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Abstract
• The aim of this work was to analyze how the forest structure aﬀects the risk of wind damage at the
landscape level in a boreal forest.
• This was done by employing: (i) Monte Carlo simulation technique for generating landscapes with
diﬀerent age class distributions, proportions of open areas (gaps), and tree species composition; and
(ii) a mechanistic wind damage model, HWIND, for predicting the critical wind speeds at downwind
stand edges of open areas (gaps) for risk consideration. The level of risk of wind damage observed
at the landscape level was significantly aﬀected by the presence of gaps and old stands. Even a slight
increase in the proportion of gap areas or older stands had a significant impact on the total length of
edges at risk. As a comparison, variation in species composition (Scots pine and/or Norway spruce)
had much smaller impact on the risk of damage.
• In conclusion, the eﬀects of forest structure on the risk of wind damage should especially be considered by forest managers in day-to-day forest planning in order to reduce the risk of wind damage
both at the stand and landscape level.

Mots-clés :
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Résumé – Les eﬀets de la structure de la forêt sur le risque de dommages causés par le vent au
niveau du paysage dans un écosystème forestier boréal.
• L’objectif de ce travail était d’analyser comment la structure forestière aﬀecte le risque de dommages causés par le vent à l’échelle du paysage dans une forêt boréale.
• C’est objectif a été atteint par l’emploi : (i) de la technique de simulation de Monte Carlo pour
générer des paysages de diﬀérentes distributions de classe d’âge, de proportions des zones ouvertes
(trouées), et de composition des espèces d’arbres ; et (ii) d’un modèle mécaniste de dommages causés par le vent, HWIND, pour la prédiction des vitesses de vent critiques au niveau des lisières sous
le vent des zones ouvertes (trouées) en relation avec les risques. Le niveau de risque de dommages
causés par le vent observé à l’échelle du paysage a été significativement aﬀecté par la présence de
trouées et de vieux peuplements. Une augmentation même légère dans la proportion de trouées ou de
vieux peuplements a eu un impact significatif sur la longueur totale des lisières à risque. À titre de
comparaison, la variation dans la composition des espèces (pin sylvestre et/ou épicéa) a eu beaucoup
moins d’impact sur le risque de dommages.
• En conclusion, les eﬀets de la structure de la forêt sur le risque de dommages causés par le vent
devraient être examinées en particulier par les gestionnaires forestiers pour une planification des opérations forestière au jour le jour, afin de réduire le risque de dommages causés par le vent à la fois au
niveau du peuplement et au niveau du paysage.

1. INTRODUCTION
Wind-induced damage is a continuous cause of economic
loss in managed forests throughout the world. For example,
in Europe about 180 million m3 of timber was damaged by
* Corresponding author: zenghc@uwindsor.ca

wind during storms in December 1999 (UNECE/FAO, 2000).
Similarly, in Finland over 7 million m3 of timber were affected by storms that occurred in November 2001 (Pellikka
and Järvenpää, 2003).
Wind-induced damage can significantly change the structure and functioning of a forest ecosystem. It can, for example, increase the fragmentation of forests and thus, also the
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Table I. Number of inventoried forest stands in each age class in a boreal forest.
Stand group
Age class
Number of Scots pine stands
Number of Norway spruce stands

Sapling stands
< 10
11–20
24
91
25
124

Before first thinning
21–30
31–40
55
34
145
146

amount of vulnerable edges. As a result of wind damage, broken and uprooted trees left in the forest can also lead to detrimental insect attacks on the remaining trees, because of an increase in breeding sites (Ravn, 1985). Therefore, an improved
understanding of the vulnerability of forests to wind damage
is needed to help foresters to manage the wind related risks
through forest planning.
The susceptibility of trees and forest stands to wind damage is controlled not only by the properties of wind (i.e. wind
speed, duration, and gustiness; see Mayer, 1989), but also by
the tree and stand characteristics, such as tree species, tree
height, tree diameter, crown area, rooting depth and width,
and stand density (Coutts, 1986; Gardiner et al., 1997; Peltola
et al., 1999; 2000). Moreover, large diﬀerences in the risk of
wind damage can be observed between regions and locations
that diﬀer in topography and wind climate (Copeland et al.,
1996; Quine, 2000). For example, forests located on hills or
higher altitudes are, on average, the most susceptible to damage (Talkkari et al., 2000).
On the other hand, prevailing landscape structure (e.g.
species composition and configuration) also aﬀects the resistance of individual tree stands to wind damage. For example, the presence of gaps in fragmented forests increase the
wind speeds, especially high-speed winds, at the downwind
stand edges (Venäläinen et al., 2004). The wind flow is, however, significantly reduced within the stand about 1–2 tree
heights downwind of the stand edge (Peltola et al., 1999),
and the adjustment is essentially completed by about 10 tree
heights inside the stand from the edge (McNaughton, 1989).
The occurrence of wind damage has also complicated the reciprocal eﬀects regarding forest structure. For example, as a
consequence of salvage cuttings after wind damage, new open
areas (gaps) are created, which will modify the forest structure and landscape configuration, and thus also aﬀect the risk
of damage.
Despite many previous studies on the risks of individual
tree stands to wind damage, it is not yet clearly understood
how the risk of wind damage is aﬀected at the landscape level
by the prevailing forest structure (e.g. landscape composition
and configuration) and by the changes occurring to the forest
structure over time. This is at least partly because the tree and
stand characteristics of individual tree stands and their changes
over time aﬀect, together with wind flow over the terrain, the
overall risk of forests at the landscape level. However, improved understanding of the eﬀects of forest structure on the
risk of wind damage could assist forest managers to make better decisions in order to manage forest resources minimizing
risk of wind damage.
In recent years, mechanistic wind damage models have
been developed (Ancelin et al., 2004; Gardiner et al., 2000;
Peltola et al., 1999). These models can simulate the wind flow

Thinning stands
41–50
51–60
61–70
67
41
49
143
178
224

71–80
42
264

Mature stands
81–90
> 90
31
117
273
345

at forest edges and within tree stands as well as predict the
threshold wind speeds (i.e. critical wind speeds) needed for
trees to be uprooted or broken (Peltola et al., 1999). This enables the systematic studying of the risk of wind damage in
forest ecosystems with diﬀerent forest structures. For this purpose, geographical information system (GIS) can also provide the topological relationship between neighboring polygons (forest stands), and polygons and arcs (forest edges).
Thus, information regarding neighboring polygons and length
of boundaries make it possible to calculate the edges of forest
stands with risk of wind damage using vector forest data (i.e.
polygons and arcs) as alternative to raster data.
In the above context, the aim of this work was to analyze
how the forest structure aﬀected the risk of wind damage in
terms of length of stand edges at risk at the landscape level.
For this purpose, we first generated landscapes with diﬀerent
age class distributions, proportions of mature stands and open
areas (gaps), and tree species composition, based on stand inventory data available from a boreal forest ecosystem located
in central Finland. Thereafter, HWIND, a mechanistic wind
damage model (Peltola et al., 1999), was applied to predict
the critical wind speeds needed to uproot or break the trees at
downwind edges of open areas (gaps) of the generated landscapes in order to provide basis for risk considerations at the
landscape level. Our study site is relatively flat in topography,
and therefore the influence of topography was excluded in the
analyses.
2. MATERIAL AND METHODS
2.1. Landscape construction
As a basis for generating diﬀerent kinds of landscapes, we
used stand inventory data (i.e. tree and stand characteristics
such as average tree height, breast height diameter and stand
density) available from a boreal forest ecosystem located in
central Finland (63◦ 01 N; 27◦ 48 E). In total, 551 Scots
pine (Pinus sylvestris) and 1 867 Norway spruce (Picea abies)
stands were classified into 4 diﬀerent age class groups (i.e.
sapling stands > 2 m in height, first thinning age stands, older
thinning stands, and mature stands ready for regeneration, see
Tab. I). In our work each age class group consisted of 2 or
3 age classes. All these stands were used as alternatives in
the Monte Carlo simulation, which randomly selected forest
stands for constructing landscapes with diﬀerent forest structures, following the approach used earlier by Garcia-Gonzalo
et al. (2007). Open areas (i.e. gaps) in this study were defined
as water areas, agricultural fields, clearcuts and seedling stands
(< 2 m in height); they were also automatically generated
by the simulation program. The landscape used for analysis
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Table II. The proportion of area of total forest area (gaps and seedlings stands < 2 m in height excluded) in each age class group in a boreal
forest ecosystem for diﬀerent age class distributions of a landscape.
Age class
distribution
Normal
Equal
Left-skewed
Right-skewed

Sapling stands
(<20 y)
25%
25%
50%
10%

Before first thinning
(21–40 y)
30%
25%
25%
15%

consisted of 2 108 polygons, with a corresponding area of
3 081 ha.
The landscapes were first constructed according to the two
main factors aﬀecting the risk of wind damage at the landscape level; i.e. the proportion of gap area and age class structure of the forest. In the analyses we used relative gap areas
ranging from 10% to 70% of the total area (with an interval of 10%). Correspondingly, forests with diﬀerent age class
structures ranged, thus, from 90 to 30% of the total area. Altogether, we studied four forest structures based on the distribution of age class groups: normal distribution, equal distribution, left-skewed and right-skewed distribution (see Tab. II).
Within each age class, the forest also had an equal distribution
of Scots pine and Norway spruce stand areas (each 50%).
We also assessed how sensitive the risk of damage is to the
proportion of older (mature) stands in a forest. This was done
because in Finnish conditions older stands have been found to
be most vulnerable to be damaged by wind, especially if they
are located at newly created forest edges (Peltola et al., 1999;
Zeng et al., 2004). For this purpose, we used the equal age
class distribution as a reference, and changed the proportion
of mature stands by ±15% (i.e. alternatively into 40% or 10%)
and decreased other age classes equally to keep the sum as
100% of the total forest (i.e. other age class groups still equally
had 20% or 30% of total forest areas). The area of open gaps
was fixed at 30% of the total landscape area.
In order to evaluate the risk of wind damage, with regard to
species composition, we also changed the proportion of Scots
pine and Norway spruce by ±15% in the forest landscape with
the normal age class distribution, which is closer to the preferred distribution in Finnish forest management units. Thus,
the share of tree species used was 65% for Scots pine and 35%
for Norway spruce, and vice versa.
In the process of generating forest landscapes, each stand
polygon was randomly defined as a gap, or a forest stand
(Fig. 1). Consequently, the forest stand was further randomly
classified into an alternative age class, and tree species (Scots
pine or Norway spruce). All these random processes were
weighted by the area of each age class so that the landscape
had the designed proportion of gap areas, species composition and the desired age class distribution (i.e. normal, equal,
left-skewed or right-skewed distribution). Since vector polygons were used in this study, there existed small diﬀerences
between the final total area of each age class group and the desired area. However, as the studied landscape has a large area
(3 081 ha with 2 108 stand polygons), the diﬀerence was very
small and had little influence on the final results.

Thinning stands
(41–70 y)
30%
25%
15%
25%

Mature stands
(>70 y)
15%
25%
10%
50%

In addition to the proportions of the gap area, age class
structure and tree species composition of the forest, some
other factors may also aﬀect the risk of wind damage at the
landscape level. Such factors are: location, size and shape
of gaps in relation to most vulnerable stands, the length of
the stand boundary section adjoining gaps (i.e. vulnerable
edges) and edge stand characteristics. Therefore, for each case
study, the creation of the landscape and the evaluation of
wind damage were iterated 100 times. Thus, the mean, standard deviation (stdev) and coeﬃcient of variation (CV% =
stdev/mean × 100%)) of the 100 iterations were computed for
each case study in order to compare the findings between different landscape compositions.
2.2. Computation of the risk of wind damage based
on HWIND model computations
In this work the risk of wind damage to tree stands was evaluated based on critical wind speed computations by HWIND,
a mechanistic wind damage model (Peltola et al., 1999). This
model can describe the mechanistic behavior of Scots pine and
Norway spruce trees under wind loading at forest edges. In the
model, a tree is assumed to be uprooted if the maximum bending moment (due to forces by wind and gravity) exceeds the
resistance of the root-soil plate (Peltola et al., 1999). Similarly, the stem is assumed to be broken if the breaking stress
exceeds the critical value of the modulus of rupture (Peltola
et al., 1999; Petty and Swain, 1985; Petty and Worrel, 1981).
This makes it possible to calculate the minimum wind speed
needed for uprooting or stem breakage (critical wind speed).
The model outputs the mean critical wind speeds, lasting for
one hour (transformed into 10 mins averages in this work by
multiplier of 1.1) at 10 m above ground level, at which trees
are uprooted and broken at the downwind stand edge of open
areas such as a new clear cut.
The inputs of the model are tree species, average tree
height, average diameter at breast height (DBH) and stand density, in addition to distance from the forest edge and gap size
(i.e. length of the gap in the direction of wind). The properties
of the HWIND model, its parameters, inputs and the validity of
its outputs for podzol soil conditions in Finland, have been discussed in detail by Peltola et al. (1999), Gardiner et al. (2000)
and Talkkari et al. (2000).
In this work, we also calculated the critical wind speeds
for downwind stand edges of the gaps, which represented
open non-forest areas (e.g. water areas, open fields), clearcuts
and seedling stands with an average tree height of less than
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Start
Set initial areas of gaps, each age class
of Scots pine and Norway spruce

Set i to the first stand polygon

Generate a random number of define the stand i as
a gap, Scots pine, or Norway spruce stand (further
decided which age class) weighted by their areas.

Is stand i
a gap?

Yes

No

Randomly select a stand
alternative for stand i from the
selected age class and species

Decrease the total
gap areas by the area
of stand polygon i

Decrease the total areas of
selected age class and species.
Increase i by 1

No

Is i larger than
the total number
of stands?
Yes
End

Figure 1. The flow of landscape generation.

2 m. Moreover, the gap diameter at wind direction was assumed to be 10 times the average tree height at the stand edge,
which provides the maximum risk (i.e. the lowest critical wind
speeds) in regard to gap size (Peltola et al., 1999). If we would
have used instead, for example, 5 times the average tree height
at the stand edge as gap size, the critical wind speeds would
have been on average 20% higher (see Peltola et al. 1999). The
critical wind speeds are calculated in HWIND only for stands
having an average tree height >10 m (and DBH > 10 cm) located at downwind edge of an open area (Peltola et al., 1999).
The current version of the model is not capable of considering
accurately any risks for smaller trees because of limitations of
the tree allometry functions used.
The critical wind speeds calculated by the HWIND model
could not, however, be used directly to evaluate the amount
of forest stands, and their edges, at risk. However, we used
them as input for a linear utility function to estimate the risk
as was also done in previous work by Zeng et al. (2009). In
this context, the trees with critical speeds < 15 m s−1 had
a risk probability of 1, whereas the trees with critical wind
speeds > 30 m s−1 had a risk probability of 0. Between these

wind speeds the risk was interpolated with a linear utility function (Fig. 2). These thresholds for the wind speeds were selected based on the fact that in recent storms causing damages in Finnish conditions, the mean wind speeds of 2–10 min
have typically ranged between 14 and 27 m s−1 (with corresponding gust speeds of 20−40 m s−1 ) at 10 m above ground
level (FMI, 2003; Laiho, 1987; Pellikka and Järvenpää, 2003;
Talkkari et al., 2000).
In principle, the level of risk can be assessed, for example, according to the number of stands, their area and length
of edges at risk (Zeng et al., 2004). Since the stands located
especially at new edges (gaps) have the most potential to be
damaged in Finnish conditions, the length of edges at risk was
used in this work to represent the level of risk of wind damage
at the landscape level. It also usually represents the first occurrence of the wind damage in the forest. In order to calculate
the total length of edges at risk for each stand adjoining a gap
(edge stand), the following steps were done: firstly, the critical
wind speeds were computed for each edge using the HWIND
model. Secondly, these critical wind speeds were used as input
to the utility function. Finally, the total length of edges at risk
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Figure 2. Utility function for the risk of wind damage.
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corresponding length of the boundary section located between
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3. RESULTS
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We found that even a small increase in the proportion of gap
areas significantly increased the total length of edges at risk,
regardless of the age class distribution of the forest (Fig. 3).
For example, when the proportion of gap areas increased from
10% to 20%, the length of edges at risk increased by 77–80%
for diﬀerent age class distributions. However, the average increment of the length of edges at risk gradually slowed down
with the increment of the proportion of gap areas. The total
length of edges at risk reached, on average, maximum values
when about 50% of the landscape was open gaps (Fig. 3a),
after this point the risk started to decrease due to general decrease of forest margins.
The total length of edges at risk increased especially with
the increase in the share of mature stands relative to all forest
stands (see Fig. 3a). The forest with right-skewed age distribution (most mature stands) had, in general, the most edges
at risk, while the left-skewed distribution least (least mature
stands). Thus, an increase in the proportion of older forest
stands would significantly increase the susceptibility of the
landscape to wind damage.
Generally speaking our results also showed relatively small
variation around the mean results between diﬀerent iterations
(stdev and CV%) regardless of proportion of gaps and forest
structure (see Figs. 3b, c), but the standard deviation increased
with the increment of the proportion of gap areas. The landscape with forest with equally distributed age classes had, in
general, a larger variation within the 100 iterations than the
other age class distributions. This might be because it had
more complicated forest structure at the landscape level. On
the other hand, the forest with left-skewed age class distribution had relatively small standard deviation, however it had
large CV%, which might be because the risk of wind damage
was very small and even a small change could induce large
changes in CV%.

60

10
8
6
4
2
0
40

50

60

70

Percentage of gaps (%)

Normal

Equal

Left-skewed

Right-skewed

Figure 3. The average for total length of edges at risk (a), its standard deviation (b), and coeﬃcient of variation, CV within the 100
iterations(c). The curve in (a) is the trend of the mean values.

When changing the proportion of gaps in the area, it was
also found that the total length of edges at risk (m) per unit
area (hectare) increased when the proportion of gap areas were
increased (Fig. 4). Each 10% increment of gap areas induced
16–102% increase in the length of edges at risk. This means
that the increment of open gaps would always increase the proportion of stands to be located at the edges and induce more
risks.
In our work, the risk of damage was also sensitive to the
proportion of older (mature) stands in a forest. For example,
when taking as a reference a forest with equal age class distribution (25% of forest area for each age class group) and 30%
of gaps, if the proportion of mature stands was decreased from
25% to 10% of the total forest area (increasing the remaining
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4. DISCUSSION AND CONCLUSION
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Figure 4. The density of the risk of wind damage of the forest, i.e.
the length of edges at risk per hectare of forest.
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Figure 5. The length of edges at risk when changing the forest species
composition. The forest with normal distributed age classes was used
in this case study.

age class groups to 30% of the total forest area), the total
length of edges at risk decreased by 16%. While, if the mature stand proportion was increased from 25% to 40% (and
the remaining age classes decreased to 20% each), the total
length of edges at risk increased by 19%. Thus, the changes
to the proportion of mature stands had a large impact on the
length of edges at risk.
The species composition also similarly influenced the
length of edges at risk at the landscape level. Taking as a reference a landscape with a normally distributed age class, when
the area of Norway spruce stands was decreased from 50%
to 35% of the total forest area and that of Scots pine correspondingly increased from 50% to 65%, the edges at risk decreased by 7% compared to the forest consisting of 50% of
each species (Fig. 5). On the other hand, the length of edges
at risk increased by 7% when the area of Norway spruce was
increased by 15%. This pattern was followed despite the variation in proportion range of gap areas analyzed. The eﬀect of
changes in species composition between Norway spruce and
Scots pine, however, was much smaller than the influence of
the proportion of mature stands and gap areas.

Previously many authors have analyzed the impacts of gap
characteristics (e.g. its size and perimeter), as well as the presence of old stands, on the risk of wind damage at downwind
stand edges of open areas (e.g. Blennow and Sallnäs 2004;
Elling and Verry, 1978; Lanquaye-Opoku and Mitchell 2005;
Neustein, 1965; Stacey et al., 1994; Venäläinen et al., 2004;
Zeng et al., 2004; 2006, 2007).
However, no systematic studies exist on how sensitive
the risk of wind damage is at the landscape level regarding
changes in forest structure; in terms of relative proportion of
gap area, age class distribution and/or tree species composition. In this sense, our work represents one of the first attempts
to study the sensitivity of forest structure (i.e. gap area, age
class distribution and species composition) regarding the risk
of wind damage at the landscape level. In our work, we analyzed how the forest structure aﬀected the risk of wind damage
in terms of length of stand edges at risk using: (i) a mechanistic wind damage model HWIND and (ii) Monte Carlo simulation as a basis for such analyses. In addition GIS software
(ArcGIS) was used to provide the topology between stands and
edges making it possible to use vector data in the analysis. GIS
provides information regarding the neighboring stands and the
length of edges between these stands, which is necessary for
calculating the length of edges at risk.
We analyzed the eﬀects of forest fragmentation on the risk
of damage based on the use of theoretically generated forest
landscapes, as well as on the use of a linear risk utility function as was also done in previous work by Zeng et al. (2009).
This approach is a simplification of reality and could overestimate the actual risk of occurrence of critical wind speeds at
our study site. Therefore, in order to avoid overestimation of
the risk, regardless of wind speed expected, our risk consideration should be taken as relative risk instead of actual risk
(which is a function of wind climate in reality). Unfortunately,
the actual probabilities of the range of critical wind speeds observed were not available for our study site. Nevertheless, even
though our work could be considered as being theoretical, the
findings are valuable for forest managers; as it enables the acquisition of knowledge and valuable information for further
use in forest planning which will be important for risk consideration at the landscape level.
In principle, topography could induce fragmentation, and
even have a more important role than the fragmentation caused
by forest management, especially in hilly areas. However, because our study site was relatively flat we did not consider
this in our work. Also, in general, in Finnish conditions clear
cutting could be taken as a key factor to forest fragmentation
because Finland is a relatively flat country. In reality, it is also
very diﬃcult to systematically study the eﬀect of topography
on fragmentation, because it also directly aﬀects the wind flow
(direction, speed).
Overall, we found that any increase in the proportion of
gap areas, at a landscape level, notably increased the risk of
wind damage in terms of total length of stand edges at risk,
regardless of age class distribution. The risk of wind damage
increased until 50% of the landscape area was covered by open
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gaps. This was the case even though the total forested area was
decreasing with the increment of the gap areas. Thus, if it is
possible to avoid unnecessary increase of gaps and new stand
edges, the risk of wind damage on a landscape level could possibly be reduced.
On the other hand, the age structure of a forest also aﬀects
the risk of wind damage at forest edges as was also demonstrated in our work. Previously, Garcia-Gonzalo et al. (2007)
also used the same initial stand structures, when analyzing the
impacts of forest landscape structure and management on timber production in the boreal forest ecosystem over time. They
observed that the initial age class distribution also had a relatively large influence on timber production (up to 20% difference), which we did not consider in our study. Though this
also underlines the theoretical findings of our work, our static
approach allows us to evaluate how the risk of wind damage would be increased or decreased when doing new clear
cuts (i.e. creating new gap areas), which is very important
for foresters and forest managers as clearcuts and thinning instantly change the stability of surrounding stands. This information may be used to properly schedule the clear-cuts over a
landscape level, which will allow the simultaneous consideration of objectives of timber production and reduction of risks
by wind without a major reduction in timber production in a
forest management unit as demonstrated by Zeng et al. (2007).
Because older stands are most vulnerable to be damaged
(Peltola et al., 1999), a high proportion of old stands, especially at the downwind stand edges of open gaps (or next to
young seedling stands), will induce high risk of wind-induced
damage (Zeng et al., 2006), as was also demonstrated in this
study. In this context, the risk of wind damage could be reduced at the landscape level through the proper timing of harvesting of the most vulnerable older stands. On the other hand,
poor placement of clearcuts may produce a more fragmented
landscape and increase the number of vulnerable stands adjoining gaps. In this context, Zeng et al. (2007) previously suggested the use of clustered open gaps (e.g. by clear-cut) and
harvesting old edge stands to smooth the landscape regarding
tree height diﬀerences of edge stands and to avoid the creation
of new openings at the edges of old stands.
We also found that changes in the mixture of species of
Scots pine and Norway spruce had some, though comparatively less, eﬀect on the total length of edges at risk than open
gaps and forest age structure. This means that forest structure
dominated by Norway spruce stands would be only slightly
more vulnerable to damage than those dominated by Scots
pine, for the same forest age structure. The risk of wind damage was simulated in this work only for a forest with a mixture of Scots pine and Norway spruce, which are the two most
important commercial species in Finland. On the other hand,
compared to conifers, deciduous species, such as birch (Betula
spp.), have shown significantly lower risk to wind damage in
Finnish conditions due to the fact that most storms in Finland
occur from late autumn to early spring when deciduous species
have no leaves and consequently experience much less wind
loading.
If the gaps (sizes and occurrence) and age structure of the
forest were fixed, there still existed small variations in the

length of edges at risk. These variations could be explained
by the factors which were not fixed in the analysis, such as:
(1) location and size of gaps in relation to most vulnerable
edge stands; (2) length of vulnerable edge in each stand (the
boundary section between the edge stand and gap); and (3)
stand characteristics in selected stand alternatives even within
the same age class of the same species. These random variations also indicated that the risks vary to some extent depending on spatial and temporal configuration of landscape (gaps
and forest stands) with fixed existence of open gap areas, age
structure and species composition.
To conclude, the relative increment of gap area and/or ages
of forest stands (especially older stands) in a forest ecosystem,
in general, could be expected to significantly aﬀect the risk of
wind damage at the landscape level in addition to topography,
which we did not consider in our work. Therefore, the best
way to decrease the risk of wind damage would be avoiding
unnecessary open gaps, especially at the edges of older stands,
punctual harvesting of the older stands with the highest risk
and increasing the composition of deciduous species or Scots
pine as a substitute for Norway spruce in regeneration, if possible. However, the necessary actions needed for risk consideration at a landscape level largely depend on the prevailing
forest structure in addition to wind climate and topography of
the site.
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