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AbstrAct

In the locality Zemská (the Low Tatras Mts.) the following aboveground parameters were measured in windthrown 
and undamaged Norway spruce Picea abies (L.) Karst. trees: stem diameter at breast height, stem diameter meas-
ured 20cm from ground level, tree height, crown length, and crown width. The stem quotients, crown proportion 
index, height position of the green crown, and the height of the tree centre of gravity were calculated from these data. 
Our results agreed with the present understanding that a wide tree crown has a negative effect on spruce stability. 
Paradoxically, from the view of tree stability, more favourable values of crown proportion index, stem quotients, and 
height positions of tree centre of gravity were found in windthrown spruce trees. In addition, the forward stepwise 
method of discriminant analysis identified the variable height position of the tree centre of gravity in the resulting 
model as the second best predictor (crown width being the first) in distinguishing between windthrown and undam-
aged spruce trees, although this variable had a higher mean value (less favourable) in undamaged trees. 
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IntroductIon

Forest damage by wind is a continual cause of eco-
nomic loss in Slovak spruce forests. On the 19th of 
November 2004, large parts of the forests in the south-
ern Slovak part of the High Tatras were damaged by 
a strong wind storm. More than four million cubic 
metres of trees were uprooted or broken. We are cur-
rently witnessing ongoing climate change on Earth, 
and increasingly we have registered the occurrence of 
extreme weather. Norway spruce is the most suscepti-
ble of all tree species to the effects of climate change. 
Spruce stands in Slovakia have extremely low static 

and ecological stability, where they are most under the 
threat of abiotic harmful factors. The most common 
cause of failure in Norway spruce [Picea abies (L.) 
Karst.] is uprooting, but stem breakage may occur if 
the soil is frozen and if the crown is loaded with snow 
(Peltola et al. 1997, 2000). Wind damage results in 
a loss of timber yield, reducing the yield of recover-
able timber and increasing the costs of unscheduled 
thinnings, leading to disturbances in planned forestry 
management. Furthermore, broken and uprooted trees 
in stands can lead to detrimental insect attacks on the 
remaining stems because of the increased availability 
of breeding material.
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In tree and forest science, the definition of tree sta-
bility includes the mechanical behaviour of trees, the 
forces and pressures acting upon trees, the interaction 
between these components, and aspects of tree biology 
and physiology related to tree mechanics (Lundström 
2010). The susceptibility of a forest stand and trees 
within the stand to wind damage is controlled by for-
est structure and tree, stand, and site characteristics. In 
general, the following parameters of tree growth have 
the biggest influence on tree stability: proportions and 
character of the crown (width, length, and shape), stem 
(height, diameter, habit and strength) and root system 
(depth, width and the nature of anchorage) (Konôpka 
1978). Lundström et al. (2008) found that the strengths 
of the stem and the anchorage of Norway spruce mutu-
ally adapt to the local wind acting on the tree crown 
in the forest canopy. Stresses in the tree stem and an-
chorage result from combinations of wind and snow 
load, and the overhanging weight of the leaning tree. 
The magnitude and frequency of such loads depend on 
the tree and stand characteristics, climate, and season. 
A sufficiently heavy load will cause the stem or the 
tree anchorage to fail. The type of failure depends on 
the stem and anchorage strengths, and on where and in 
which direction the load is applied. The magnitude of 
the failure load will, in addition, depend on how well 
the tree, including the crown, stem, and anchorage, has 
adapted its growth to the particular load combination 
(Telewski 1995; Nicoll and Ray 1996; Di Iorio et al. 
2005).

The general understanding of parameters of static 
stability in individual trees is well developed and many 
works present a simple comparison of these parameters 
between damaged and undamaged trees. The purpose 
of this paper is to take advantage of discriminant analy-
sis methods in order to gain a new perspective on wind 
damage in spruce forests.   

MAterIAl And Methods

The aboveground parts were measured on Norway 
spruce (Picea abies (L.) Karst.) in the locality Zemská 
(20°03’ E, 49°06’ N) (the Low Tatras Mts). This site is 
even-aged, with the dominant stand layer being 80 years 
old, has a northern aspect, 40% slope, and an altitude 
of about 950 m a.s.l. According to Pal. Hab. classifica-

tion, the site consists of the following forest type: 42.13 
Acidophile medio-European fir forest. The forest stand 
analysed consists of entirely of Norway spruce. 

Firstly, the aboveground parameters of windthrown 
spruce trees were measured in the stand. These 
windthrown spruce trees were scattered throughout 
the stand. In their surrounding areas, the aboveground 
parameters of undamaged (upright) spruce trees were 
measured. These included: stem diameter at breast 
height (DBH), stem diameter D0.2 – measured 20 cm 
from the ground level, tree height (H), crown length 
(CL), and crown width (CW). The stem quotients 
H/DBH, H/D0.2, and DBH/D0.2 were calculated from 
these data. The crown proportion index was calculated 
according to the formula: Cpi = CL/H × 100. The tree 
centre of gravity was calculated according to the meth-
odology of Saniga (1985). 

In order to calculate the height (above ground level) 
of the tree centre of gravity, it is necessary to calculate 
the static moment towards the stem base according to 
the formula:

 
V A CH A CH CLx = × + × + ×





1 22

1
3

where: 
Vx  – static moment towards stem base (m3),
A1  – cross-sectional surface of stem (m2),
A2  – cross-sectional surface of crown (m2).

The cross-sectional surfaces were calculated ac-
cording to the formula:

A1 = DBH × CH

A CW CL
2 2
= ×

where: 
DBH  – stem diameter at breast height (m),
CH  – height of position of green crown (m),
CW  – crown width (m),
CL  – crown length (m).

The centre of tree gravity was calculated according 
to the formula: 

 Ctg
V
A
x

s

=

where: 
Ctg  – the real height of tree centre of gravity (m),
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Vx  – static moment towards stem base (m3),
As  – cross-sectional area of a tree (m2),
where: 

As = A1 + A2

The mean values of the aboveground parameters 
were calculated. A Student’s t-test was used in order to 
evaluate the statistical significance of differences be-
tween windthrown and undamaged spruce trees. 

The forward stepwise method of discriminant anal-
ysis was used in order to determine which variables dis-
criminate between windthrown and undamaged spruce 
trees. The purpose of using this analysis was to deter-
mine which variables (aboveground parameters) are the 
best predictors of whether a tree will be damaged by 
wind or not (i.e. windthrown). In forward stepwise dis-
crimination function analysis, a model of discrimina-
tion is built step-by-step. Specifically, at each step all 
variables are reviewed and evaluated as to which one 
will contribute most to discrimination between groups 
(windthrown and undamaged trees). That variable will 
then be included into the model, before proceeding to 
the next step. The STATISTICA StatSoft, Inc. software 
(version 7.0) was used for analysis of data.

results And dIscussIon

The mean values of aboveground parameters for the 
Norway spruce trees analysed are given in Tab. 1. The 
mean values of stem diameters DBH and D0.2 were 
higher in windthrown spruce trees. These results are in 
disagreement with the results of Peterson (2000), who 
stated that larger trees are more likely to be damaged, 
and damaged more severely, than smaller trees. Rich-
ter (1996) found that the average DBH of the uprooted 
Norway spruce trees coincided with that of their neigh-
bours, whereas that of broken trees was 4 cm higher. On 
the other hand, Kohnle and Gauckler (2003) discovered 
that after a windstorm, Norway spruce trees that were 
uprooted had slightly smaller average DBH compared to 
spruce trees remaining on the plots. 

In general, the higher the tree height, the more sus-
ceptible the trees are to uprooting. Unusually, a higher 
mean value of tree height was found in undamaged trees, 
although the difference was not statistically significant. 
Kohnle and Gauckler (2003) analysed the influence of Ta
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stand height on the vulnerability of spruce trees to wind 
injury. They mention that volume losses increase in 
conjunction with the top height of the plots. Similarly, 
Ni Dhubhain et al. (2001) state that an increase in top 
height results in a significant increase in the suscepti-
bility to windthrow. Vicena (1964) also mentions that 
higher values of tree height lead to a higher intensity of 
wind injury. 

Saniga (1985) reported that tree weight is concen-
trated in the upper part of the tree stem, and this means 
that the crown is a determining factor of tree stability 
from the static-dynamic point of view. A higher mean 
value of crown width was found in windthrown trees 
and this difference was statistically significant. Similar-
ly, Konôpka (1992) states that increasing crown width 
negatively affects the stability of a forest stand. Accord-
ing to his results, the crown width was statistically sig-
nificantly higher in damaged spruce trees compared to 
the undamaged. Mickovski et al. (2005), mention that 
trees with narrow crowns are at very low risk to be-
ing windthrown. However, an increase in crown length 
positively affects the stability of a forest stand because 
it shifts the tree centre of gravity toward the stem base, 
whereby the tree stability is increased. It is better to ex-
press the crown length relatively, that is, as a ratio of 
crown length to tree height (Konôpka 1992). A lot of 
authors regard the crown proportion index as the most 
important component of spruce stability. However, ac-
cording to our results, the windthrown spruce trees 
had a higher mean value of crown proportion index, al-
though this difference was not statistically significant. 

With respect to tree stability, the stem quotients are 
also important. Konôpka (1992) reports that in the ma-
jority of his results, the mean values of form quotients 
were lower (more favourable) in undamaged trees than 
damaged. In general, the most used form quotient is the 
slenderness ratio H/DBH. However, a lower mean value 
of slenderness ratio was found in the windthrown (0.77), 
in comparison to the undamaged spruce trees (0.81), al-
though this difference was not statistically significant. 
More generally, Rottmann (1986) stated that trees with 
a value of H/DBH higher than 90 are at high risk of wind 
damage. Similarly Mickovski et al. (2005) considered 
trees with an H/DBH value greater than 90 to be highly 
threatened by wind. Mattheck et al. (2003) mention that 
the trees with a slenderness higher than 50 have a risk of 
being first bent sideward by wind, and then pulled down 

by the weight of their crown. Ancelin et al. (2003) found 
that at a wind speed of 20 m/s, Norway spruce trees 
with a slenderness greater than 85 and a crown ratio of 
less than 55% were the most likely to suffer from stem 
breakage, and that trees with a slenderness of between 
70 and 85, and a crown ratio between 55 and 65% were 
the most likely to suffer overturning. Arnold (2003) 
found out that the mean value of stem quotient H/DBH 
was 72.9 in windblown Norway spruce trees, and 69.2 
in standing trees.

Paradoxically, we found that the mean height posi-
tion of the green crown and the height position of the 
tree centre of gravity were higher in undamaged trees. 
Therefore, according to our results, upright trees should 
be more susceptible to uprooting in comparison to 
windthrown trees. Therefore it seems that the above-
ground parameters of spruce trees in the forest stand 
we analysed differ from the general understanding of 
tree stability, and therefore these parameters cannot be 
generalised.       

Summary results of the stepwise discriminant anal-
ysis are given in Tab. 2. Only two variables were includ-
ed in the resulting model. Wilks̀  Lambda is a statistical 
factor of overall model discrimination. A high value of 
Wilks̀  Lambda (close to 1) indicates that the discrimi-
nation of the overall model is very low. Therefore, it is 
disputable that we accept this model as it may not effec-
tively discriminate between the groups examined, and 
it is difficult to clearly answer the research aim. Partial 
Lambda is the version of Wilks̀  Lambda that charac-
terises a unique contribution of the respective variable 
to the discriminatory power of the model. According 
to our results, the best discriminatory contribution was 
from the variable CW (crown width), and if this is re-
moved, the model will achieve a poorer differentiation 
of groups. Selection of CW for inclusion into the model 
is in accordance with the significantly higher mean val-
ue of crown width in windthrown spruce trees. Howev-
er, inclusion of the variable Ctg into the model does not 
support the general consensus with respect to the effect 
of the tree centre of gravity on tree stability. In general, 
if the position of the centre of tree gravity measured 
above ground level is higher, the tree is at greater risk 
of uprooting. However, we found that upright trees pos-
sessed a higher mean centre of gravity. Therefore, it 
seems that it is not possible to use this parameter as an 
indicator of tree stability in all forest conditions. The 
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tolerance values, as a factor of redundancy (a surfeit of 
information), were rather high, meaning that individual 
variables are not mutually redundant, and that each of 
these variables has its own contribution to the discrimi-
nation of the analysed groups. 

Tab. 2. Results of the forward stepwise method of 
discriminant analysis

Variant Wilks` 
Lambda

Partial 
Lambda

F/
remove p/level Tolerance

CW 0.97 0.95 4.21 0.043 0.999
Ctg 0.95 0.97 2.51 0.116 0.999

conclusIons

Our results are in agreement with the consensus that 
a wide tree crown has a negative effect on spruce stabil-
ity. Paradoxically, with respect to tree stability, in the 
forest stand analysed we found more favourable values 
of Cpi, H/DBH, H/D0.2, and Ctg in windthrown spruce 
trees. In addition, the forward stepwise method of dis-
criminant analysis selected Ctg for inclusion into the 
resulting model as the second best predictor in differ-
entiation between windthrown and undamaged spruce 
trees, although this variable has a higher mean value 
in undamaged trees. Based on our results, it seems that 
not all aboveground parameters of spruce stability are 
able to provide reliable data in determining the risk of 
individual trees to being uprooted by wind.    
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