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Highlights
• Prior stem and root damage significantly increased the probability of birch being wind-

damaged.
• Trees with a high slenderness ratio had a lower relative snapping height.
• The snapping height was significantly negatively affected by the prior stem and root damage.

Abstract
Strong wind is the major natural disturbance in European forests, that periodically causes tremen-
dous damages to forestry. Yet, factors that affect the probability of wind damage for birch (Betula 
pendula Roth and B. pubescens Ehrh.), the most common deciduous tree species in hemiboreal 
forests, are studied scarcely. This study aimed to assess the effects of several tree- and stand-scale 
variables on the probability of wind damage to birch using data from the Latvian National Forest 
Inventory (2004–2018), and determine individual tree characteristics that affect the height of the 
stem breakage. The data analysis was done using the Bayesian binary logistic generalized linear 
mixed-effects model and a linear mixed-effects model. The probability of wind damage signifi-
cantly increased by stand age, basal area, and slenderness ratio. Trees with prior damage had a 
significantly higher probability (odds ratio 4.32) for wind damage. For wind-damaged trees, the 
snapping height was significantly decreased by an increase in the slenderness ratio (p = 0.03) and 
prior damage (p = 0.003). Previously damaged trees were more frequently (73%) snapped in the 
lowest 40% of tree height than trees without prior damage (54%). The probability of wind damage 
is largely set by factors related to the selection of site, species composition, and rotation. The 
damage probability could be decreased by management measures that lower competition within 
the stand with particular regard to preserving intact remaining trees during these manipulations. 
Factors that reduce the probability of the damage simultaneously increase the snapping height, 
emphasizing their relevance for mitigation of the wind damages.
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1 Introduction

In Europe, the expected gain in forest productivity driven by climate change might be adversely 
affected by an increase in the frequency and severity of natural disturbances (Reyer et al. 2017; 
Seidl et al. 2017). In Northern Europe, most strong windstorms occur during the cold seasons of 
autumn and winter (Laapas et al. 2019). Studies have revealed that, due to climate change, the 
amount of wind damage will be amplified by the decreasing period of frozen soil conditions in 
the cold season, when trees have better anchorage and a higher critical wind speed is needed to 
cause damage (Peltola et al. 1999, 2000; Kellomäki et al. 2008). The extent of wind damage is 
also expected to be shaped by climate-driven changes in vegetation structure and composition 
(Seidl et al. 2017).

In the future, the growth conditions of tree species in boreal and hemiboreal forests will be 
determined by species-specific responses to the altered climatic conditions. Studies based on global 
climate model projections have revealed that, in the southern boreal regions in Europe, the silver 
birch (Betula pendula Roth) will benefit most from climate change in terms of volume growth, 
yield, and carbon stock (Peltola et al. 2010; Alrahahleh et al. 2018). In hemiboreal forests, based 
on a tree-ring analysis, the silver birch had the highest tolerance to historic weather fluctuations 
compared to other tree species, such as the Scots pine (Pinus sylvestris L.), Norway spruce (Picea 
abies (L.) Karst.), and European beech (Fagus sylvatica L.) (Jansons et al. 2016). Studies have 
demonstrated high morphological plasticity of silver birch to acclimate growth to site and climatic 
conditions (Nicoll and Ray 1996; Rosenvald et al. 2011; Tenkanen et al. 2020). Although the pre-
dicted increase in air humidity under climate change might compromise the annual increment of 
silver birch (Sellin et al. 2017), in certain regions in Northern Europe, silver birch could be one of 
the optimal tree species to maintain forest productivity.

The probability of wind damage for deciduous tree species varies seasonally. The increase in 
deciduous stands in the future will consequently increase the amount of wind damage in the spring 
and summer when trees have leaves. However, in the autumn and winter when trees are leafless, 
susceptibility decreases due to reduced crown area (Peltola et al. 2010; Ikonen et al. 2020). The sus-
ceptibility to wind damage of an individual tree or stand changes over time and is related to forest 
development, management, and climatic and site conditions (Zeng et al. 2004; Heinonen et al. 2011; 
Snepsts et al. 2020). Based on tree-pulling tests, it is estimated that silver birch has a higher resistive 
bending moment for stem breakage than pine and spruce (Peltola et al. 2000). Hence, the admixture 
of silver birch can improve the overall wind stability of stands dominated by less wind-resistant tree 
species, such as the Norway spruce (Dhôte 2005; Valinger and Fridman 2011). Yet, a detailed analy-
sis of the influence of tree- and stand-scale factors on the probability of wind damage for silver birch 
is lacking in hemiboreal forests. Such information could be used in wind-damage risk assessment, 
long-term carbon sequestration calculations, and strategic forest management planning.

Our previous research program focused explicitly on the most wind-susceptible species – 
Norway spruce – and aimed to assess the stability of the species using static pulling tests and Latvian 
National Forest Inventory (NFI) data. The main results of this project showed that non-lethal stem 
damage (bark-stripping) and root rot significantly reduced the stability of Norway spruce (Krisans 
et al. 2020; Snepsts et al. 2020). The reduction of windstorm damage in Norway spruce stands could 
be achieved by implementing adaptive silviculture measures, that is, by using improved planting 
material, decreased planting density, and adjusted timing of pre-commercial thinning (Samariks 
et al. 2020). Our current research program focuses on birch (B. pendula and B. pubescens Ehrh., 
not distinguished between the species), which, according to NFI, is the most widespread tree 
species occupying 27% of the total forest area. In recent years, forest regeneration by birch has 
been favored due to the low browsing damage, the possibility to regenerate stands naturally with 
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minimal costs, and European Union subsidies that encourage creating mixed deciduous-coniferous 
stands. The increasing share of birch forests in Baltic countries and Fennoscandia (Kellomäki et 
al. 2008; Alrahahleh et al. 2018) highlights the importance of further knowledge to sustain forest 
productivity and resistance to wind damage.

This study aimed to assess the effects of a tree- and stand-scale factors on the probability 
of wind damage and the snapping height of birch. First, we hypothesized that the probability of 
wind damage is determined by stand age, growing stock, density, basal area, dominant species, 
recent management, and site type, as well as by prior damage and stem slenderness of individual 
trees. Further, we hypothesized that stem slenderness, prior damage, and height of the living crown 
affect the height of the stem breakage.

2 Materials and methods

The study was carried out in hemiboreal forests (Ahti et al. 1968) across Latvia, in North-Eastern 
Europe. We used the data of 14 749 repeatedly measured birch trees, collected in 3360 NFI plots 
between 2004 and 2018. Each tree has a unique identification number (ID) that allows researchers 
to follow the status of each tree throughout each re-measurement period of five years: 2004–2008, 
2009–2013, and 2014–2018. In this study, we accounted for prior non-lethal damage and subse-
quent damage by wind. The prior damage was visually observed as non-lethal injuries of stem 
and roots that affect a cambium function and are caused by various damaging agents, e.g., wind, 
fire, animals, harvesting operations. The subsequent wind damage regards snapped and uprooted 
stems, whereas broken branches and leaning stems were not included in this study.

We followed tree status by combining two succeeding measurement periods: information 
of prior damage in the period of 2004–2008 was added to data of wind damage from the period 
of 2009–2013, and information of prior damage in the period of 2009–2013 was added to data 
of wind damage from the period of 2014–2018. Similarly, the proportion of wind-damaged trees 
in each respective period was calculated from the data collected during re-measurements in each 
combined period. The study design was based on the work of Snepsts et al. (2020) that assessed 
tree- and stand-scale effects on the probability of wind damage for Norway spruce.

The NFI design is based on a quadratic cluster of four permanent circular sampling plots 
(each 500 m2), established in a grid of 4 × 4 km. For a detailed description of NFI methodology, 
see Jansons and Līcīte (2010) and Silava (2013). Within each sample plot, diameter at breast height 
(DBH; ≥14 cm), height, and crown height is measured for each living tree, and a snapping height 
is measured for each wind-broken tree. For each measured tree, the occurrence of prior damage 
is recorded. Additionally, we calculated relative snapping height for each wind-damaged birch as 
a ratio between snapping height at the repeated measurement period and the height of the tree at 
the previous measurement period.

We also calculated two slenderness ratios for each tree to test their effect on the probability 
of birch being wind-damaged. First, we tested the commonly used height to DBH ratio (HD–1). 
Considering that under conditions where competition is not a limiting factor trees at a young age 
naturally tend to have higher slenderness than trees at later development stages (Rust 2014; Gra-
bosky and Bassuk 2016) we also tested the effect of a quadratic-height to DBH ratio (H2D–1) to 
put a larger emphasis on tree height. The results revealed only HD–1 to be significant (Table 1), 
therefore the model using H2D–1 was rejected from the analysis. However, we have added the results 
of this model in a supplementary file (Supplementary file S1, available at https://doi.org/10.14214/
sf.10483) as this slenderness measure showed a significant effect on spruce in our previous study 
(Snepsts et al. 2020).

https://doi.org/10.14214/sf.10483
https://doi.org/10.14214/sf.10483
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For each tree, the sample plot data were used to calculate respective stand parameters: stand-
ing volume (m3 ha–1), stand density (trees ha–1), basal area (m2 ha–1), and age (years). We grouped 
nationally classified (Bušs 1976) site types based on soil conditions: mesic and wet mineral soil 
(freely draining and periodically waterlogged mineral soil, respectively), peat soil (decomposed 
organic matter layer in ≥30 cm depth), and drained wet mineral- and peat- soil. We included sample 
plots with dominant common hemiboreal species: birch, Scots pine, Norway spruce, black alder 
(Alnus glutinosa (L.) Gaertn.), European aspen (Populus tremula L.), grey alder (A. incana (L.) 
Moench), pedunculate oak (Quercus robur L.), European ash (Fraxinus excelsior L.), and goat 
willow (Salix caprea L.).

To answer our first hypothesis, we assessed the effect of tree- and stand- scale variables 
(Table 2) on the probability of wind damage on birch by performing a Bayesian binary logistic 
generalized linear mixed effect model (GLMM). Tree ID and sampling plot ID were used as a 
nested random effect to consider the structure of the experiment. All continuous variables were 
scaled by dividing the values with the standard deviations to decrease data variation. Each set of 
four chains comprised 3500 iterations. R-hat values were used to assess the model performance, 
considering that values below 1.1 show converged model algorithm (Bürkner 2018). The effect of 

Table 1. Bayesian binary logistic generalized linear mixed-effect model estimates of 
tree- and stand-scale variables on the probability of wind damage for birch. For the vari-
ables with several levels, the estimate is the difference from the reference level. Data 
obtained from National Forest Inventory in Latvia.

Variable Estimate Est.error CI
Min Max

Intercept −5.03 0.27 −5.68 −4.62
Stand age (years)* 0.39 0.07 0.26 0.53
Dominant tree species (reference level: birch)*:
    Pine −0.45 0.17 −0.78 −0.13
    Spruce 0.08 0.16 −0.25 0.39
    Black alder 0.22 0.23 −0.25 0.69
    Aspen 0.17 0.21 −0.24 0.57
    Grey alder −0.13 0.45 −1.08 0.69
    Oak 0.08 0.77 −1.54 1.47
    Ash 0.06 0.70 −1.42 1.31
    Goat willow −0.39 1.31 −3.48 1.71
Stand density (trees ha–1)* −0.70 0.11 −0.92 −0.50
Overstory basal area (m2 ha–1)* 0.21 0.07 0.08 0.34
Management (reference level: not thinned in the last 5 years):
    Thinned in the last 5 years 0.17 0.17 −0.16 0.49
Site type (reference level: dry mineral soil)*:
    Wet mineral soil 0.00 0.20 −0.41 0.40
    Peat soil 0.75 0.20 0.36 1.14
    Drained wet mineral soil 0.32 0.15 0.03 0.60
    Drained peat soil 0.94 0.15 0.65 1.24
Slenderness ratio* 0.39 0.04 0.30 0.47
Prior damage (reference level: not damaged)*:
    Damaged 1.46 0.15 1.18 1.79

Est.error – standard deviation of posterior distribution; CI – 95% credible interval; * – significant 
effect according to 95% credible interval; Birch – Betula pendula and B. pubescens; Pine – Pinus 
sylvestris; Spruce – Picea abies; Black alder – Alnus glutinosa; Aspen – Populus tremula; Grey 
alder – Alnus incana; Oak – Quercus robur; Ash – Fraxinus excelsior; Goat willow – Salix caprea
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a variable was interpreted as being significant if its 95% credible interval did not include a value 
of zero. Then, non-linear hypothesis testing was used to compare the level of significant factors. 
The odds ratios were calculated to quantify associations (increased or decreased as compared to 
reference level) of the probability of wind damage between the levels of qualitative factors. The 
reference levels were: birch for the dominant species, dry mineral soils for the site type, absence 
of prior damage, and absence of management during the last five years.

A Bayesian GLMM was implemented to characterize the effect of incidence of prior damage 
on the wind-damage probability in the next period. In this model, only a sampling plot ID was 
used as a random effect.

To answer our second hypothesis on the effects of tree variables on the relative snapping height 
of wind-damaged trees, we used a linear mixed-effects model (LMER), applying a sampling plot ID 
as a random factor. The Variance Inflation Factor was used to assess the multicollinearity between 
independent variables, and the post-hoc test to assess significant differences between factor levels.

The data analysis was implemented using R 4.0.0 (R Core Team 2020) library ‘brms’ (Bürkner 
2018) for Bayesian GLMM, and libraries ‘lme4’ (Bates et al. 2015), ‘lmerTest’ (Kuznetsova et al. 
2017), and ‘emmeans’ (Lenth 2020) for LMER.

Table 2. The tested tree- and stand-scale variables used to determine the probability of wind damage on birch by Bayes-
ian binary logistic generalized linear mixed. The number of observations is noted for categorical variables and mean 
± standard deviation (SD) is noted for continuous variables. Data obtained from National Forest Inventory in Latvia.

Variable Description Classes/
Range

Number of observations/
Mean ± SD

2004–2008 2009–2013

Age Stand age, years 11–216 56.6 ± 20.9 58.1 ± 21.8
Growing stock Mean standing volume, m3 ha–1 16–850 270 ± 127 281 ± 136
Species Dominant tree species Birch 6639 7161

Pine 1825 1869
Spruce 1333 1334

Black alder 627 657
Aspen 793 787

Grey alder 398 341
Oak 47 47
Ash 63 25

Goat willow 36 52
Stand density Overstory number of trees, 

trees ha⁻¹)
100–11 520 1145 ± 875 1112 ± 906

Basal area Overstory basal area, m2 ha–1 3–67 27.2 ± 9.9 27.8 ± 10.2
Management Harvesting operations in the last 

five years
Thinned 1800 721

Not thinned 9974 11 571
Site type Site types grouped according to soil 

conditions
Dry mineral soil 4718 4804
Wet mineral soil 1374 1370

Peat soil 1058 1345
Drained mineral soil 2462 2434

Drained peat soil 2162 2339
Slenderness ratio Height (m) to diameter at breast 

height (cm) ratio
0.3–1.9 1.0 ± 0.2 1.0 ± 0.2

Prior damage Stem or root-stump damage in the 
previous measuring period

Not damaged 11 303 11 572
Damaged 471 720

Birch – Betula pendula and B. pubescens; Pine – Pinus sylvestris; Spruce – Picea abies; Black alder – Alnus glutinosa; Aspen – Populus 
tremula; Grey alder – Alnus incana; Oak – Quercus robur; Ash – Fraxinus excelsior; Goat willow – Salix caprea
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3 Results

During the combined periods of 2004–2008 to 2009–2013 and 2009–2013 to 2014–2018, 2.9% 
and 3.4% of all birch trees were wind-damaged, respectively. Among these, a significant portion 
(69% and 65%, respectively) were snapped, and about one-third (31% and 35%, respectively) were 
uprooted. The prior damage was a significant factor increasing the probability of wind-damage 
during the following measurement period (odds ratio 2.86; credible interval (CI)[1.74, 4.53]), as 
indicated by the combined tree status data. In the first combined period, 4.0% of birch trees initially 
had non-lethal damage; among these trees, 10.2% were wind-damaged at the time of re-measuring. 
Among birch trees without prior damage, only 2.6% of trees were wind-damaged. Similarly, in the 
second combined period, 5.9% of birch trees initially had non-lethal damage; among these trees, 
9.3% were wind-damaged at the time of re-measuring. Among birch trees without prior damage, 
only 3.0% of trees were wind-damaged.

According to the GLMM analysis used to test our first hypothesis, the probability of wind 
damage to birch was significantly higher by increased slenderness ratio (Fig. 1), stand age (Fig. 2), 
and basal area as well as by decreased stand density. The presence of prior damage, site type, and 
dominant tree species were also significant factors with different effect strength among their cate-
gories (Table 1). The test of the nonlinear hypothesis indicated that the probability of wind damage 
was significantly higher for trees with prior damage (odds ratio 4.32; CI[3.261, 5.977]) than for 
undamaged trees (reference level). Trees growing on peat (odds ratio 2.12; CI[1.43, 3.12]), drained 
peat (odds ratio 2.56; CI[1.91, 3.47]), and drained wet mineral soils (odds ratio 1.37; CI[1.02, 1.82]) 
had a higher probability of damage than trees growing on mineral soils (reference level). Results of 
the same model indicated that birch has a significantly lower probability of wind damage in stands 
dominated by pine (odds ratio 0.63; CI[0.45, 0.88]) than in stands dominated by all other tested tree 
species: birch (reference level), spruce (odds ratio 1.07; CI[0.77, 1.47]), aspen (odds ratio 1.18; 
CI[0.78, 1.77]), black alder (odds ratio 1.24; CI[0.78, 1.98]), grey alder (odds ratio 0.87; CI[0.34, 
1.99]), oak (odds ratio 1.08; CI[0.21, 4.35]), and goat willow (odds ratio 0.67; CI[0.03, 5.53]).

Fig. 1. The probability of wind damage to birch (Betula pendula and B. pubescens) in 
relation to the slenderness ratio (height (m) to the diameter at breast height (cm) ratio, 
HD–1), based on Latvian National Forest Inventory data. The 95% credible interval is 
represented by the grey area.
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The relative snapping height was significantly affected by two factors: the slenderness ratio 
HD–1 (F1423.3 = 4.74; p-value = 0.03) and prior damage (F1418.2 = 8.92; p-value = 0.003), as indi-
cated by the LMER analysis used to test our second hypothesis. The snapping height gradually 
decreased with an increasing slenderness ratio (Fig. 3). Prior damage had a significant negative 
influence on the snapping height (Table 3). Trees with prior stem damage were considerably more 
frequently (73%) snapped in the first 40% of their height than undamaged trees (54%) (Fig. 4).

Fig. 2. The probability of wind damage to birch (Betula pendula and B. pubescens) in 
relation to the age of dominant tree species in a stand, based on Latvian National Forest 
Inventory data. The 95% credible interval is represented by the grey area.

Fig. 3. The relative snapping height of birch (Betula pendula and B. pubescens) in 
relation to the slenderness ratio (height (m) to the diameter at breast height (cm) ratio, 
HD–1), based on Latvian National Forest Inventory data. The 95% confidence interval 
is represented by the grey area.
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4 Discussion

In this work, we summarized the effect of a tree- and stand-scale factors on the probability of wind 
damage to birch based on NFI sample plots in hemiboreal forests. In a previous study with a similar 
design, we assessed the probability of wind damage to Norway spruce in Latvia (Snepsts et al. 
2020). Although there are some differences between the results of our current and former studies, 
several tree- and stand-scale factors appear to have a significant influence on both spruce and birch.

For birch, the probability of wind damage increased with increasing stand age and basal 
area (Table 1 and Fig. 2). The risk of wind damage is enhanced with stand development when 
increasing stand age is associated with an increase in height, basal area, and standing volume, 
and greater wind loading is received (Valinger and Fridman 2011; Donis et al. 2018). Suvanto et 
al. (2016) also found that increasing stand age and basal area are significant factors that increase 
the probability of wind damage following autumn storms and thunderstorms. For spruce, the only 
significant factor was stand age, not basal area (Snepsts et al. 2020). We assume that this difference 
could be due to statistical rather than ecological factors, although there are well-known ecological 
differences between broadleaves and conifers regarding wind damage probability.

For broadleaves, vulnerability to wind damage varies greatly between seasons (Ikonen et al. 
2020). In our study, the structure of the NFI data precludes the attribution of the season when the 
damage occurred. In Northern Europe, the majority of strong winds occur during the autumn and 
winter seasons (Laapas et al. 2019) when the vulnerability of broadleaves is significantly lower, 

Table 3. Generalized linear mixed-effects model estimates of slenderness ratio (HD–1), 
prior damage, and crown height (h-crown) effects on relative snapping height for birch. 
Data obtained from National Forest Inventory in Latvia.

Variable Estimate SE t-value p-value

Intercept 0.532 0.048 10.98 <0.001
HD–1 −0.097 0.044 −2.18 0.03
h-crown (m) 0.001 0.003 −0.49 0.06
Prior damage (Damaged vs Not damaged) −0.090 0.030 −2.98 0.003

SE = standard error

Fig. 4. The proportion of snapped birch trees (Betula pendula and B. pubescens) ac-
cording to relative snapping height groups for previously damaged (black bars) and 
previously undamaged (light grey bars) trees, based on Latvian National Forest Inven-
tory data.
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hence, they generally experience less damage than conifers (Peltola et al. 2010). The rooting sys-
tems also have substantial differences between species (Kalliokoski et al. 2008), and shallow root-
ing systems are one of the primary reasons why Norway spruce has a high susceptibility to wind 
damage. The modification of rotation length is one of the adaptive silviculture management options 
to minimize wind damage risks associated with increasing stand age. By shortening the rotation 
length, the period when trees are most vulnerable to wind damage can be reduced (Donis et al. 2020).

Trees with higher slenderness ratio values had a higher probability of wind damage (Fig. 1) 
and a lower relative snapping height (Fig. 4). Several studies have agreed that a lower critical wind 
speed is needed to damage trees with a high slenderness ratio (Päätalo et al. 1999; Peltola et al. 
1999, 2000; Gardiner et al. 2000; Pukkala et al. 2016), hence, making stands with such trees more 
prone to wind damage. For spruce, however, a trend of increased susceptibility for trees with a 
lower slenderness ratio was found in our previous study (Snepsts et al. 2020). Similarly, spruce 
trees with a low slenderness ratio were found to have an increased probability of uprooting (Díaz-
Yáñez et al. 2017) and pooled damage of uprooting, stem breakage, and leaning (Valinger and 
Fridman (1997). Other studies have found no difference in slenderness ratio between uprooted, 
snapped, and undamaged trees for Sitka spruce (Dunham and Cameron 2000) and Norway spruce 
(Ilisson et al. 2005). Overall, these studies indicate that conifers with conical crown architecture 
might have a different effect of slenderness ratio on snapping and uprooting than broadleaves.

The lower snapping height for trees with high slenderness ratio values (Fig. 3) suggests 
that the value of recovered timber would be considerably lower due to the higher probability of a 
damaged first cut log. A similar relationship between the relative snapping height and slenderness 
ratio has also been observed for spruce (Snepsts et al. 2020), suggesting that this association is 
similar between coniferous and broadleaved tree species in hemiboreal forests.

In general, the slenderness ratio is closely linked to the stand development and can be shaped 
by silvicultural practices (Valinger and Fridman 2011; Bošeľa et al. 2014). One of the adaptive 
management options to increase stand resistance to wind disturbances is thinning, which, in the 
long term, enhances the growth of above- and below-ground biomass. Following thinning, espe-
cially in young stands, trees acclimate to a higher wind load by enhancing their diameter growth, 
which decreases the stem taper (Peltola et al. 2007), and by changing the shape and allocation of 
their root system, which improves anchorage (Ruel et al. 2003).

The prior damage significantly increased the probability of wind damage and reduced the 
snapping height of wind-damaged trees (Tables 1 and 3); a similar observation was also reported for 
spruce (Snepsts et al. 2020). Studies have revealed that resistance to wind damage is significantly 
negatively affected by stem damage or defects (Peltola et al. 2000; Snepsts et al. 2020), which 
reduces the mechanical stability, wood strength, and/or vitality of the trees (Wood 1995; Peltola 
et al. 2000). Through the stem wounds, fungi can infect silver birch, often causing discoloration 
(Vasaitis et al. 2012) and occasionally leading to decay that negatively affects the mechanical 
properties of the wood (Terho et al. 2007). For spruce, stem wounds can be easily infected by 
decay-causing fungi (Burneviča et al. 2016), which can deteriorate wood after only a few years 
and significantly decrease the mechanical stability of the tree (Krisans et al. 2020). Infestation by 
decay-causing fungi is less likely for birch than for spruce.

Even without infestation stem wounds are likely to decrease the vitality of the tree, there-
fore increasing the probability of wind damage. Studies show that stem damage reduces the wood 
strength of the stem section which is close to it (Welch and Scott 2008), likely explaining the lower 
snapping height of the damaged birch (Fig. 4) and spruce (Snepsts et al. 2020) trees. In our study, 
most of the prior stem damage was located within the first two meters from the ground, due to 
either cervids or an anthropogenic origin. A higher proportion of prior-damaged trees that break 
within the first 20% of the tree height (Fig. 4) significantly decreases the value of the recovered 
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timber because the first log, i.e. the most valuable assortment, is damaged (Welch and Scott 2008; 
Dubrovskis et al. 2018).

The dominant tree species had a significant effect on the probability of wind damage 
(Table 1). The probability of wind damage for birch was significantly lower in stands dominated 
by pine, corresponding with earlier studies showing that a slightly higher critical wind speed is 
needed to cause damage to pine than birch (Peltola et al. 2010; Donis et al. 2018). The positive 
effect of a pine admixture on lowering the probability of wind damage is also observed for spruce 
(Valinger and Fridman 2011; Snepsts et al. 2020). Several studies have shown that the admixture 
of wind firm tree species has a positive effect on the wind stability of a stand (Schelhaas 2008). 
The improved stability of birch and spruce in an admixture of pine could be attributed to deeper 
root systems, which form in response to competition (Schmid and Kazda 2001; Kalliokoski et al. 
2008) and could enhance the wind stability of a stand. In addition, mixed stands are more likely 
to have heterogeneous stand structure that is less susceptible to uprooting damage (Díaz-Yáñez et 
al. 2017). Studies show that higher stand heterogeneity in birch-dominated stands (birch > 70% 
of basal area) decreases damage probability in comparison to spruce- and pine-dominated stands 
(Díaz-Yáñez et al. 2019). This suggests that, in addition to pine, both birch and pine admixtures 
improve overall stand stability. The NFI sampling design used in our study is not suitable to assess 
the influence of different proportions of admixture on the overall stand stability against wind 
disturbances.

The significantly higher probability of wind damage for birch in site types on peat, drained 
peat, and drained mineral soils could be linked to poorer root anchorage. Many studies have 
shown that root anchorage is one of the most important aspects determining vulnerability to wind 
damage (Nicoll et al. 2006; Peltola 2006; Fourcaud et al. 2008). Generally, lower critical wind 
speed is needed to damage trees on soils where root system development is restricted by a high 
groundwater level or other factors (Nicoll et al. 2006; Zubizarreta-Gerendiain et al. 2012). A higher 
probability of wind damage for birch in site types on drained soils could be linked to the condition 
of the drainage system and soil nutrition. In site types on drained soils in hemiboreal forests, the 
growth and vitality of trees can be hampered by a lack of soil mineral elements, such as potassium 
(Bārdule et al. 2009; Klavina et al. 2016). Tree growth on drained soils can be negatively affected 
by an unstable soil-water table, which can significantly fluctuate due to meteorological conditions, 
management practices, and the gradual deterioration of properly unmanaged ditch system (Jutras 
et al. 2006; Hökkä et al. 2008, 2012; Sikström and Hökkä 2016). We assume that trees might need 
to constantly adapt to changing site conditions, due to fluctuations in the groundwater table that 
could compromise their resistance to wind damage.

Studies that followed the windstorm ‘Gudrun’ in 2005 have revealed higher amounts of wind 
damage on peat soils than on mineral soils in hemiboreal forests (Donis et al. 2018). Contradicting 
results were obtained in boreal forests in Finland, where the probability of wind damage following 
windstorms was lower on organic soils than that on mineral soils (Suvanto et al. 2016). These 
contradicting results between boreal and hemiboreal forests could be linked to differences in the 
organic soil structure (the depth of the peat layer and the composition of the peat), groundwater 
level, and tree-species composition. In addition, the probability of wind damage is shaped by tree 
species-specific acclimatization to growth on peat soils (Nicoll and Ray 1996): in Finland, the 
probability of wind damage was assessed for spruce and pine (Suvanto et al. 2016), whereas in 
our study, it was assessed for birch.

Our data did not allow a separation between downy and silver birch; however, studies have 
shown that these two species differ in several morphological aspects related to wind resistance, 
such as wood anatomy. Downy birch prevails on moist and peat soils, whereas silver birch prevails 
on mineral soils (Hynynen et al. 2010). Thus, species could be one of the factors affecting wind 
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resistance on different soil types. Unfortunately, no current studies on the differences in wind 
resistance exist between these two species.

Previous management within the last five years was not a significant factor in the model, 
a finding which resembles the results in a study of spruce (Snepsts et al. 2020). Several studies 
have shown that previous management is a significant factor, affecting the tree- and the stand-
scale probability of wind damage (Zeng et al. 2004, 2006; Valinger and Fridman 2011; Donis et 
al. 2018). Additionally, information about tree cutting in NFI data is recorded within the sample 
plots, while information about management activities in neighboring stands is not, precluding a 
full examination of the potential influence of this factor on the probability of wind damage.

5 Conclusions

Our results reveal that the probability of wind damage for birch is shaped by several individual 
tree- and stand-scale factors, which are interconnected and change over stand development. Prior 
damage had a significant effect on both the probability of wind damage and the snapping height 
of wind-damaged trees. To increase the overall resistance of a stand to wind damage, trees with 
lower individual wind stability due to stem or root damage and high slenderness ratios should be 
removed during thinning or selective cuts. Alternatively, a management regime that minimizes 
the probability of mechanical damage to slender trees should be applied: lower initial spacing and 
few to no commercial thinning. The site type and tree-species admixture in the stand also had a 
significant influence; however, further studies are needed to obtain a deeper understanding of the 
individual and stand-scale resistance to wind damage before any practical recommendations could 
be proposed.
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