill (Zhu et al, 2021; Jucker et al, 2025). A significant role of tree crowns
is reflected in biomass production and the process of photosynthesis (He et al, 2023).
By hosting nearly 50% of terrestrial biodiversity (Lowman, 2021), tree crowns
constitute a key structural component essential for sustaining and protecting
biological diversity within forest ecosystems (Matsumoto et al, 2017). Proper crown
formation, achieved through adequate and timely implementation of silvicultural
treatments, greatly enhances the stability of individual trees and forest stands
(Kazmierczak and Jedraszak, 2014; Pretzsch, 2014). In the context of climate
change, tree crowns may play a critical role in the adaptation and response of forest
ecosystems (McNeil et al, 2023).

The study of crown structural elements is of great practical importance for
the forestry profession (Staji¢ et al, 2017). One of the key indicators of crown
structure is the live crown ratio (LCR), defined as the proportion of the total tree
height that has live foliage (Zarnoch et al, 2004). LCR is used as an indicator of tree
vigor, as higher values of LCR generally indicate greater vitality and favorable
physiological condition (Schomaker et al, 2007). Trees with low LCR are generally
less structurally stable and more susceptible to mechanical damage, which
underscores the significance of LCR as an indicator of both tree vitality and stand
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stability (Karamzadeh et al, 2023). In addition to being an indicator of tree vigor and
stand stability, LCR also serves as an indicator of tree and stand growth, with
research showing that trees with higher LCR values generally exhibit greater growth
rates (Patton et al, 2019), which is of considerable practical importance for forestry,
particularly in the implementation of silvicultural treatments.

Besides crown characteristics, several other parameters have been identified
as important indicators of tree stability, among which the slenderness coefficient
(SC) is particularly significant. Defined as the ratio of total tree height to diameter
at breast height, SC has been widely acknowledged in silvicultural research as a
robust and practical measure of tree resistance to mechanical stresses caused by
external factors such as wind, snow, and ice (Wang et al, 1998; Kanjevac et al, 2023).
Previous studies have shown that SC is negatively correlated with diameter at breast
height, basal area, and tree volume, while exhibiting a positive relationship with total
tree height (Shamaki, 2022).

European beech (Fagus sylvatica) forests are the most widespread forest
type in Serbia, covering 660,400 ha (29.3% of the total forested area) and occurring
across altitudes from 100 to 1,700 m (Bankovi¢ et al, 2009). Given their ecological
significance, economic value, and role in maintaining biodiversity and forest
stability, the study of beech forests is of paramount importance for sustainable forest
management.

Based on the ecological and silvicultural importance of beech forests and the
critical role of crown structure, this study aims to evaluate the applicability of the
live crown ratio as a tool for guiding tending interventions to promote and maintain
vigorous European beech stands.

2. MATERIAL AND METHODS

The research was conducted within the Forest Management Unit (FMU)
"Lomnicka Reka", which is managed by the Public Enterprise "SrbijaSume" (Figure
1). The FMU is located in the municipality of Krusevac, Central Serbia (between
18°59" and 19°05' E, and 43°24’ and 43°28' N), at elevations ranging from 300 to
1394 m above sea level. The total area of the management unit is 3,399.96 ha. The
mean annual temperature is 12.5 °C, while the total annual precipitation amounts to
1025.7 mm. The predominant forest management type is mixed beech high forest,
covering an area of 2,300.48 ha, of which 432.11 ha (18.8%) belong to the middle-
aged silvicultural group that constitute the primary focus of this research (Forest
Management Plan "Lomnicka Reka™ 2026 — 2035).
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Figure 1. Study area

The data used in this study were obtained from the stand inventory of the
analyzed FMU, conducted on a network of permanent sample plots spaced 200 x
200 m apart. Sampling was performed using a system of concentric circular plots
with areas of 0.02 and 0.05 ha, followed by field verification to ensure data accuracy.
The analysis focused on five structurally uneven-aged stands, encompassing 103
beech trees across eight sample plots belonging to the middle-aged silvicultural
group.

For each measured tree, both the live crown ratio and the slenderness
coefficient were determined. The live crown ratio (LCR) is defined as the ratio of
the length of the live crown to the total tree height:

LCR=CL/H

where CL represents the crown length (m) and H is the total tree height (m).

The slenderness coefficient (SC) is defined as the ratio of the total tree height
to the diameter at breast height, with both measurements expressed in centimeters:

SC=H/DBH

where H is the total tree height and DBH is the diameter at breast height
measured at 1.3 m above ground. Based on SC values, trees were classified into two
categories: slender (above 80) and non-slender (below 80) (Pach et al, 2022; Wonn
and O hara, 2001; Skrzyszewski and Pach, 2020).

To identify the critical LCR threshold distinguishing slender from non-
slender trees, two statistical approaches were applied. The first was logistic
regression, in which the probability of a tree being slender was estimated as a
function of LCR. The threshold was defined as the inflection point of the model,
corresponding to a 50% probability of slenderness. Logistic regression was used to
analyze the effect of the LCR on the probability of a tree being slender. The model
is defined by the formula:
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In(P/(1-P))= B0 + B1XxLCR

P represents the probability that a tree is slender, B0 is the intercept, and Blis
the coefficient for LCR.

The stability of this threshold was assessed using a bootstrap procedure with
confidence interval estimation. The predictive performance of the model was
evaluated using the Receiver Operating Characteristic (ROC) curve and the Area
Under the Curve (AUC). The ROC illustrates the relationship between sensitivity
and the false positive rate, and the AUC quantifies the overall ability of the model to
discriminate between slender and non-slender trees.

The second approach applied was the Conditional Inference Tree (CIT),
which partitions trees into groups based on LCR and assesses the statistical
significance of the splits. Bootstrap analysis was also employed to the CIT threshold
to evaluate the reliability of the obtained values.

This combined approach allows both statistical and visual assessment of the
relationship between LCR and tree slenderness, with identification of critical
thresholds relevant for silvicultural practice. A similar methodological approach has
been used for determining the LCR threshold for stability in Turkey oak (Quercus
cerris) stands (Stancioiu et al, 2021) and to establish habitat thresholds for
deadwood, which serve as a basis for management recommendations in European
forests (Miiller and Biitler, 2010). All data processing and statistical analyses were
conducted using R (R core Team, 2025).

3. RESULTS AND DISCUSSION

The descriptive statistics (Table 1) revealed that the mean slenderness
coefficient (SC) was 77.81, with values ranging from 34.74 to 143.64. The relatively
high standard deviation (24.40) indicates notable variability in tree slenderness
within the stand. The average LCR was 0.397, with a range from 0.125 to 0.812,
showing a moderate variation among trees (SD = 0.131).

Table 1. Descriptive statistics of SC and LCR

Variable N Mean SD SE Min Max
SC 103 77.81 24.40 2.40 34.74 143.64
LCR 103 0.397 0.131 0.013 0.125 0.812

Trees with a high SC are more vulnerable (Sénhofa et al, 2020), as their
stems are not adapted to withstand high mechanical disturbances (Valinger and
Fridman, 1997). Studies conducted in beech stands indicate that thinning regimes
have a significant effect on the slenderness coefficient, with the lowest values
observed in stands managed using the crown thinning method (Stefancik et al.,
2018). Research conducted in stands of other tree species likewise underscores the
significance of timely and appropriately implemented silvicultural interventions in
enhancing stand stability and resilience. The study of the effects of stocking and
thinning on wind damage in Pinus radiata plantations indicated that the SC is a
significant indicator of tree stability. Lower stocking density and appropriate
thinning reduce slenderness, increase stem diameter, and promote the development
of crowns and roots, which significantly reduce the risk of stem breakage and wind
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damage (Cremer et al, 1982). Similar results were obtained in the studies of Douglas-
fir plantations, where the importance of timely thinning was highlighted, and early
interventions were shown to reduce SC and increase tree stability (Wilson and
Oliver, 2000). Therefore, the SC can be used as a practical indicator in the planning
of silvicultural management measures.

The estimated coefficients show that the intercept was 3.4218, while the
coefficient for LCR was -9.4111, which was statistically significant (p < 0.001). The
positive intercept indicates that when LCR = 0, the probability of a tree being slender
is high, whereas the negative LCR coefficient indicates increasing LCR decreases
the probability of slenderness (Table 2).

Table 2. Results of Logistic regression

Inflection

Predictor Estimate Std. Error Z value p value point (LCR) AUC
Intercept 34218 0.8903 3843 0.0001
LCR 29,4111 22192 4129 0.000036 0.364 0.785

This result confirms the inverse relationship between LCR and tree
slenderness, which is consistent with expectations and previous studies. Based on
the estimated coefficients, the model’s inflection point—the LCR threshold at which
the probability of slenderness is 50%— was calculated as 0.364 (Graph 1). This
threshold represents a practical boundary for distinguishing between slender and
non-slender trees and may serve as a guideline in silvicultural practice, for instance,
in planning thinning treatments or selecting trees for removal. The predictive
performance of the model was evaluated using the ROC curve (Graph 2), with an
AUC of 0.785 (Table 2), indicating a good ability of the model to discriminate
between slender and non-slender trees and confirming that LCR can be a reliable
predictor of tree slenderness in the analyzed sample.

Graph 1. Logistic regression: Slenderness ~LCR  Graph 2. ROC curve

The analysis using the CIT model divided the trees into two statistically
significant groups based on LCR values: trees with LCR < 0.4 were predominantly
slender, whereas trees with LCR > 0.4 largely belonged to the non-slender category
(Graph 3). Similar results from previous studies, based on the regression model,
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indicate that in order for European beech trees (Fagus sylvatica L.) to maintain a SC
below 100, the LCR should be at least 0.4 (Turtoi et al., 2019).

LCR

p <0.001
<04 0.4
Node 2 (n = 56) Node 3 (n = 47)

1= — 1
08 0.8
06 086
04 0.4
0.2 | 0.2
0 - — ‘ 0

Graph 3. Conditional Inference Tree (CIT)

Table 3. Bootstrap estimation of the LCR threshold derived from logistic
regression and CIT models

Method Mean LCR Threshold 95% Confidence Interval
Logistic Regression 0.3637 0.3113 — 0.4095
CIT 0.3688 0.3227 — 0.4062

Bootstrap analysis was applied to assess the stability of the LCR threshold
estimated from both the logistic regression and the CIT models (Table 3). For the
logistic regression, the mean LCR threshold was 0.3637, with a 95% confidence
interval ranging from 0.3113 to 0.4095. This value represents the inflection point at
which the probability of a tree being slender equals 50%, thus providing a practical
boundary between slender and non-slender trees. For the CIT model, the mean
bootstrap threshold was 0.3688 (95% ClI: 0.3227-0.4062), clearly separating trees
into two groups according to LCR, where lower LCR values indicate predominantly
slender trees and higher values correspond to non-slender trees. The close agreement
between the thresholds obtained from both statistical approaches indicates the
robustness of the estimated critical LCR value and supports the reliability of LCR as
a predictor of tree slenderness within the studied stand. Results from previous studies
indicate similar LCR threshold values, around 0.36-0.39, highlighting their
importance for ensuring tree stability and suggesting that this range can serve as a
practical guideline for determining the optimal timing of thinning interventions in
young Turkey oak stands (Stancioiu et al, 2021).

4. CONCLUSION

The analysis revealed a clear negative relationship between the live crown
ratio (LCR) and the slenderness coefficient (SC), confirming that trees with a higher
LCR—i.e., longer live crowns—are less likely to be slender and therefore more
stable. The identified LCR threshold range of 0.36-0.40 provides a practical criterion
for distinguishing slender and stable trees and can guide the timing and intensity of
thinning and other silvicultural interventions. Both species-specific traits and stand
and site conditions influence LCR and SC, indicating that thresholds may vary under
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different ecological circumstances. Future research should explore additional factors
such as soil conditions, slope, exposure, and competition dynamics, particularly in
the context of climate change, to refine these thresholds.

Due to the limited spatial coverage and specific site conditions, the identified
live crown ratio (LCR) threshold should be regarded as an indicative value
applicable to the studied stands. Nevertheless, these results can serve as a basis for
future research that, through a larger and more diverse sample, could verify and
confirm this threshold, as well as explore its potential applicability in a broader
ecological context. Incorporating LCR assessments into forest inventories allows for
more informed management decisions, helping to reduce the risk of mechanical
damage, promote proper stem and crown development, and enhance the structural
stability of beech stands.
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LIVE CROWN RATIO AND SLENDERNESS COEFFICIENT AS INDICATORS
OF BEECH TREE STABILITY

Milos RACIC, Nenad PETRO I{IC’, Nikola MARTA C, Jovan DOBROSAVLJEVIC,
Janko LJUBICIC, lvana RACIC, Branko KANJEVAC

Summary

Forest stability is increasingly challenged by the effects of climate change, which
can exacerbate the occurrence of extreme events such as storms, ice accumulation, and
droughts, posing significant risks to both individual trees and forest ecosystems.
Understanding the factors that influence tree and stand stability is therefore essential for
sustainable forest management. The live crown ratio (LCR) and slenderness coefficient (SC)
have been widely recognized as practical measures of tree stability and vigor. The LCR is
defined as the ratio of the length of the live crown to the total tree height, while SC is
calculated as the ratio of tree height to diameter at breast height. This study aimed to evaluate
the applicability of LCR and SC as indicators of European beech tree stability and to
determine critical LCR thresholds that could guide silvicultural interventions.

Research was conducted in the Forest Management Unit (FMU) “Lomnicka Reka”
in Central Serbia, managed by the Public Enterprise “Srbijasume”. The area covers 3,399.96
ha, with elevations ranging from 300 to 1,394 m. The analysis focused on five structurally
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uneven-aged stands, encompassing 103 beech trees across eight sample plots belonging to
the middle-aged silvicultural group. Data were collected through stand inventories conducted
on a network of permanent sample plots (200 x 200 m), using concentric circular plots with
areas of 0.02 and 0.05 ha. Field verification ensured the accuracy and reliability of recorded
measurements.

For each tree, LCR and SC were determined. Trees were classified as slender or
non-slender based on an SC threshold of 80. Two complementary statistical approaches were
applied to identify critical LCR thresholds associated with tree slenderness. Logistic
regression modeled the probability of a tree being slender as a function of LCR, with the
inflection point representing the LCR value at which the probability of slenderness equals
50%. The Conditional Inference Tree (CIT) method partitioned trees into statistically
significant groups based on LCR values. Bootstrap procedures were employed for both
methods to assess the stability and reliability of estimated thresholds.

Descriptive statistics revealed a mean SC of 77.81, with values ranging from 34.74
to 143.64. The average LCR was 0.397, ranging from 0.125 to 0.812. Logistic regression
analysis identified a statistically significant inverse relationship between LCR and SC (p <
0.001), with an estimated LCR threshold (inflection point) of 0.364. CIT analysis indicated
a similar threshold, with trees having LCR < 0.4 predominantly classified as slender, and
those with LCR > 0.4 as non-slender. Bootstrap analysis confirmed the robustness of these
thresholds.

The findings highlight the practical importance of crown structure for forest
management. Trees with higher LCR values show lower slenderness and greater stability.
Maintaining optimal LCR through timely thinning and other interventions can reduce
slenderness, support stem and crown development, and lower susceptibility to wind or snow
damage. LCR and SC are influenced by species traits, stand density, site conditions, and
ecological factors, suggesting that future research should explore additional drivers such as
soil, slope, exposure, and competition, especially under climate change.

RELATIVNA DUZINA ZIVE KRUNE I KOEFICIJENT VITKOSTI KAO
INDIKATORI STABILNOSTI STABALA BUKVE

Milos RACIC, Nenad PETRO I{IC’, Nikola MARTA C, Jovan DOBROSAVLJEVIC,
Janko LJUBICIC, lvana RACIC, Branko KANJEVAC

Rezime

Stabilnost Suma je sve viSe ugrozena posledicama klimatskih promena, koje mogu
pojacati ucestalost ekstremnih dogadaja kao Sto su oluje, nakupljanje leda i suse,
predstavljaju¢i znacajne rizike kako za pojedinacna stabla, tako i za Sumske ekosisteme.
Razumevanje faktora koji uti¢u na stabilnost stabala i sastojina stoga je od sustinskog znacaja
za odrzivo upravljanje Sumama. Relativna duzina zive krune (LCR) i koeficijent vitkosti (SC)
su Siroko prepoznati kao prakti¢ne mere stabilnosti i vitalnosti stabala. LCR se definiSe kao
odnos duzine Zive krune I ukupne visine stabla, dok je SC izra¢unat kao odnos visine stabla
i pre¢nika stabla na prsnoj visini. Ova studija je imala za cilj da proceni primenljivost LCR i
SC kao indikatora stabilnosti stabala evropske bukve i da odredi kriticne LCR pragove koji
bi mogli da usmere Sumarsko-uzgojne intervencije.

Istrazivanje je sprovedeno u gazdinskoj jedinici (FMU) ,Lomnicka Reka® u
Centralnoj Srbiji, kojom upravlja Javno preduzece ,,Srbijasume®, a koja pokriva ukupnu
povrsinu od 3.399,96 ha i nadmorske visine u rasponu od 300 do 1.394 m. Analiza je bila
fokusirana na pet strukturno raznodobnih sastojina, obuhvatajuc¢i 103 stabla bukve na 8
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primernih povr§ina u srednjedobnoj uzgojnoj grupi. Podaci su prikupljeni putem sastojinske
inventure sprovedene na mrezi permanentnih primernih povrsina (200 x 200 m), koristeci
koncentriéne kruzne uzorke povrsine 0,02 i 0,05 ha. Terenska verifikacija je obezbedila
tacnost i pouzdanost zabeleZzenih merenja.

Za svako stablo odredeni su LCR i SC. Stabla su klasifikovana kao vitka ili ne-vitka
na osnovu SC praga od 80. Primijenjene su dve komplementarne statisticke metode kako bi
se identifikovali kritini LCR pragovi povezani sa vitkoS¢u stabala. Logisticka regresija je
modelirala verovatnocu da je stablo vitko u zavisnosti od LCR-a, pri ¢emu infleksiona tacka
predstavlja LCR vrednost pri kojoj je verovatnoéa vitkosti 50%. Metoda uslovnog stabla
zakljuc¢ivanja (CIT) je podelila stabla u statisti¢ki znacajne grupe na osnovu LCR vrednosti.
Bootstrap procedure su primenjene za obe metode radi procene stabilnosti i pouzdanosti
procenjenih pragova.

Deskriptivna statistika je pokazala prose¢an SC od 77,81, sa vrednostima u rasponu
od 34,74 do 143,64. Prose¢an LCR iznosio je 0,397, sa rasponom od 0,125 do 0,812. Analiza
logisticke regresije pokazala je statisticki znacajnu obrnutu vezu izmedu LCR i1 SC (p <
0,001), sa procenjenim LCR pragom (infleksionom tatkom) od 0,364. CIT analiza je
pokazala sli¢an prag, pri ¢emu su stabla sa LCR < 0,4 uglavnom klasifikovana kao vitka, dok
su stabla sa LCR > 0,4 pripadala ne-vitkoj kategoriji. Bootstrap analiza je potvrdila
pouzdanost ovih pragova.

Rezultati isti¢u prakti¢nu vaznost strukture krune za gazdovanje Sumama. Stabla sa
ve¢im LCR vrednostima pokazuju manju vitkost i vecu stabilnost. Odrzavanje optimalnog
LCR kroz pravovremeno proredivanje i druge mere moze smanjiti vitkost, podrzati razvoj
stabla i krune, i smanjiti podloznost oste¢enjima od vetra ili snega. LCR i SC zavise od
svojstava vrste, gustine sastojine, uslova staniSta i ekoloSkih faktora, $to sugeriSe da bi
buduca istrazivanja trebalo da ispituju dodatne faktore kao $to su zemljiste, nagib, izlozenost
i konkurencija, posebno u kontekstu klimatskih promena.
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