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Abstract

Strong wind is an important natural disturbance in temperate forests causing dama-
ge, stand gaps, soil disturbance and changes in vegetation composition. The aim of 
the current study was to assess the effect of forest roads as man-made infrastructures 
on the frequency and type of wind damage in the Hyrcanian forest in Iran. To do this, 
all the damaged trees were examined on both uphill and downhill sides of roads and 
the type of the damage (broken or windthrown), the horizontal distance between 
trees and road, diameter at breast height (DBH), tree species (mostly Oriental beech 
Fagus orientalis and European Hornbeam Carpinus betulus), height of breakage and 
slope of terrain were recorded for each damaged tree. We used a chi-square test of 
goodness-of-fit to assess the effect of road, DBH and slope on the frequency of dama-
ged tress and logistic regressions to model the effects of different factors on the type 
of wind disturbance. Our results suggest that the frequency of damaged trees redu-
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ced with increasing distance from the road, i.e. frequency of damaged trees in 0-25 
m distance class was about 7.4 times of that in 75-100 m. The frequency of damaged 
trees increased also with increasing slope and DBH and the highest number of da-
maged trees were observed in DBH class of 67.5-87.5 cm. Beech trees were mostly 
broken (87 %), while hornbeam trees showed higher percentage of windthrow (58 %) 
compared to beech trees. The results of logistic regressions indicated that one-unit 
increase in the distance from the road leads to 0.74 % increase in the probability of 
windthrow for both species. Surprisingly the probability of windthrow for hornbe-
am is about 4.3 times higher compared to beech at the same distance. In contrast 
the probability of wind breakage decreased with increasing distance from the road 
for both species and beech were more frequently broken than hornbeam. Climate 
change is expected to intensify natural disturbances and thus risk analysis of wind 
disturbance require increased attention in road planning and maintenance opera-
tions to reduce costs and increase safety in the future.

Zusammenfassung

Starke Winde sind eine wichtige natürliche Störung in temperierten-gemäßigten 
Wäldern, die Schäden, Bodenlücken, Störungen des Bodens und Änderungen in Ve-
getationszusammensetzung verursachen. Ziel dieser Studie war es, die Auswirkun-
gen von Forststraßen als von Menschen gemachte Infrastruktur auf die Häufigkeit 
und Art von Windschäden im Hyrkanischen Wald im Iran zu untersuchen. Zu diesem 
Zweck wurden alle beschädigten Bäume bergauf- und bergabseitig von Forststraßen 
untersucht und die Art des Schadens (Bruch oder Windwurf ), der horizontale Abstand 
von Baum zu Straße, der Brusthöhendurchmesser (BHD), die Baumart (überwiegend 
Orientbuche Fagus orientalis and Hainbuche Carpinus betulus), die Bruchhöhe und 
die Geländeneigung für jeden beschädigten Baum aufgezeichnet. Wir verwendeten 
einen Chi-Quadrat-Test der Passgenauigkeit, um die Auswirkung von Straße, Brust-
höhen- und Neigungsdurchmesser auf die Häufigkeit der beschädigten Locken zu 
bewerten und eine logistische Regression, um die Auswirkungen verschiedener Fak-
toren auf die Art der Windstörung zu modellieren. Unsere Ergebnisse zeigten, dass 
die Häufigkeit von beschädigten Bäumen mit zunehmenden Abstand zur Straße 
sich verringert, d. h. die Häufigkeit von beschädigten Bäumen in 0-25 m Entfernung 
betrug etwa das 7,4-fache der Häufigkeit in 75-100 m. Die Häufigkeit geschädigter 
Bäume nahm auch mit zunehmender Hangneigung und BHD zu und die höchste An-
zahl geschädigter Bäume wurde in der BHD-Klasse 67,5-87,5 cm beobachtet. Buchen 
sind überwiegend gebrochen (87 %), während Hainbuchen einen höheren Anteil an 
Windwürfen aufwiesen (58  %) als Buchen. Die Ergebnisse der logistischen Regres-
sion zeigten, dass eine Erhöhung Entfernung von der Straße um eine Einheit zu einer 
um 0,74 % höheren Wahrscheinlichkeit für Windwurf für beide Arten führt. Die Wahr-
scheinlichkeit für Windwurf einer Hainbuche ist jedoch etwa 4,3-mal höher als für 
eine Buche bei gleicher Entfernung. Im Gegensatz dazu nahm die Wahrscheinlichkeit 
eines Windbruchs bei beiden Arten mit zunehmendem Abstand zur Straße ab und 
Buchen wurden häufiger gebrochen als Hainbuchen. Klimawandel wird vermutlich 
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zu einer Intensivierung von natürlichen Störungen führen und daher bedarf es mehr 
Aufmerksamkeit für die Risikoanalyse von Windstörungen bei der Planung und In-
standhaltung von Straßen hinsichtlich zukünftiger Kosten und Sicherheit.

Introduction

Forest disturbances can be classified into physical and biological disturbances (Fi-
scher et al., 2013). Strong winds, snow breakage, snow avalanches, or fire are classified 
as physical disturbances, while biological disturbances may involve animal activities 
such as insect outbreaks, soil excavation (e.g. by wild boar), browsing (e.g. by deer, 
cattle or sheep) and mortality of trees caused by fungal diseases (e.g. oak dieback). 
Disturbances by humans, a rather new disturbance category, include both physical 
(e.g. felling of trees including clear-cutting, thinning and timber extraction, land use 
changing) and biological elements such as species selection and introducing of new 
species to the area (Fischer et al., 2013).

Damage to forest stands such as broken or windthrown trees due to high wind load 
(Sagi et al., 2019) are important physical natural disturbances affecting forests and 
may lead to serious disturbances to the ecosystem (Mitchell 2013; Magnabosco Marra 
et al., 2018; Dupont et al., 2018). Wind disturbance may lead to serious loss of econo-
mic value (Hanewinkel et al., 2013; Mitchell, 2013; Dupont et al., 2018), but also may 
simultaneously facilitate biodiversity (Thom and Seidl, 2016). Natural disturbances 
are key processes in all forest ecosystems influencing stand composition, biodiversity 
and trees physiology (e.g. transpiration) as well as their physical behavior (Zhu et al., 
2004; Fischer et al., 2013). Strong winds are among the most important disturbances 
in temperate forests causing gaps of varying sizes, which ultimately can cause soil 
disturbance, changes in microclimate and induce changes in vegetation communi-
ties (Ulanova, 2000). Wind disturbance on the other hand also can lead to establish-
ment of regeneration and consequently changes in forest structure (Samonil et al., 
2009, Thom and Seidl, 2016). Strong winds can blow down (i.e. windthrow) single 
trees, small groups of trees or in severe cases very large areas or entire catchments. 
Tree susceptibility to wind depend on various parameters such as wind condition, 
terrain, and tree dimensions (Gardiner, 1995; Schindler et al., 2010, 2013; Angelou et 
al., 2019). Non stand-replacing disturbances are one of the main natural processes 
creating an uneven-aged forest structure (Lorimer, 1989), and are important agents 
of gap expansion (Worrall et al. 2005). While various factors including root rot or di-
seases may lead to wind damage of trees, the wind appears to be the most important 
factor (Peterson, 2007).

The probability of wind damage is driven by the resistance/robustness of trees and 
forest stands against the wind and the frequency of strong winds (Bouchard et al., 
2009). Factors influencing the robustness of a stand include individual characteristics 
of trees, stand, soil, topography, and climate conditions (Stathers et al., 1994). Fac-
tors influencing the robustness of single trees include root system, angle of the main 
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branches of the stem, form factor, canopy density, stem health, canopy weight and 
exposure to wind (Baradaran Motie and Shakeri, 2012). Important characteristics of 
trees root system are root depth, root density and roots distribution (Abdi and Del-
jouei, 2019). The resistance to wind disturbances differs between tree species (Zhu et 
al., 2006). Abdi et al. (2011) concluded that among three main species of the Hyrcani-
an forest including hornbeam (Carpinus betulus), oriental beech (Fagus orientalis), and 
Persian ironwood (Parrotia persica), the density of hornbeam roots was the lowest 
among three species. Furthermore, Bagheri (2012) reported a significant relationship 
between the frequency of wind damage and tree species, where hornbeam was re-
ported to be more sensitive compared with oriental beech and Persian ironwood due 
to the superficial root system of hornbeam.

Damage due to severe winds in boreal, temperate, and mountainous forests did at-
tract the interest of numerous researchers in recent years (Zhu et al., 2006; Fischer et 
al., 2013; Mitchell, 2013). Many studies have been conducted in the temperate zone 
of Europe (Brunner, 2002, Fischer et al., 2013, Schonenberger et al., 2002) and in the 
boreal zone of Russia (Lassig and Mocalov, 2000; Ulanova, 2000). Windstorms in a 
mixed conifer and broadleaved forest showed that thrown of trees in forest ecosys-
tem created microsites with different soil characteristics and ultimately different ve-
getation communities (Phillips et al. 2008). Strong winds may also increase the speed 
of the succession by preferential felling of early-successional tree species in Minneso-
ta (Dyer and Baird, 1997). Samonil et al. (2009) revealed that the wind damage events 
caused significant changes in species composition of mixed forest of oriental beech 
in the Carpathian Mountains. 

To increase robustness versus winds, trees activate mechanisms, which result in in-
creasing cambium divisional activity on the leeward, and secondary growth may stop 
completely on the windward of the trunk, causing oval shape of the stem. Moreover, 
the root system tends to form more roots on the dominant leeward (Nicoll and Ray, 
1996). In addition, high road density, high trenches and excavations may cause da-
mage to the root systems of trees, and trees located in the roadside are more suscep-
tible to wind damage (Deljouei et al., 2017a). Limited root development of trees gro-
wing on shallow or saturated soil may also increase the probability of wind damage. 
In the case of heavy rains before the strong winds, trees are more likely to be thrown, 
whereas in dry soils, the trunk will be more likely to break. In older trees with root 
diseases and stem decay, the potential of stem breakage near the ground surface is 
higher. Some studies indicated that thrown is more prevalent in comparison to the 
two types of breakage from the upper and lower parts of the trunk (Bagheri, 2012). 
Moreover, the trees broken at a height of above two meters had significantly higher 
diameters than windthrown trees (Bagheri, 2012). 

Forest road construction is an intense interference in the forest, which influences the 
microclimate in the stand (Formann et al., 2003; Perz et al., 2007). So far, numerous 
studies have investigated the impact of forest roads on the composition and diversity 
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of plant species, soil condition, and the activity of the soil micro-organisms of adja-
cent stands (e.g., Deljouei et al., 2017b, 2018). However, no study has been carried out 
on the potential effect of roads on wind damage in forests. The main aim of this study 
was to assess the effect of road on the frequency and type of wind damaged trees in 
a part of the Hyrcanian forest in northern Iran. We also wanted to assess whether the 
probability of the type of wind disturbance (i.e. broken or windthrown) is associated 
with variables related to tree species, distance from the road, site slope, diameter at 
breast height (DBH) of the damaged trees and the position of the trees in relation to 
the road (upside or downside of the road).

Materials and methods

Study site

The study was conducted in the second district (called ‘Namkhane’) of the educatio-
nal and experimental forest of the University of Tehran (Kheirud Forest), in the central 
part of the Hyrcanian forest in northern Iran. The district, covers an area of about 
1083 ha Fageto-Carpinetum forest type, with 53.68 % beech, 35.03 % hornbeam and 
11.29 % other species (including Acer cappadocicum, Alnus subcordata, Diyospyrus lo-
tus, Fraxinus excelsior, Parrotia persica, Tilia begonifolia and Ulmus glabra). The mean 
number of stems per hectare, basal area and standing volume per hectare in the 
road adjacent compartments are 212, 29.38 m2ha-1 and 443 m3ha-1 respectively. The 
composition of species includes Fagus orientalis (53.68 %), Carpinus betulus (35.03 %), 
Acer velutinum (4.65 %), Quercus castaneifolia (1.02 %) and other species 5.62 %. The 
percentage of volume among species is as follow: Fagus orientalis (58.98 %), Carpinus 
betulus (25.85 %), Acer velutinum (6.63 %), Quercus castaneifolia (3.25 %) and other 
species 5.29 %. Elevation ranges from 350 to 1350 m above sea level, while the slope 
ranges from 0 to 80 degrees. The parent rock is composed of hard calcareous layers 
with a large number of cracks and the soil is generally Alfisol according to USDA soil 
taxonomy (Forest management plan, 2015). Average annual precipitation at the site 
is about 1081 mm, with average summer and winter temperatures of 22.5  °C and 
10 °C, respectively. The current silvicultural system is the “selection system”, which is 
considered to ensure sustainable management and yields. The future of the forest 
highly depends on natural regeneration in gaps. The road network of the district is 
consisting of main and secondary forest roads that were constructed in 1989 and 
therefore are 30 years old (Figure 1). The current research was conducted considering 
main roads with 5.5 m width, gravel surfacing and longitudinal gradient of 3-8 %. The 
total length of the forest road network in the district is 15.8 km. A segment with 5700 
m length of main road was selected for the current study.
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Figure 1: A typical part of the road network (left). Sometimes wind damaged trees can cause problem for 
traffic and safety (right).

Abbildung 1: Ein typischer Teil des Straßennetzes (links). Manchmal verursachen Windwurfbäume 
Verkehrs- und Sicherheitsprobleme (rechts).

Data collection

A road segment with 5700 m length was selected from the main forest road network 
of the study area and all wind damaged trees at both sides of the road (i.e. up and 
downhill sides) were recorded in a buffer of 100 meters. The wind damaged trees 
were fallen over years and were not related to a one wind event. The age of storm 
events is estimated to be up to 10 years. Some descriptive statistics of 120 sampled 
trees are presented in table 1.
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Table 1: Descriptive statistics of wind damaged trees (n=120).

Tabelle 1: Beschreibende Statistik von vom Wind geworfenen Bäumen (n = 120).

As the selected length of the road was 5700 m, an area of about 114 ha was survey-
ed (Figure 2). Parameters such as the distance of stumps from the road, diameter at 
breast height, tree species, wind damaged type (windthrown or broken), breaking 
height, site slope, visual qualitative examination and stumps coordination (in UTM 
system) of the damaged trees were collected. Damaged trees were usually among 
the largest stand trees. 
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Figure 2: Study area, road network and samples.

Abbildung 2: Untersuchungsgebiet, Straßennetz und Stichproben.

Analyses

The observed data for distance from the road, diameter at breast height and site slope 
were transformed from continuous observations into categories. Distance from the 
road was grouped into four categories defined as 0-25, 25-50, 50-75, and 75-100 m; 
the diameter at breast height was classified to five categories defined by 12.5-27.5, 
27.5-47.5, 47.5-67.5, 67.5-87.5, and 87.5- 107.5 cm and site slope was classified into 
two categories as: 0-15 % and 15-30 %. A chi-square test of goodness-of-fit was per-
formed to determine whether the frequency of wind damaged trees were equally 
distributed in the different categories of distances and site slope. 

Logistic regression was used to assess the effects of different factors on the type of 
wind damaged trees (windthrown or broken). Using the subset of dataset with beech 
and hornbeam as the most frequent samples, which contains 114 observations (95 % 
of total disturbed trees), we modeled wind disturbance type as a function of five pre-
dictors as follows (Hosmer et al., 2013).
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where p is the probability that damage will occur, 1-p is the probability that it will not 
occur, α is the intercept, β refers to the coefficients and x represents the independent 
variables (distance from the road, diameter at breast height and site slope). It was 
usually concerned with the predicted probability of an event occurring and that is 
defined by:

Considering the unbalanced dependent variable, the method suggested by King and 
Zeng (2001, 2004) was used to get better parameter estimates. The variables colli-
nearity was investigated using variance inflation factor (VIF) and only variables with 
VIF less than 5 were included in the model. A Wald test was used to evaluate the 
statistical significance of each coefficient in the model. Testing the null hypothesis 
that the set of coefficients is simultaneously zero for final model was implemented 
using likelihood ratio test. There are several ways to assess the predictive ability of 
each model. While no exact equivalent to the R-square of linear regression exists, Mc 
Fadden Pseudo R-squared was used to assess the model fit (McFadden, 1974, 1977). 
The measure ranges from 0 to 1, with values closer to zero indicating that the model 
has no predictive power and the measure between 0.2 and 0.4 are considered to in-
dicative of good model fits (Louviere et al., 2000). Classification tables (also called a 
confusion matrix) can also be used to assess the number of correct prediction within 
each response class at a chosen cut off probability. The optimal cutoff was calculated 
to minimize the misclassification error for the model. The model prediction accuracy 
indices including classification accuracy, classification specify and classification sen-
sitivity were calculated based on classification table.

A Receiver Operating Characteristic Curve (ROC) is another measure of model per-
formance (Agresti, 2002, Metz, 1978). The Area under the Curve (AUC), is an accep-
ted traditional performance metric for a ROC curve. The measure ranges from 0.50 to 
1.00. An area of 1 under the ROC curve represents a perfect model, while an area of 
0.5 represents a worthless model. 

When evaluating models, it is common to assess the model performance using com-
pletely new/independent set of observations that have not been used in model fit-
ting. When not having an independent dataset, a method for the evaluation, is to 
perform a leave-one-out cross-validation. By using this technique, one observation 
is held out for testing the model while the others are used to fit the model and then 
the model is used to predict the target variable for that observation. This process is 
repeated to the number of observation times, and the performance of the model in 
predicting the left out set being evaluated using performance metrics. 
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Results

Total number of wind damaged trees in different distance classes from the road are 
presented in Figure 3. The results revealed that the number of wind damaged trees 
decreased with increasing the distance from the road, and damaged trees in 0-25 m 
was about 7.4 times higher than 75-100 m distance class. R-squared of fitted model 
(0.97) showed that a high proportion of variation in the frequency of wind damaged 
trees in each distance class is justified by this model where the x is midpoint of each 
distance class.

Figure 3: Frequency of the wind damaged trees at different distance classes from the road.

Abbildung 3: Häufigkeit der vom Wind geworfenen Bäume in verschiedenen Entfernungsklassen von 
der Straße.

The relationship between the frequency of the wind damaged trees and diameter 
classes revealed that generally wind damaged trees frequency increased by increa-
sing tree diameter, and the only exception is diameter class of 87.5-107.5 cm (Figure 
4). The highest frequency belongs to 67.5-87.5 cm DBH class with 45 samples in this 
class.
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Figure 4: Frequency of wind damaged trees at different diameter at breast height classes.

Abbildung 4: Häufigkeit windgeworfener Bäume mit unterschiedlichem Durchmesser in 
Brusthöhenklassen.

The frequency of wind damaged trees at two slope classes (0-15° and 15-30°) shows 
that the number of damaged trees were higher in 15-30° slope class with 98 obser-
vations versus 16 observations for 0-15°. A chi-square test of goodness-of-fit was 
performed to determine whether the frequency of wind damaged trees were equal-
ly distributed in the two categories of slope classes. The result indicated that wind 
damaged trees were not equally distributed within the slope classes, (X2 = 60.965, 
df = 1, p < 0.01).

The percentage of damaged trees regarding tree species showed that the highest 
damage category for oriental beech was broken trees (87  %) while for hornbeam, 
windthrown observations were higher (58 %), 

Assessing the breaking height of the wind damaged trees demonstrated that the ma-
jority of the trees were broken at less than 3 m height in all distance classes (Figure 5).
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Figure 5: Percentage of breakage height of the broken trees at different distances from the road.

Abbildung 5: Prozentsatz der Bruchhöhe der vom Wind geworfenen Bäume in unterschiedlichen 
Abständen von der Straße.

The percentage of total wind damaged trees regarding the type of damage (wind-
thrown or broken) in different distances from the road showed that the number of 
broken trees decreased with increasing distance from the road, however, we found 
the opposite for windthrown trees (Figure 6).

 
Figure 6: Percentage of windthrown and broken trees at different distances from the road.

Abbildung 6: Prozentsatz der entwurzelten und abgebrochenen Bäume in unterschiedlichem 
Abstand von der Straße.
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The parameter estimates, odd ratios and statistical significance of final logistic re-
gression coefficients are presented in Table 2. Non-significant variables such as the 
position of the trees in relation to the road were excluded from the model in the 
process of model development in a backwards elimination. According to the Table 1, 
both distance and species explain a significant amount of variation in the probability 
of wind damage type (p < 0.05).

Table 2: Parameter estimates odd ratios and statistical significance of regression coefficients.

Tabelle 2: Parameterschätzungen für ungerade Verhältnisse und statistische Signifikanz von 
Regressionskoeffizienten.

The regression equation is:

It is estimated that for every one-unit increase in the distance, the odds of having 
windthrown trees increases by 1.05. The odds-ratio of windthrown for hornbeam 
compared to beech of the same distance is 11.37. Thus the odds of windthrown is 
about 11.37 times greater for hornbeam than beech of the same distance. To simplify 
this, we assumed that the rate of probability changes for an event is constant across 
the range of distances. Based on this assumption, one-unit increase in the distance 
from the road leads to 0.74 percent increase in the probability of being wind thrown 
for both species. However, probability of being wind thrown for hornbeam trees is 
about 4.3 times of that for beech trees at the same distance. In contrast, beech sho-
wed more broken trees than hornbeam and the probability of wind breakage decrea-
sed with increasing distance from the road for both species (Figure 7).
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Figure 7: Predicted probability based on logistic regression.

Abbildung 7: Prognostizierte Wahrscheinlichkeit basierend auf logistischer Regression.

The chi-square statistic shows significant difference between the null deviance and 
the residual deviance of the model (p <0.05). This indicates that the model gives a 
significant improvement over the baseline intercept-only model (Table 3).

Table 3: Model fit statistics from logistic regression model.

Tabelle 3: Modellanpassungsstatistik aus dem logistischen Regressionsmodell.

Mc Fadden Pseudo R-squared was 0.31 that is an indicative of good model fit. The op-
timal cutoff to minimize the misclassification error was 0.35. Classification table was 
constructed based on predicted values from leave-one out cross validation (Table 4). 
The model performance metrics are presented in Table 5. The final model accurately 
predicted 83 % of observation using leave-one out cross validation, which is a satis-
fying performance. The area under the ROC curve (0.85) is also an acceptable result.
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Table 4: Classification table based on leave-one-out cross validation.

Tabelle 4: Klassifizierungstabelle basierend auf einer einmaligen Kreuzvalidierung.

Table 5: Model performance based on leave-one-out cross validation.

Tabelle 5: Modellleistung basierend auf einer einmaligen Kreuzvalidierung.

 

Discussion

The findings of this study revealed that with increasing distance from the road, the 
number of the wind damaged trees decreased, so that the number of the wind da-
maged trees in the distance of 0-25 m was three times higher than other distances. As 
these forests are managed, it is also possible that the higher windthrow probability is 
an effect of more intense management closer to the forest road. Whenever, the wind 
enters to the open corridors (such as road corridor), it moves rotationally and causes 
more damage (Bagheri, 2012). In agreement to our findings, Stathers et al. (1994) de-
monstrated that wind damage usually occurs on the downwind edge of cutblocks/
cut areas and can extend into the stand for 100 m, although most damage was usu-
ally concentrated within the first 10-20 m of the boundary of the cut area. However, 
the power and speed of the wind reduces with increasing distance from the road/cut 
area. Canopy density and its area against wind are among the most important factors 
in the wind damage of trees (Baradaran Motie and Shakeri, 2012), so the trees closer 
to the road are more likely to be damaged due to their larger canopy area compared 
to the trees at further distances from the road. In this regard, the damaged trees were 
extracted from forest for providing rural fuelwood after the first inventory phase and 
unfortunately we could not conduct the canopy measurements.
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Generally, the diameter distribution in uneven age forests such as the study area 
has a negative exponential trend, resulting in a low number of large trees (Forest 
management plan, 2015). An examination of the wind damaged trees in terms of 
diameter classes showed that, with increasing diameter, the percentage of the wind 
damaged trees increased, however, this trend is not observed in the diameter class 
of 87.5-107.5 cm. The qualitative examination of wind damaged trees revealed that 
the hollowness of the trees in the study area have exacerbated the wind damaged 
events. Therefore, trees with diameter classes of 60 cm or higher were more likely to 
break due to increased hollow volume. The low number of the wind damaged trees 
in the diameter classes over 90 cm observed in this study was logical, considering the 
diameter distribution curve, which has a decreasing trend, resulting in trees over 90 
cm DBH being rare trees compared to smaller ones. Trees with lower diameters, albeit 
their larger number in uneven age natural stands, were less likely to break due to 
higher elasticity, being healthy and lack of hollowness in the stem. Scott and Mitchell 
(2005) also found that tree DBH was positively correlated with probability of wind 
damage. Also, Peterson (2004) predicted the wind damage status of 90 % of trees 
within five stands in USA damaged by severe thunderstorms using only tree species 
and DBH.

Topographic factors significantly affect the overall pattern of tree damage by wind, 
as the wind damage increases with increasing slope gradient (Zhu et al., 2006). In the 
inclined surfaces, the tree’s resistance to stress is less, and in case the wind is in the 
same direction of the hillside, the severity of damage is higher. In this study, the num-
ber of the wind damaged trees increases with increasing slope gradient. However, 
the results of logistic regression analysis revealed that the slope did not have a signifi-
cant effect on the type of the wind damage. Nevertheless, the results may be affected 
by the limited range of the slope variation in the studied area adjacent to the road.

According to the logistics model, the probability of broken trees decreases with in-
creasing distance from the road for both hornbeam and beech trees. A tree trunk may 
break when the root resistance is higher than the trunk resistance to the wind. Decay 
or hollow part in the trunk is the most important factor influencing on trunk resis-
tance. If the diameter of the hollow part of the tree trunk exceeded 40 % of the total 
stem diameter, the rate of breaking of the trees would increase suddenly (Baradaran 
Motie and Shakeri, 2012). Half of the broken trees in the first three distance classes 
were broken at a height of less than 3  m, indicating that these trees were hollow 
in the lower section and they could not withstand the wind. Higher number of the 
trees with hollowness problem near the road could be due to damage to these trees 
during road construction and skidding or stone-to-tree stem collisions or the burial 
of the tree collars in the road’s embankment. Old trees with root diseases and stem 
decay increase the possibility of the trunk breakage near the surface of the ground 
(Bagheri, 2012).

In contrast to the breakage damage, the percentage and probability of windthrown 
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get larger with increasing the distance of trees from the road for both hornbeam and 
beech trees. The inverse relationship between the ratio of broken and windthrown 
trees with the distance from the road can be probably attributed to the fact that trees 
far from the road have less damage and decay problems in their trunk and as a result 
that their trunk have more resistance against the breakage (Mitchell, 2013), howe-
ver, strong winds can throw them. Furthermore, trees closer to the road usually have 
more access to the light and probably allocate more biomass for their root systems 
than the trees inside the stand (Bagheri, 2012).

Based on explorative analyses, for the oriental beech, most of the wind damaged 
trees were broken and least of them were thrown. However, for hornbeam, the rate of 
windthrown trees was greater than that of broken ones. These results are in line with 
the results of the study by Bagheri (2012). Comparison of the type of wind damage 
between oriental beech and hornbeam based on logistic regression also indicated 
that, the probability of windthrown for hornbeam was higher than that for beech 
trees at the same distance. In contrast, beech trees exhibited more broken trees com-
pared to hornbeam at the same distance. Broken or windthrown damage among dif-
ferent species depends on the threshold of resistance of the trees and stand against 
wind (Bouchard et al., 2009), individual characteristics of trees, mass, soil, topography, 
and climatic conditions (Stathers et al., 1994). The oriental beech species has a more 
developed root system compared with hornbeam, however, its stem is usually decay-
ed and hollow, with a physical structure that is broken more easily (Mitchell, 2013). 
Therefore, the higher rate of windthrown in hornbeam species compared to oriental 
beech could be due to the fact that this species has a superficial root system (Baghe-
ri, 2012) and roots with lower diameter and lower resistance compared with orien-
tal beech (Abdi et al., 2011). The most important parameters affecting root system 
are rooting depth, root diameter and distribution of roots with the highest effect on 
the resistance of trees against wind. Regarding the implications, considering the ex-
pected effect of climate change in intensifying natural disturbances (Haughian et al. 
2012; Seidl et al. 2017), risk analysis of wind disturbance requires increased attention 
in road planning and maintenance operations in terms of costs and safety in the fu-
ture. Generally, as disturbances cannot be prevented, any treatment (e.g. modifying 
the height, spacing or species of edge trees) that avoid abrupt forest edges is likely 
to be beneficial (Gardiner and Stacey, 1996). As Gardiner and Stacey (1996) showed, 
even a narrow modified strip around the forest edge can be effective in reducing the 
risk of wind damage. Wind damage may be reduced through a framework of general 
risk management through identifying spatially susceptible areas for wind disturban-
ce (Mitchell, 2013) and also protection of edges like forest roads may be achieved by 
planting tapered or graduated density edges. Also the main wind direction could be 
considered when building future new forest roads.
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Conclusion

We assessed the effect of forest roads on the frequency and type of wind damaged 
events in a part of the Hyrcanian forest. The results revealed that the frequency of 
wind damaged trees were reduced by increasing the distance from the road, alt-
hough their frequency were increased with increasing site slope and stem diameter. 
Also the results indicated that the probability of thrown trees increases with increa-
sing distance from the road for both hornbeam and beech trees. However, the proba-
bility of thrown for hornbeam was higher than that for beech at the same distance. 
In contrast, beech trees showed more breakage than hornbeam and the probability 
of wind breakage decreased with increasing distance from the road for both species. 
Further studies on the effect of road on wind damaged trees should consider addi-
tional factors such as canopy density and area and height/diameter coefficient that 
might influence the frequency of damage.

References

Abdi, E., Majnounian, B., Rahimi, H., Zobeiri, M., Habibi Bibalani, G. 2011. Intraspecies 
variations of tree root tensile strength as Eco-Engineering materials in local scale 
(Case study: Kheyrud Forest). Journal of Natural Environment, 64(2): 137–144.

Abdi, E., Deljouei, A. 2019. Seasonal and spatial variability of root reinforcement in 
three pioneer species of the Hyrcanian forest. Austrian Journal of Forest Science, 
3: 175-198.

Agresti, A., 2002. Categorical Data Analysis. 2nd Edition, John Wiley & Sons Inc.
Angelou, N., Dellwik, E., Mann, J. 2019. Wind load estimation on an open-grown Euro-

pean oak tree. Forestry, 92: 381–392.
Bagheri, R. 2012. Investigating the relationship between trees and topographic cha-

racteristics, mass structure in Shasht Kalate forest of Gorgan. Master of Science the-
sis, Forest Science Faculty, Gorgan University of Agricultural Science and Natural 
Resources, Iran.

Baradaran Motie, J., Shakeri, M. 2012. Developing a Practical Mathematic Model, to Es-
timate Strength and Factor of Safety of Embowed Crown Trees, Against Wind Force. 
Journal of Horticulture Science, 26(3): 238–245.

Bouchard, M., Pothier, D., Rule, JC. 2009. Stand replacing windthrow in the boreal fo-
rests of eastern Quebec. Canadian Journal of Forest Reearch, 39(2): 481–487.

Brunner, A. 2002. First results from a new experiment on natural restocking of storm-fel-
led forests in Denmark. In: Brunner A (ed) Restocking of storm-felled forests: new 
approaches. Skov & Landkab Report 12, pp. 61–66.

Deljouei, A., Hosseini, SAO., Sadeghi, SMM. 2017a. Relation between mass movement 
and trees on slope stability. Forest and Rangeland, 107: 63–68.

Deljouei, A., Abdi, E., Marcantonio. M., Majnounian, B., Amici, V., Sohrabi, H. 2017b. The 
impact of forest roads on understory plant diversity in temperate hornbeam-beech 
forests of Northern Iran. Environmental Monitoring and Assessment, 189(8): 392.

Deljouei, A., Sadeghi, SMM., Abdi, E., Bernhardt-Römermann, M., Louise Pascoe, E.,Mar-



 Modeling wind-driven tree mortality: the effects of forest roads  Seite 19

cantonio, M. 2018. The impact of road disturbance on vegetation and soil proper-
ties in a beech stand, Hyrcanian forest. European Journal of Forest Research, 137: 
759-770.

Dupont, S., Défossez, P., Bonnefond, JM., Irvine, MR., Garrigou, D. 2018. How stand tree 
motion impacts wind dynamics during windstorms. Agricultural and Forest Me-
teorology, 262: 42–58.

Dyer, JM., Baird, PR. 1997. Wind disturbance in remnant forest stands along the prai-
rie-forest ecotone, Minnesota, USA. Plant Ecology, 129: 121–134.

Fischer, A., Marshall, P., Camp, A. 2013. Disturbances in deciduous temperate forest 
ecosystems of the northern hemisphere: their effects on both recent and future 
forest development. Biodiversity and Conservation, 22: 1863–1893.

Forest management plan 2015. Educational and experimental forest of the University 
of Tehran, 483 p.

Forman, TT., Sperling, D., Bissonette, J., Clevenger, A., Cutshall, C., Dale, V., Fahrig, L., 
France, R., Heanue, K., Goldman, C., Jones, J., Swanson, F., Turrentine, T., Winter, T. 
2003. Road Ecology: Science and Solutions, Island Press.

Gardiner, BA. 1995. The interactions of wind and tree movement in forest canopies. 
In Wind and Trees. Coutts M.P. and Grace J. (eds). Cambridge University Press, pp. 
41–59.

Gardiner, B. A., Stacey, G. R. 1996. Designing forest edges to improve wind stability. 
Common Wealth Forestry Review, 75, 349-349.

Hanewinkel, M., Cullmann, D., Schelhaas, M., Nabuurs, G., Zimmermann, N. 2013. Cli-
mate change may cause severe loss in the economic value of European forest land. 
Nature Climate Change, 3: 203–207.

Haughian, S. R., Burton, P. J., Taylor, S. W., Curry, C. 2012. Expected effects of climate 
change on forest disturbance regimes in British Columbia. Journal of Ecosystems 
and Management, 13(1): 1-24.

Hosmer, Jr., D, W., Lemeshow, S., Sturdivant, RX. 2013. Applied Logistic Regression. 
Third Edition, John Wiley & Sons publication, Hoboken, NJ 528 p.

King, G., Zeng, L. 2001. Logistic Regression in Rare Events Data. Political Analysis, 9: 
137–163.

King, G., Zeng, L. 2004. Inference in Case-Control Studies. In Encyclopedia of Biophar-
maceutical Statistics, edited by Shein-Chung Chow, 2nd ed. New York: Marcel Dek-
ker.

Lassig, R., Mocalov, SA. 2000. Frequency and characteristics of severe storms in the 
Urals and their influence on the development, structure and management of the 
boreal forests. Forest Ecology and Management, 135: 179–194.

Lorimer, CG. 1989. Relative effects of small and large disturbances on temperate hard-
wood forest structure. Ecology, 70(3): 565–567.

Louviere, JJ., Hensher, DA., Swait, JD. 2000. Stated Choice Methods: Analysis and Appli-
cations. Cambridge University Press.

Magnabosco Marra, D., Trumbore, SE., Higuchi, N., Ribeiro, GHPM., Negrón-Juárez, RI., 
Holzwarthm, F., Rifai, SW., dos Santos, J., Lima, AJN., Kinupp, VF. 2018. Windthrows 
control biomass patterns and functional composition of Amazon forests. Global 



Seite 20    Abdi, Samdaliry, Ghalandarayeshi, Khoramizadeh, Sohrabi, Deljouei, Johannsen, Etemad

Change Biology, 1–15.
McFadden, D. 1974. Conditional Logit analysis of qualitative choice behavior. In: Fron-

tiers in Economics, P. Zarembka, eds. New York: Academic Press.
McFadden, D. 1977. Quantitative methods for analyzing travel behavior of individuals: 

Some recent developments, Cowless Foundation discussion paper. No. 474.
Metz, CE. 1978. Basic principles of ROC analysis. Seminars in Nuclear Medicine, 8(4): 

283–298.
Mitchell, S. 2013. Wind as a natural disturbance agent in forests: A synthesis. Forestry, 

86(2): 147–157.
Nicoll, BC., Ray, D. 1996. Adaptive growth of tree root systems in response to wind ac-

tion and site conditions. Tree Physiology, 16: 891–898.
Perz, S., Caldas, M., Arima, E., Walker, R. 2007. Unofficial Road Building in the Amazon: 

Socioeconomic and Biophysical Explanations. Development and Change, 38(3): 
529–551.

Peterson, CJ. 2004. Within-stand variation in windthrow in southern boreal forests of 
Minnesota: is it predictable? Canadian Journal of Forest Research, 34: 365–375.

Peterson, CJ. 2007. Consistent influence of tree diameter and species on damage in 
nine eastern North America tornado blowdowns. Forest Ecology and Manage-
ment, 250: 96–106.

Phillips, J., Marion, DA., Turkington, AV. 2008. Pedologic and geomorphic impacts of a 
tornado blowdown event in a mixed pine-hardwood forest. Catena, 75: 278–287.

Sagi, P., Newson, T., Miller, C., Mitchell, S. 2019. Stem and root system response of a 
Norway spruce under static loading. Forestry, 92: 460–472.

Samonil, P., Antolik, L., Svoboda, M., Adam, D. 2009. Dynamics of wind throw events in 
a natural fir-beech forest in the Carpathian Mountains. Forest Ecology and Manage-
ment 257: 1148–1156.

Schindler, D., Schönborn, J., Fugmann, H., Mayer, H. 2013. Responses of an individual 
deciduous broadleaved tree to wind excitation. Agricultural and Forest Meteorolo-
gy, 177: 69–82.

Schindler, D., Vogt, R., Fugmann, H., Rodriguez, M., Schönborn, J., Mayer, H. 2010. Vibra-
tion behavior of plantation-grown Scots pine trees in response to wind excitation. 
Agricultural and Forest Meteorology, 150: 984–993.

Schonenberger, W. 2002. Windthrow research after the 1990 storm Vivian in Switzer-
land: objectives, study sites, and. projects. Forest Snow Landscape Research, 77: 
9–16.

Scott, RE., Mitchell, SJ. 2005. Empirical modelling of windthrow risk in partially harves-
ted stands using tree, neighbourhood, and stand attributes. Forest Ecology and 
Management, 218(1-3): 193–209.

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., ... & Lexer, 
M. J. (2017). Forest disturbances under climate change. Nature climate change, 7(6), 
395-402.

Stathers, RJ., Rollerson, TP., Mitchell, SJ. 1994. Windthrow Handbook for British Colum-
bia Forests. Ministry of Forests Research Program.



 Modeling wind-driven tree mortality: the effects of forest roads  Seite 21

Thom, D., Seidl, R. 2016. Natural disturbance impacts on ecosystem services and bio-
diversity in temperate and boreal forests. Biological Reviews, 91(3), 760-781.

Ulanova, NG. 2000. The effects of wind throw on forests at different spatial scales: a 
review. Forest Ecology and Management, 135: 155–167.

Worrall, JJ., Lee, TD., Harrington, TC. 2005. Forest dynamics and agents that initiate and 
expand canopy gaps in Picea–Abies forests of Crawford Notch, New Hampshire, 
USA. Journal of Ecology, 93(1): 178–190.

Zhu, JJ., Liu, ZG., Li, XF., Matsuzaki, T., Gonda, Y. 2004. Review: effects of wind on trees. 
Journal of Forestry Research, 15(2): 153–160.

Zhu, JJ., Li, XF., Liu, ZG., Cao, W., Gonda, A., Matsuzaki, T. 2006. Factors affecting the 
snow and wind induced damage of a mountain secondary forest in northeastern 
China, Silva Fennica, 40(1): 37–51.


