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abStRaCt
background and Purpose: Forest damage by wind is an important cause of economic loss in commercial forestry in 
the Republic of Croatia, as well as in many other European countries. Thus, windthrow resistance of trees represents a 
significant issue. Spruce forest cultures have shown the lowest resistance to windthrow so far. Nevertheless, there is not 
much insight into the relationship between trees and stand resistance to wind in the region. The objectives of this paper 
are to: (i) provide first evidence of the relation between tree characteristics prior to storm event in completely destroyed 
stands in comparison to slightly damaged stands, (ii) to evaluate the need to consider tree resistance to winds during 
thinnings, (iii) to evaluate if there is a need for windthrow stability assessment prior to replacement interventions.
materials and methods: The paper investigates three individual cases of spruce forest cultures on three localities in the 
hilly part of Central Croatia in the fifth decade of age. Two of three stands were completely destroyed by the storm event 
during the year 2013. The experiment was established in the spring of 2010 using randomised block design with three 
replications. Based on total tree height (H) and diameter at breast height (DBH) the following parameters were calculated: 
wood volume (V), basal area (B) and slenderness coefficient. Descriptive statistics and correlation analyses were made in 
STATISTICA 8.2.
Results: The results show overstocking, unfavourable structure and unfavourable slenderness coefficients (>80:1) in both 
cultures which were completely destroyed by wind. The correlation among variables revealed a significant relationship for 
all localities (p<0.05) when slenderness coefficient was compared with B and V (negative), but there was no correlation 
with H.
Conclusions: Research supported the claim that slenderness coefficient and stand structural analysis can be good predictors 
of damages caused by wind. With respect to the forthcoming increase of frequency and severity of storm events we 
propose to take evaluation of tree resistance into consideration prior to all silvicultural activities (especially high intensity 
interventions such as replacement/regeneration). Improved stability of trees against wind should be a silvicultural goal 
already from the first thinning (higher intensity thinings from below). In the case of unstable stands canopy cover should be 
opened cautiously to provide the remaining trees an opportunity to slowly respond to space increase. It should be noted 
that these initial findings should be supported by a more extensive research in the future.
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iNtRoDuCtioN

Planted forests gain on their significance with the growing 
needs for timber, carbon sequestration and other non-wood 
products [1]. This is due to their high wood production and 
their role in loosening the production pressure from natural 

forests, acting as an important complementary, not their 
alternative [2]. In this respect Norway spruce (Picea abies /L./ 
Karst.) (further on - spruce) has a prominent role both in Europe 
[3] and in Croatia [4]. In addition, high occurrence of natural 
disturbances in natural forests adds to the importance of 
spruce monocultures through reforestation efforts. Moreover, 
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due to their ameliorative role in preparing the site for stands 
with natural species composition [5], they have been highly 
important in afforestation and reforestation interventions for 
decades in Croatia.

Management driven exclusively by financial gain resulted 
with less input into silvicultural interventions in early stages 
of stand development. Because of this fact, growing stock 
was accumulated in many spruce cultures in Croatia [6]. In 
turn, this often left trees in a state of more competition and 
increased stress factors compared to trees in forest stands 
managed by "close to nature" principles. Problems related to 
low general stability of spruce cultures arose with the increase 
of storm events and bark beetle attacks. The avoidance of early 
thinning resulted in a stand structure, characterised by low tree 
vitality and unfavourable shape of trees, which showed higher 
susceptibility to the influence of windstorms. Forest damage 
by wind is an important cause of economic loss in commercial 
forestry for the Republic of Croatia as well as for many 
European countries [7-9], which is why windthrow resistance 
of trees represents a significant issue for all Croatian forests. 
Specifically, most of the annual cut in coniferous forest cultures 
is accomplished through sanitary and savage cuttings with 
lowered financial gains and lower value of wood assortments. 
In this respect, spruce cultures have had the highest share in 
salvage cut in recent years [6]. Reforestation is more expensive 
and includes more biological risks (in terms of soil loss, 
extreme influences on young plants etc.) in relation to timely 
replacement interventions. In turn, it has strong influence on 
stand properties and possibilities to regain natural composition 
of forests.

Research of windthrow stability of spruce stands is 
justified for several reasons. Firstly, the basic prerequisite 
for accomplishing productive and ameliorative functions of 
any forest culture is to maintain good vitality and achieve 
good production and general stability up to the end of stand 
rotation [6]. In addition, in the anthropogenic forest cultures 
characterized by decreased stability there is a good chance that 
at the end, or even well before the end of the rotation period, 
shelter of mature trees could be lost due to stem breakage or 
uprooting. At the time of conversion canopy cover should be 
opened significantly (by regeneration cut) in order to provide 
optimal light and temperature conditions for seedlings and 
saplings. This silvicultural activity further increases negative 
forcing on the remaining trees, increasing the risk of total 
canopy loss. Gaining insight into stability indices of present 
forest cultures enables us to prescribe silvicultural guidelines 
and to modify them according to predicted climate changes. 
These are the basic principles of contemporary silvicultural 
efforts, which are part of adaptive forest management (AFM) 
[10-12]. Secondly, in spite of numerous benefits, spruce is 
sensitive to different aspects of the changing climate [4, 5], 
especially abiotic influences such as wind, snow and ice loads 
mainly due to its shallow root system [3]. In this respect, the 
shape of trees can be crucial for the severity of disturbances 
[13]. Furthermore, negative climate influences are predicted 
to become more frequent and severe in the future, further 
adding the pressure to planted forests. Storm occurrences 
already increased in the last decade [14]. Climate change is not 
only likely to affect the growth of trees and stands but every 
aspect of forestry, including some of the fundamental methods 
employed in silviculture, such as thinning [15, 16].

Besides basic structural parameters such as the basal 
area, tree slenderness is also a measure recognised as a good 
indicator of the windthrow stability of trees [17]. The shape of 
trees can be influenced by silvicultural interventions, if applied 
early in the stand development. It indicates the "shape" of trees 
and together with tree vitality provides insight into general 
stability of planted forests. Spruce cultures are, because of their 
high productivity and easy establishment, well investigated 
in Croatia [4]. Nevertheless, there is no research connecting 
structural parameters, especially tree slenderness in stands 
devastated heavily by windstorms with stand structure and 
slenderness prior to devastation. Tree slenderness is used to 
predict sensibility to wind and storm events for conifer species 
for a number of years [17]. Despite significant damages caused 
by the windstorms in the last couple of decades, there has 
been little insight into the relationship between trees and stand 
resistance to winds in Croatia. Only Oršanić [5] investigated the 
structure of planted spruce forests in 1995, which are especially 
prone to this kind of damages. At very high speeds, wind 
can devastate forest stands independent of stand structure 
attributes such as density, species or tree dimensions [18]. 
Nevertheless, at lower wind speed stand structure is crucial 
[19]. Spruce cultures were selected because of: (i) their high 
importance for the country due to their high wood production 
[4-6], (ii) high sensitivity of spruce to climate changes, especially 
storm and drought events [20], (iii) higher management 
pressure in relation to natural stands, (iv) their high importance 
in preparation of the site for the retrieval of autochthonous tree 
species or reforestation after disturbances.

All of these facts raised the question in which cases spruce 
cultures should be immediately replaced [6], and which could 
be thinned to the end of rotation period to provide for the 
set managed goals and justifies the initial invested financial 
efforts. Thus, the paper investigates three individual cases 
of anthropogenic spruce stands in the hilly part of Central 
Croatia, two of which were completely destroyed by the 
storm event during the year 2013. The third withstanded the 
wind more successfully. The specific objectives of the paper 
are to: (i) provide first evidence of the relation between tree 
characteristics and the stability of spruce trees against winds 
prior to the storm event in completely destroyed spruce 
cultures, in comparison to slightly damaged stands, (ii) to 
evaluate the need of appropriate silvicultural interventions 
(especially early thinnings) in spruce cultures and to evaluate 
the need to consider resistance of trees to winds, (iii) to 
evaluate if there is a need for windthrow stability assessment 
prior to replacement interventions to prevent further 
financial and biological losses. The presentation of these first 
results aims at unravelling the way by which risks during the 
replacement of susceptible spruce cultures can be determined. 
Furthermore, it aims at assessing actual needs for the exclusion 
of such cultures from further management through immediate 
replacement with more resistant and resilient mixed species 
forest stands.

mateRiaLS aND metHoDS

Research area
Research was conducted on three localities in central part 

of Croatia. The source of information on climate, relief, and 
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past management were forest management plans [21, 22]. 
Specific trial plot data (e.g. inclination, altitude, exposition 
and soil characteristics) were gathered in the field (Table 
1). Experimental plots on localities A and B are situated in 
the hilly area, on mild slopes, in the vicinity of Jastrebarsko 
(170–184 m a. s. l.). These trial plots have mild inclination 
(0–10˚) and south-west exposition. Climate of the area is 
warm to moderately humid (Cfwbx'' according to Köpen). 
Winters are cold, summers are fresh, while the climate is 
altogether humid. Mean temperature of the coldest month 
ranges between 18°C and -2°C. Winter is the driest part of 
the year, while the rain period is divided into spring (April 
to June) and autumn maximum (October). Mean annual 
air temperature is 9.8°C, 19.8°C in the warmest month 
(July) and -1.1 in the coldest month (January). Precipitation 
is evenly distributed during the year, with an exception 
of the maximum in June (96 mm) and autumn (94 mm). 
Mean annual precipitation in vegetation period is 87 mm 
(monthly values). The bedrock on the area consists of 
quartz sands, gravel and clay, while the predominant soil 
types are pseudogley, illimerized soil on loess and dystric 
cambisol (with inclusions of eugley and colluvium). From 
the aspect of potential vegetation this is the area naturally 
dominated by mixed European hornbeam – sessile oak 
forests (Carpino betuli-Quercetum roboris typicum Rauš 
71).

Experimental plots on locality C are located on the 
north-west slopes of Medvednica Mountain in the vicinity 
of Zagreb. Climate of the area is the same as on the localities 
A and B (Cfwbx'' according to Köpen). Mean annual air 
temperature is 6.2°C. The lowest temperatures of the 
area (below 0°C) appear in the months from September to 
December and from January to May. Mean temperature of 
the coldest month ranges between 18°C and -2°C. Winter is 
the driest part of the year, while the rain period is divided 
into spring (April to June) and autumn maximum (October). 
The temperature of the warmest month (July) is 19.8°C, and 
of the coldest month (January) it is -1.1. The duration of the 
vegetation period is limited by the temperature threshold 
with the average daily temperature of 10°C (from 192 up 
to 200 days). On this area the mean annual air humidity 
ranges from 77 up to 83%. Annual rainfall amounts to 
1 249 mm (700 mm or 56% in the vegetation period). 
Predominant pedosystematic unit is formed by dystric 
cambisol on methamorphic and clastic rocks. From the 
aspect of potential vegetation area the surrounding of the 
spruce monoculture is naturally dominated by mixed silver 
fir – European beech forests (Festuco drymeiae–Abietetum 
Vukelić et Baričević 2007). The main wind directions are 
SE (5%) and NW - N with 22.4% of occurrence. This area 

has double average value of wind intensity (according to 
Beaufort) than the rest of the surrounding lowland area.

the experimental Design
The experiment on spruce cultures was established in 

the spring of 2010 using a randomised block design with 
three replications. In these field tests, three trial plots 
(10×10 m) were set in spruce monocultures on localities A 
and B, while on the locality C 16 plots were set (10×10 m). 
More detailed description of the experimental plots and 
site conditions are provided by Tijardović [6]. Despite the 
fact that trial plots were relatively small (three repetitions 
10×10 evenly distributed on the area of studied spruce 
culture) we would like to emphasize that the structure 
of cultures is one-layered and very homogenous both 
in vertical and horizontal sense. The high homogeneity 
throughout whole spruce cultures is so high that there was 
no real need to include large trial plots (e.g. 0.25 ha) as it is 
usually used for determining the structure of heterogeneous 
forests. All investigated spruce monocultures were in the 
fifth decade of age based on the age of individual spruce 
trees determined through the analysis of tree rings (on 
felled trees during thinning and sanitary cuts). Prior to 
the establishment of spruce monocultures on localities A 
and B the area was used for forestry purposes, while the 
area of locality A was affected by forest fire and reforested 
(mixed silver fir-European beech forest). Spruce cultures on 
localities A and B were thinned only by sanitary cuts, while 
spruce culture on locality C was regularly thinned (selection 
thinning).

Field Measurements and Statistical Analysis
For this research total tree height (H) and diameter at 

breast height (DBH) were measured manually in the year 
2010 (fifth decade after the establishment of cultures). 
Based on DBH and H, wood volume (V), basal area (B) and 
slenderness coefficient wood volume were calculated. 
Wood volume was calculated using local tariffs. Descriptive 
statistics for all parameters and the tested correlation 
were calculated (type I error (α) of 5% was considered 
statistically significant). H/DBH ratio (slenderness index) 
is as an indicator of the stem form [23] and is calculated 
rather easily, but both values have to be in the same unit 
(e.g. m). Regarding the fact that immense spruce decline 
appeared near trial plots, the vitality of trees was also 
determined and analysed (in two degrees: 1 – healthy trees, 
slight or moderate crown defoliation, <60% of needle loss; 2 
– severe defoliation or dead trees, >60-100% of needle loss 
including needle yellowing).  All analyses and graphs were 
made by using STATISTICA 8.2 statistical programme [24].

 

Locality Study plot 
code Coordinates Altitude (m) Inclination (°) Exposition

Dornja Kupčina A N 45°38'33.3"; E 15°33'41.9" 182-184 0-10 SW

Izimje B N 45°38'12.1"; E 15°34'16.6" 170-177 0-10 SW

Bistranska gora C N 45°53'33.5"; E 15°55'13.2" 729-740 10-30 N/NW

tabLe 1. Basic information on anthropogenic Norway spruce forest cultures included in the research.
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ReSuLtS

General Description of Studied Spruce Cultures and Tree 
Slenderness

The results showed that, on average, trees were more 
slender on localities A and B in comparison to locality C 
(Figure 1). On trial plots on locality A Norway spruce is 
also the sole tree species (100%), but this forest culture 
is denser than the aforementioned culture. From DBH, H 
and their ratio, it was determined that not one tree has 
favourable slenderness coefficient (ratio<80:1). Trees with 
slenderness in border classes summed up to 5.5% (80:1 to 
90:1). Even trees with values higher than 200:1 were found. 
Consequently, almost all trees in this subdepartment have 
been uprooted due to the storm event in 2013, which was 
the year when measurements were completed. Out of 181 
trees 143 trees were healthy (79.01%), while the remaining 
38 trees were dead (21%). Mean tree volume on the trial 
plots amounted to 0.14, with minimum value of 0.01 m3 and 
maximum of 1.73 m3 (Figure 2). Descriptive statistics for all 
parameters and localities is given in Table 2.

In all three repetitions on locality B the only tree species 
in the stand was spruce (154 trees on 3×100 m2), which 
makes this forest culture a monoculture. Total tree height 
(H) and DBH ratio is unfavourable for 98% of trees (>80:1), 
while 11.9% of trees are in border slenderness classes (80:1 

to 90:1). The vitality of trees shows that 74% or 114 trees are 
healthy, while 26% or 40 trees are in the highest degree of 
decline (totally dead). Mean tree volume on trial plots has 
the lowest value out of all localities and amounts to 0.04 
m3, but with the smallest standard deviation (0.05 m3). On 
trial plots as many as 47 trees are thinner than 7 cm, which 
makes 30.5% of total tree number. 

According to species mixture, forest culture on locality 
C is mixed Norway spruce–silver fir forest culture. Out of 
144 trees on trial plots (1600 m2) 108 or 75% are spruce 
trees, 19.4% or 28 silver fir trees and the remaining 5.6% 
includes European beech, European hornbeam and maple. 
Forest culture on this locality is characterised by higher 
dimensions and better slenderness coefficient of spruce 
trees. Favourable slenderness coefficient possesses 51.4% 
of trees, while 21.49% are in border values (80:1 to 90:1). No 
trees were registered in slenderness class above 150:1. Tree 
volume on this locality has the highest value and amounts to 
0.42 m3, with the maximum value of 1.62 m3. Basal area is 
also the highest with 0.051 m2, showing the highest standard 
deviation (0.04 m2), as well as the highest standard deviation 
of volumes (0.38 m3). Registered trees lower than 7 cm were 
mainly silver fir trees, which spontaneously appeared in the 
forest culture. Even though all trees were healthy at the 
beginning of the research (in 2010), around 25% of trees 
died out in the next three years due to bark beetle outbreak.

Locality N
(number of trees on sample plots) Variable mean minimum maximum Standard 

deviation

A 181

DBH (cm) 9.8 1 22 4.56

Tree height (m) 11.56 1.7 18.8 4.51

Basal area (m2) 0.019 0.00008 0.038 0.008

Tree volume (m3) 0.05 0.001 0.26 0.06

Slenderness coefficient 123.1 62.5 325 26.8

B 154

DBH (cm) 9 2 20 4.48

Tree height (m) 9.47 1.9 16.9 4.14

Basal area (m2) 0.008 0.0003 0.031 0.007

Tree volume (m3) 0.04 0.001 0.25 0.05

Slenderness coefficient 109.6 30.8 162.7 18.5

C 108

DBH (cm) 23.3 7 46 10.45

Tree height (m) 18.02 4.9 25.9 6.63

Basal area (m2) 0.051 0.004 0.166 0. 04

Tree volume (m3) 0.42 0.01 1.62 0.38

Slenderness coefficient 80.9 52.2 135 15.1

tabLe 2. Descriptive statistics for all analysed parameters and localities.
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FiGuRe 1. Distribution of trees according to tree slenderness for the three spruce cultures included in the study (location A – 
upper, location B – middle, location C – bottom).
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FiGuRe 2. Distribution of trees according to diameter at breast height and tree volume (location A – first row, location B – in 
the middle, location C – bottom row).
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Correlation of Tree Slenderness and Structural Parameters
The correlation among variables revealed the significant 

relationship for all localities (p<0.05) when slenderness 
coefficient was compared to basal area and tree volume. 
There is no significance in correlation with tree height (r 
ranged from –0.10 to –0.35). The correlation between 
slenderness coefficient and tree volume is negative for all 
tree localities.

DiSCuSSioN

the Need to address Windthrow Resistance of trees
Besides productivity and financial gain, one of the most 

important roles of spruce cultures is their ameliorative role 
of preparing the soil for autochthonous late successional 
tree species, as well as protecting them from adverse 
climatic influences [4, 5]. The need for planted forests 
(forest cultures) will increase in the future [25]. Thus, 
importance of forest culture stability is especially relevant 
at the end of the rotation period. Nevertheless, significant 
intrusion into the structure of forest cultures caused by 
seeding cut, which could not be avoided because optimal 
conditions for seedlings and saplings have to be provided, 
additionally exposes trees to wind [13]. Therefore, for 
Norway spruce, as a tree species with shallow, plate-like 
root system, which is especially prone to uprooting and stem 
breakage, determination of stability against wind is a basic 
prerequisite of meeting the set production goals. It is crucial 
for successful replacement of spruce cultures as well. Mast 
years additionally influence crown instability [5], while other 
possible negative influences are former management, bark 
beetle and fungi presence, damages which emerged during 
cutting and wood exploitation, site pollution and global 
climate changes [26].

There is a need to investigate and to create a method 
of assessing the risk of wind damage since it could have 
an important influence on silvicultural decision making, 
especially in terms of climate change adaptation strategies. 
Dobbertin [27] finds that the probability of damage 
increased with stand height, development stage, percentage 
of conifers, soil-water logging and soil depth in the areas 
affected by Vivian (in the year 1990) and Lothar (in the year 
1999) storms. Some authors propose the replacement of 
pure stands (especially in the case of spruce) into mixed 
stands to enhance stand stability [5, 7]. Comparative 
research of mixed forest cultures comprised of spruce and 
broadleaved tree species (minimal share of broadleaves 
20-40%) and spruce monocultures, showing that mixed 
cultures can support ecological, economic, social and 
cultural benefits and functions in the same or even better 
way than monocultures (30-40%). In addition, mixed forest 
cultures possess better chemical conditions and better 
organic matter decomposition on forest floor. Since this is 
generally highlighted as a prominent disadvantage of spruce 
cultures, admixing tree species could have a positive effect 
on general stability as well. Even though admixing beech 
into spruce monocultures resulted in growth stimulation, 
this depends strongly on site conditions [28-32]. Therefore, 

FiGuRe 3. Dependence of slenderness coefficient and 
volume for studied spruce cultures on all localities (location 
A – top, location B – middle, location C – bottom).
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this should be further investigated especially in the Republic 
of Croatia where these kinds of research are scarce. The 
combination of broadleaved tree species admixed into a 
spruce monoculture can be diverse and they depend on 
elevation. For example, spruce can be mixed with silver 
birch, Acer pseudoplatanus (L.), and small-leaved lime [5, 
33-38]. In addition, conifers are more sensible and possess 
lower stability threshold in comparison to broadleaves. They 
retain needles during the winter, which has significant effect 
on static stability (the so-called "wet snow"), but also on the 
collection and retainment of pollutants which can be even 
three times greater than in stands consisting of broadleaves 
[39-43]. Species mixtures could present better solution for 
the production, amelioration and enhancement of stability. 
Related studies are scarce even at the European level.

Projected changes in precipitation and air temperatures 
from Meteorological and Hydrological Service of the 
Republic of Croatia point to the unfavourable trend for 
the areas of mountain and central part of the country, 
enhancing negative effects on forest ecosystems [44, 45]. In 
addition, in the last few years an increase of storm events 
occurrence was recorded on the whole continent, while 
the predictions point to even quicker rise in the future [14]. 
Lower frequency of soil freezing from late autumn to early 
spring, which is the period with highest wind occurrences, 
will increase wind damages in the future [46]. Other 
influences of global warming on forest cultures are yet to 
be further investigated [47, 48]. In the Republic of Croatia, 
there is a lack of scientific research which aims at developing 
instruments for estimation of storm occurrences, sensibility 
of forests to climate changes, as well as instruments for 
management adapted to such changes. In some European 
countries such instruments have already been developed 
and first successful application has been recorded [13, 
49-53]. Significant loses in natural forest stands proved 
that damages caused by wind, snow and ice are a major 
disturbance interacting with forest development processes, 
which is why there is a strong need for this kind of research 
and its predictions.

Regarding the age of studied stands it can be pointed 
out that the avoidance or too low thinning intensities have 
irreversible influence on the spruce culture in the fifth 
decade (probably even earlier, but this has not been proven 
by the study). Thus, we stress the importance of appropriate 
species composition and the importance of early thinnings 
for the achievement of optimal tree characteristics, vitality, 
and for accomplishing the expected biological and financial 
gains altogether. The collected data are applicable to the 
hilly part of Central Croatia, for which the need of addressing 
stability issues is emphasized.

Indicators for the Evaluation of Stability of Spruce Trees 
against Winds

Basal area and tree slenderness have been used for 
the prediction of sensibility to wind and storm events 
for coniferous species for a number of years [17, 54-56]. 
However, this statement is true for the countries dealing 
with damages from strong winds for decades, while in 
Croatia there is a weak insight into indicators of tree 
resistance to winds. Tree slenderness, together with stand 

density data, are also needed for predictions of critical 
wind speeds needed for the uprooting of trees, which can 
be an important predictor for risk from wind damages and 
related management decisions. Even though stability can 
be predicted on the basis of crown dimension parameters 
(crown length and tree height ratio, crow diameter and DBH 
ratio, etc.), in regions with frequent snow occurrences such 
as the investigated areas this indicator is not accurate enough 
[14]. Thus, the parameters based on other tree dimensions 
such as basal area or tree slenderness are proved to be 
better predictors. Studies of tree slenderness are limited for 
Croatia [5] and tree resistance to winds or tree slenderness 
is not taken into account in regular thinning interventions. 
This study provided first results on the appropriateness 
of tree slenderness as a predictor of wind damages. The 
destruction of spruce cultures with the highest values of 
slenderness in the study was total, while spruce cultures 
with more favourable tree slenderness that withstanded 
the same storm were more successful. Regarding tree 
characteristics, the highest and the slenderest subjects 
were the most sensitive, both in terms of stem breakage 
and overturning. This is also proved in the studies by Peltola 
et al. [46] and Talkkari et al. [57]. These preliminary data 
should be further supported by more extensive research 
(e.g. including more localities, wind characteristics, etc.), 
especially since the importance of wind damages and the 
role of thinning intensities will grow in the future, and since 
the current insight into these issues on the national scale is 
weak. Interesting cases are pure forest stands in sinkholes, 
where spruce presents the best silvicultural option for the 
frost-prone areas. Here, special consideration should be 
given to the further studies on wind susceptibility and the 
related silvicultural interventions needed to enhance the 
stability of spruce cultures.

Regular thinning in cultures in completely destroyed 
trial plots on localities A and B was not conducted, while 
sanitary and salvage cuttings were. Research of structure 
on localities A and B pointed to high instability as a result 
of unconducted or inappropriate thinnings pointing to 
overstocking. Ratio 80:1 presents stability threshold for 
conifer species [46, 55]. On locality A, data analysis showed 
the most unsatisfactory structure. There was not one 
tree on the trial plots which had favourable slenderness 
coefficient (<80:1), while trees with ratio >200:1 were also 
recorded. On the selected trial plots, it is not justifiable to do 
conversion into climax tree species, so it can be concluded 
that basic goals set at the time of culture establishment 
were not met (the sites’ ameliorative function was not 
met). That is also true if relatively low productivity or the 
value of the assortments are taken into account (average 
DBH in 45 years of age was 9 cm on locality A and 13 cm 
on locality B). High interspecific competition in soil up to 
80 cm in depth and increased retention of precipitation 
on the canopy (lower amount of water that reaches soil 
[58]) are a direct result of a too high number of trees per 
hectare (ha-1) caused by improper management. Lack of 
tending measures resulted with additional negative forcing 
and, consequently, increased the sensibility of trees to bark 
beetle attack, which was also evidenced on trial plots. High 
correlation of damages caused by wind and tree slenderness 
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is also confirmed by Peltola [59]. The structure on locality 
C is more favourable in relation to the aforementioned 
localities. This culture was regularly thinned, which points 
to the conclusion that there is an influence of thinning on 
the formation of better tree characteristics. A slightly higher 
slenderness coefficient in another culture on Medvednica 
was found by Oršanić [5].

Thinning throughout the whole rotation period is a 
prerequisite for successful replacement as well. Good 
windthrow stability is needed for conversion under 
shelterwood when autochthonous late successional tree 
species composition is set as a silvicultural goal. Nevertheless, 
this is often neglected in management of forest cultures in 
the Republic of Croatia, and the resistance of trees to strong 
winds is not acknowledged as it should be. In addition, a 
better understanding of the reaction to thinning is important 
in order to design new thinning regimes in a changing 
environment [60]. Also, in some studies, the resistance of 
trees described by their slenderness is not only higher for 
suppressed than dominant trees of a particular stand, but 
the data indicate that slenderness is also notably smaller for 
trees grown under wider spacing [7]. This statement can have 
implications for future establishment and tending of forest 
cultures in terms of spacing and horizontal spatial pattern 
(for example, in mixed forest cultures) and it is proven with 
this study as well. Dominant trees possess higher stiffness 
in lower stem parts than supressed trees [7], so it is evident 
that in overstocked forest cultures without optimal vertical 
structure the risks of windthrow will be higher.

The Role of Silvicultural Interventions in Increasing Stand 
Resistance to Wind and the Need for Further Research

Basic structural characteristics (height, stem taper) are 
quite variable and change considerably for spruce under 
different silvicultural treatments [7], which implies great 
significance of proper and timely thinnings. This study 
adds tree slenderness as an important and additional 
characteristic, which can be influenced by proper silvicultural 
interventions. 

Statistical analysis of the simulation results showed that 
wind speed is the most significant variable in explaining 
wind damage [8], thus pointing to the conclusion that the 
resistance of trees to wind can be influenced only upon 
certain "wind speed threshold". Up to the critical "wind 
speed threshold" we can and should influence positively the 
forming of more resistant trees. If the critical wind speed 
is set, that gives us the possibility to intensify the thinnings 
and management activities in the area with bigger risks. 
This, besides thinning, also incorporates better selection of 
tree species or species mixtures. Spatz and Bruechert [18] 
provide mechanistic explanation why structure is crucial. 
Both gravitational forces and wind loads induce bending 
moments, which the structure has to be able to withstand. 
The limit of the structure is reached if at any point the 
bending moment induced is larger than the critical bending 
moment. This in turn depends on structural parameters (the 
geometry of the cross-section) and properties of the material 
(the modulus of elasticity and the critical stresses at which 
failure occurs). In many cases, depending on the root-soil 
interaction, the bending moment on the trunk may lead to 

root lodging. In addition, bending under wind loads will lead 
to additional bending moments under gravitational loads. 
Whereas the young generation depends on the vitality as a 
prerequisite for snow and ice load resistance and flexibility, 
the manuscript does not tackle the youth because of the 
age of the stands included in the study. The expansion of 
research to the young generation is important to be tackled 
in future, especially the vitality of youth determined in the 
light of the growth and development of forms depending on 
light revealing the Honowsky index. The development of tree 
shape in relation to light is more complex in irregular forests 
as shown by Szymura [61], but the stability of irregular forest 
stands in relation to negative wind forcing is the highest 
among all silvicultural systems. Furthermore, despite the 
fact that these initial results reveal the relationship between 
tree shape and susceptibility of stands to the influence of 
wind, the relationship between stability and vitality should 
be included in further research efforts. Available studies 
mostly tackle tree vitality. For example, defoliation [62] and 
influence of drought [63] can improve prediction accuracy 
of models that predict tree mortality based on competition 
indicators and tree size alone, not taking wind damages into 
account. While it is known that negative influence of wind 
is affecting both healthy trees and trees with low vitality, 
and that crown recovery can be an important feature of 
tree recovery [64], research that would explain in detail the 
connection between tree vitality and susceptibility to wind 
would be very complex. Thus, there is a lack of scientific 
research which would shed more light on the connection of 
tree vitality and windthrow stability.

Talkkari et al. [57], for example, estimate the risk of 
wind damage by employing complex mechanistic models for 
predicting the critical wind speed needed to cause damage, 
a regional air flow model simulating relative wind climates 
for sites, a geographical database on forest stands in the 
area concerned and the probability distribution of long-
term extremes in wind speed at the sites. This approach is 
well adapted to regular stands, but if one wants to adapt 
silvicultural measures in heterogeneous stands, not all trees 
are necessarily damaged at the same time and this kind of 
predictions are less accurate [8]. In Croatia there are no 
similar findings emphasizing the need to further proceed 
with research on these issues. From the aspect of stability, 
mixed stands also present a more or less heterogeneous 
forest structure, and have yet to be more investigated in 
the future. This kind of research is needed in the Republic 
of Croatia if the increase of storm occurrence is to be taken 
into account. Further investigations on the influence of soil 
type on forest damage are, however, generally required 
[27], and not only in the Republic of Croatia.

The existing knowledge emphasizes that the greatest 
risks are found in forest stands immediately after thinning 
or after regeneration cuts, and that risk is present in 
those stands which have not been thinned properly or 
are suddenly drastically thinned [65, 66]. This is why we 
advise that spruce stands in the same age as investigated, 
with similar structure, should not be further maintained, 
but should be immediately replaced, in order to lower 
biological and financial losses. In turn, we strongly advise 
that all newly established as well as young spruce cultures 
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should be thinned regularly with respect to tree and stand 
resistance to wind.

Finally, it can be concluded that the monitored forest 
cultures possess high risks regarding replacement since 
their low resistance against wind prevents them to protect 
young and sensitive late successional tree species. Similar 
risks during conversion have been found by Lüpke et al. 
[3] in other parts of Europe. These findings evidently point 
to the fact that by influencing the forest structure we can 
enhance not only mechanical stability, but tree vitality 
and general stability as well. This can be accomplished 
through correct site selection and adequate afforestation 
practices, as well as appropriate tending throughout the 
whole rotation period. All these measures are crucial for the 
fulfilment of basic functions and goals, which are set at the 
time of the establishment of a forest culture. We also advise 
the evaluation of culture resistance to winds prior to the 
replacement, so that the aimed tree species composition 
could be selected accordingly (e.g. if the resistance is 
low the need to provide protection for late successional 
tree species against sunburn, frosts, wind and drought 
should be respected). In the conditions of unfavourable 
structure, it is strongly recommended to open canopy cover 
cautiously. For example, canopy cover can be opened only 
above regeneration areas (400 to 2000 m2), only on 60% 
of the area of the forest culture, with belts of untouched 
canopy cover being 20 to 40 m in width [67]. Nevertheless, 
a better solution is to improve structure and stability with 
silvicultural measures already from first thinnings. Higher 
intensity thinings from below enhance stability indices [55, 
68-70]. In mature forest cultures, which are comprised of 
trees with border stability indices (slenderness), a series of 
low intensity thinings are needed so the rest of trees would 
not be endangered, and also in order to leave the possibility 
for trees to positively react on space increase.

CoNCLuSioNS

The presented preliminary results reveal the fact that 
avoidance or too low thinning intensities of anthropogenic 

spruce cultures in the first and second age class (until 
40 years of age) permanently results with unfavourable 
shape and vitality of trees. It can be concluded that spruce 
cultures consisting of too slender trees should not be further 
maintained, but that they should be immediately replaced 
by more wind resistant stands (e.g. mixed species cultures). 
The reason for this is that they are simply cannot withstand 
at the present, and will not be able to withstand in the future, 
the influence of strong winds, especially if we consider the 
predicted increase of storm intensities and occurrences 
in the studied area and further stand destabilisation by 
silvicultural interventions in later development stages. If 
the complete destruction of studied spruce cultures, which 
happened recently, is taken into account, such cultures will 
not be able to produce expected financial or biological gains 
at all. We propose to get better insight into spruce tree 
characteristics and to evaluate their ability to withstand 
strong winds during the selection of trees for thinning, 
especially the horizontal spatial patter of such trees. The 
analyses of tree slenderness can also provide a good tool for 
predicting the critical wind speeds and the point of breakage 
of the managed spruce culture. In addition, tree slenderness 
proved to be a good predictor in this study, similar to other 
European studies from areas of frequent snow occurrences. 
Nevertheless, these are only preliminary results, which 
should be confirmed by further studies. In addition, proper 
silvicultural interventions early in the culture development 
are advised for achieving and maintaining optimal tree 
characteristics and vitality, providing favourable site 
conditions for subsequent replacement interventions and 
preventing early canopy losses.
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