
Estimating windthrow risk in balsam fir stands with the 
ForestGales model 

by J.-C. Rue1 C.P. Quine2, S. ~ e u n i e r l  and J. Suarez2 

Balsam fir (Abies balsamea (L.) Mill.) forests are inherently vulnerable to windthrow, especially when silvicultural treatments are 
applied. During recent years, it has become possible to model windthrow risk based on a good understanding of windthrow mechan- 
ics. In the present paper, the British ForestGales model has been adapted for balsam fir with data from a winching study in Quebec, 
Canada. This model calculates the threshold wind speed required to break or overturn the average tree in a stand and then calculates 
the probability of exceeding the threshold value. Modifications of the equations predicting crown characteristics and overturning resis- 
tance were introduced. The effects of age, site quality, wind exposure, thinning and the creation of new edges were assessed. The esti- 
mated critical wind speed for overturning and breakage decreases with age but the probability of damage remains low on sheltered 
sites. The creation of a new edge leads to an increased probability of damage, especially on exposed, highly productive sites. Thin- 
ning alone also increases the probability of damage and the magnitude of the increase varies with age and thinning intensity. On high- 
ly productive sheltered sites, the effect of thinning becomes especially important when thinning exceeds 35% of the number of stems 
or when stand age is greater than 70 years for a 35% thinning intensity. Thinning of new edges was also found to further increase the 
risk of windthrow on the most sheltered, high quality sites. 

Les peupements de sapin baumier (Abies balsamea (L.) Mill.) sont, de f a ~ o n  inhkente, vulnCrables au chablis, en particulier lorsque 
des traitements sylvicoles y sont appliques. Au cours des dernicres annCes, il est devenu possible de modCliser le risque de chablis sur 
la base d'une saine comprChension de la mCcanique du chablis. Dans le prCsent article, le modkle Britannique ForestGales a CtC adap- 
tC pour le sapin baumier h partir d'une Ctude de treuillage rCalisCe au QuCbec. Ce modkle calcule la vitesse nkcessaire la rupture ou 
au deracinement de la tige moyenne d'un peuplement puis estime la probabilite que cette valeur soit dCpasde. Des modifications ont 
CtC apportCes aux Cquations prkdisant les caracttristiques de la cime et la rksistance au renversement. La simulation a port6 sur l'effet 
de l'bge, de la qualit6 de station, de l'exposition au vent, de l'tclaircie et de la crkation de nouvelles lisikres. Selon les simulations, la 
vitesse critique pour le bris ou le dkracinement diminue avec l'bge mais la probabilitt demeure faible pour les sites abritCs. La crCa- 
tion d'une nouvelle lisikre a aussi conduit h une augmentation du risque de domrnage, particulikrement sur les stations productives et 
exposCes au vent. L'Cclaircie seule a aussi augment6 le niveau de risque et cette augmentation Ctait fonction de l'bge et de I'intensitC 
d'kclaircie. Sur les stations abritCes les plus productives, le risque est devenu particulii?rement QevC lorsque I'intensitC d'Cclaircie Ctait 
supkrieure h 35% du nombre de tiges ou que l'bge ttait supCrieur h 70 ans pour une Cclaircie de 35%. L'Cclaircie de nouvelles lisikres 
a conduit & une augmentation supplCmentaire du risque de chablis sur les stations de bonne qualit6 les plus abritkes. 

Introduction 
Balsam fir is an important commercial species that is wide- 

ly distributed in eastern Canada. Forest dynamics of balsam 
fir are governed by the frequent occurrence of disturbances (Lor- 

tie 1979). The most important and most studied of these dis- 
turbances is defoliation by the spruce budworm (Choris- 
toneura&miferana Clem.) (Baskemille 1975, Blais 1983, Blais 
1984, MacLean 1984, Blais 1985, Baskemille 1986). Studies 
of the factors associated with different levels of damage have 
made it possible to define interpretation keys that evaluate vul- 
nerability of stands to the spruce budworm (Gagnon and 
Chabot 1990). Among the factors involved are stand composition 
and age, soil properties, region (Archambault et al. 1990, Dupont 
et al. 1991, Su et al. 1996, MacLean and MacKinnon 1997). 
This information is being incorporated in forest manage- 
ment planning (QuCbec 1994). 

Other types of disturbance can also play a role in these forests. 
It would be useful, therefore, to develop similar tools to take 
their effect into account. Windthrow can be significant, espe- 
cially when silvicultural operations are conducted (Hatcher 1961, 
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Holt et al. 1965, VCzina and Pail16 1969, Comveau 1970). 
Windthrow hazard depends on the general wind climate and 
topography, as well as soil and stand characteristics. Partial 
cuttings or new edges of clearcuts are especially vulnerable. 
With an increased interest in partial cutting and the use of small- 
er clearcuts, windthrow hazard will probably become a more 
important concern in the near future (Franklin 1990, Laurance 
and Yensen 1991, Seymour and Hunter 1992, Esseen 1994). 

A number of tools are available to assess windthrow haz- 
ard in forest management. Comprehensive reviews of the 
factors involved are available (Savill 1983, Rue1 1995, Nyka- 
nen et al. 1997). Interpretation keys, largely based on such infor- 
mation, have been proposed for some parts of Canada but they 
either are not adapted for balsam fir or do not take into 
account the whole set of influential factors (Meades and 
Moore 1989, Racey et al. 1989, Zelazny et al. 1989, Stathers 
et al. 1994, Mitchell 1995). Empirical models based on 
observed damage have been developed elsewhere but are 
not calibrated for balsam fir (Valinger et al. 1993, Valinger 
and Fridman 1997). 

In recent years, it has become possible to model windthrow 
risk based on a good understanding of the mechanics of 
windthrow ( m e  1994,1996). Some mechanistic models have 
been proposed for Europe (Peltola and Kellomaki 1993, Gar- 
diner et al. 1999). These models calculate the threshold wind 
speed required to break or overturn the tree. They then esti- 
mate the wind speed and calculate the probability of exceed- 
ing the threshold value. 

The aim of this paper is to model the risk of windthrow in 
balsam fir stands of eastern Canada located on mesic deep till 
sites using the ForestGales model. More specifically, we 
want to test the effect of age, site quality, wind exposure, thin- 
ning and the creation of new edges on the risk of windthrow. 
The ForestGales model has been selected for two main rea- 
sons: l )  it was the only one to have equations specific to fir 
species; and 2) the type of data potentially needed to tailor the 
model to balsam fir were available from an ongoing study. 

Methods 
Brief description of the Forest model 

The ForestGales model was developed by the Forestry 
Commission to analyze windthrow risk for a number of tree 
species, although the data set for Sitka spruce (Picea sitchen- 
sis (Bong.) Carr.) is the most complete. The basic relationships 
included in the model were derived mainly from plantations 
and wind tunnel studies. A detailed description of the model 
has been presented by Gardiner et al. (1999). 

The wind loading on a tree is calculated using the relationship 
between the drag of the air on a surface and the aerodynam- 
ic roughness of the surface. The mean force per tree is then cal- 
culated from the surface drag and the average space occupied 
by trees in the forest. Considering that this force is applied at 
the zero-plane displacement height, a mean bending moment 
can be calculated (Gardiner 1995). This mean bending moment 
can then be adjusted for the occurrence of gusts to estimate the 
maximum bending moment. The gust factor was established 
from wind-tunnel studies of the bending moments on model 
trees and is a function of spacing, height and distance to an edge 
(Gardiner et al. 1997). It varies from 4 at wide spacing (D=4 
m) to 8 at a 1.75 m spacing. This bending moment can be mul- 
tiplied by an edge factor to account for the tree position rel- 

ative to the edge. The edge factor was also derived from the 
wind tunnel experiments of Gardiner et al. (1997). 

Calculation of the turning moment also considers the con- 
tribution of the overhanging mass once the tree position 
departs from the vertical. Displacement of the stem is calcu- 
lated from the bending moment applied by the wind, Young's 
Modulus and the second moment of area of the cross-section 
following the method described by Wood (1995). From this 
displacement and the crown and stem mass calculated by the 
model, the additional turning moment is computed. 

The resistance to breakage is based on the assumption that 
the wind-induced stresses in the outer fibres of the tree stem 
are constant at all points below the canopy (Morgan and 
Cannell 1994). This allows the stress to be calculated only at 
breast height. When this stress exceeds the modulus of rup- 
ture (MOR), the stem will break. The resistance to overturn- 
ing is based on almost 2000 tree-pulling experiments. The best 
predictor variable for the overturning critical moment was stem 
weight. Regressions were forced through zero because, as stem 
weight approaches zero, so should the moment required to uproot 
it. 

Given the critical bending moment calculated and the 
aerodynamic relationships included into the model, a critical 
wind speed can be calculated. This critical wind speed refers 
to the wind speed that is required to break or uproot the 
mean tree in the stand. To estimate the probability of damage, 
it is necessary to incorporate the wind climate. The range and 
mode for the extreme wind speed distribution are calculated 
from a DAMS (Detailed Aspect Method of [windiness] Scor- 
ing) score.DAMS is a method to estimate the total windiness 
of a site that has been proposed for Great Britain (Quine and 
White 1993). It combines scores for wind zone, elevation, topex 
and aspect. The wind zone score (2 to 13) is read directly from 
a map of wind zones for Great Britain. The elevation score (0 
to 10) is linearly derived from elevation up to 500 m. The topex 
score (0 to 8.5) is estimated from the sum of the eight principal 
compass point skyline angles. The aspect score incorporates 
the effect of slope orientation relative to dominant winds 
and the funnelling effect of the topography. Given the distri- 
bution of wind speeds associated with a DAMS value, the prob- 
ability that the critical wind speeds will be exceeded within 
a year is calculated. 

Adapting the model to Eastern Canada 
To adapt the ForestGales model to eastern Canadian bal- 

sam fir stands, it was necessary to use unpublished data from 
a winching study. Winching was conducted on 41 balsam fir 
trees, ranging in dbh from 12 to 30 cm and in height from 11.8 
to 19.2 m. These trees were growing on deep mesic tills at the 
Montmorency forest of University Laval(47"22'N, 7l007W). 
Sites belong to site class I of Boudoux (1978). The method- 
ology is generally similar to that of Silva et al. (1998). A pull 
is applied at tree mid-height with a mechanical winch. The force 
is measured during winching with a load cell. The tree is filmed 
during winching so that the position of the tree relative to the 
vertical can be determined when the maximum force is reg- 
istered by the load cell. This position is then used to include 
the effect of gravity into the total turning moment. Detailed 
data on crown mass and form are gathered during the process. 

Even though the British prototype model included balsam 
fir as a possible species to be simulated, many of the regres- 
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Table 1. Mean wind speed of selected weather stations in grand fir (Abies grandis (Doug1. ex. D. Lindl.) and 
Central Quebec noble fir: 

Station Mean wind speed (km h-l) 

La Malbaie 4.24 

Baie-Saint-Paul 5.54 

Forst Montmorency 6.59 

Saint-SirnBon 8.58 

Notre-Darne-Des-Monts 9.03 

Petite-RiviBre-Saint-Fran~ois 10.66 

Saint-Hilarion 10.84 

Les ~boulernents 13.58 

Isle-Aux-Coudres 13.68 

Saint-Cassien-Des-Caps 14.48 

Saint-Urbain 14.52 

Grands-Fonds 25.40 

sions came from other fir species. Hence, crown width and length 
were predicted with values from noble fir (Abiesprocera Rehd.): 

where dbh is the diameter at breast height and h is tree height, 
both expressed in m. 

The measured crown characteristics in the winching study 
were not represented adequately by the initial equations in the 
model. Although measured crown width agreed well with the 
model, crown length differed. The relationship for crown 
length in the winching study was highly significant (r2= 0.48; 
p=O.O001). 

length = -1.168 + (0.637"height) [31 

However, the new equation created differences between 
measured and estimated crown biomass. To obtain proper 
estimates of this variable, crown density had to be raised 
from 2.5 to 2.63. Wood density was reduced to reach a bet- 
ter agreement between measured and estimated stem biomass. 
The prototype values of modulus of rupture and modulus of 
elasticity also differed from those published by Jessome 
(1977) and so were replaced. 

No reduction of stem strength due to the presence of knots 
is currently included in the model for balsam fir. In the 
absence of specific data, the original values for the knot fac- 
tor were not modified. In the winching data that were used, only 
two trees snapped and they did so at about half of the stress 
that would be required assuming a knot factor of 1. Howev- 
er, the critical wind speed for breakage obtained in simulations 
with a knot factor of 1 was lower than for overturning on site 
class I, whereas most of the winched trees were overturned. 
Thus, reduction of the knot factor did not seem appropriate, 
since it would lead to an even greater probability of breakage 
relative to overturning. 

To estimate overturning resistance for balsam fir on freely 
drained soils, the model initially used regressions derived for 

where Mcrit,,, is the critical moment for overturning and 
SW is stem weight. 

The relationship between stem biomass and resistive turn- 
ing moment for trees from the winching study was highly sig- 
nificant (Equation [5]: r2=0.92; p<0.001). 

Estimates based on this equation are relatively close to those 
obtained from equation [4] even though the species involved 
have been reported to differ in rooting charackxistics. Grand 
fir possesses an adaptable root system, being able to develop 
a taproot on rather dry soils (Burns and Honkala 1990). Lit- 
tle seems to be known about the rooting habit of noble fir beyond 
the seedling stage but the species would appear to be at least 
moderately windfirm (Bums and Honkala 1990). In con- 
trast, balsam fir is considered highly vulnerable and its roots 
are mostly confined to the duff layer and the first few centimetres 
of mineral soil, even though deeper rooting remains possible 
(Bums and Honkala 1990). Trees used in the winching study 
had a mean rooting depth of 56 cm. The same equation was 
used for different site classes even though winching was 
conducted on sites belonging to site class I. The resistance to 
overturning on different site qualities should be tested since 
differences in soil characteristics are likely to be responsible 
for differences in productivity. The original equation [4] was 
thus replaced by the one derived from winching. 

Simulations were performed with empirical yield tables for 
balsam fir of the boreal region (Boudoux 1978). These tables 
provide mean data of total number of stems, number of mer- 
chantable stems (> 9 cm DBH), height and diameter for an aver- 
age natural stand. These data are avdable for ages ranging from 
30 to 75 years on site classes I and II and from 30 to 100 years 
in site class III. The site quality classes included in these tables 
are based on the height reached at 50 years. Site classes I, I1 
and 111 reach a height of 15,12 and 9 m respectively at age 50. 
The simulations consider trees growing on a deep podzol with 
no cultivation and no drainage. Spacing was calculated assum- 
ing a square distribution of all trees and also for merchantable 
trees only (dbh > 9 cm). 

To convert a critical wind speed into a probability of dam- 
age requires knowledge of wind speed distribution. The 
model uses a Weibull distribution associated to a DAMS 
score to estimate the probability of exceeding a given wind speed. 
In our simulations. we estimated a DAMS score based on the 
mean wind speed using an equation developed by the Forestry 
Commission: 

DAMS = 3.56+(2.046*mean wind speed (m s-l)) [6] 

This supposes that the distribution around this mean is 
similar between Great Britain and eastern Canada. Even 
though this should be investigated in more detail, comparison 
with a weather station of Eastern Canada for which the 
Weibull distribution was readily available (Walmsley and Morris 
1994) shows that this assumption is not unreasonable. 
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Fig. 1. Wind speed required to break or 
overturn the average tree in a stand, 
based on the total number and on the 
number of merchantable stems (> 9 cm 
DBH) on site class I. 

Fig. 2. Wind speed required to break or overturn 
the average tree in a stand, by site quality. 

The annual mean wind speed in eastern Canada ranges from 
10 to 25 km h-', the highest value being for coastal areas of 
Nova Scotia and Newfoundland (Walmsley and Moms 1994). 
This range also corresponds well to the range of mean wind 
speeds inside a region of Quebec where a catastrophic 
windthrow occurred in 1994 (Table 1). Mean wind speeds of 
10,15 and 25 km h-' were therefore selected As a result, DAMS 
values of 9,12 and 18 were used to represent the range of expo- 
sure at balsam fir sites in Eastern Canada. 

Simulating the effect of various silvicultural treatments 
First, evolution of windthrow risk was modelled for the dif- 

ferent site indices without any silvicultural treatment. Secondly, 
the creation of a new edge was evaluated by adjusting the dis- 
tance to a new edge in the model. In a third step, we tested the 
immediate effect of thinning by adjusting the spacing input into 
the model. The number of merchantable stems was reduced 
by 25,35 and 45% to simulate different thinning intensities. 
Since mean height and diameter were left unchanged, this could 
correspond to a free thinning. Free thinnings are especially 
appropriate for previously untreated natural stands like those 
that provided data for the yield tables (Smith et al. 1997). Final- 
ly, the combined effect of thinning and creation of a new edge 

was studied. This last simulation attempts to reproduce the cur- 
rent practice of thinning forest strips left along streams after 
clearcutting (Qukbec 1986). In order to compare it with a field 
study where a monitoring of windthrow has been conducted, 
a DAMS value of 7, representative of valleys at the Montmorency 
Forest was selected. 

Results 
Risk of damage for untreated stands 

Calculating the critical wind speed required to break or uproot 
the average tree gave quite different results depending upon 
whether the spacing was derived from the total number of stems 
or the number of merchantable stems (> 9 cm dbh) only. Crit- 
ical wind speeds estimated from the number of merchantable 
stems were always lower than those obtained using the total 
number (Fig. 1). According to the simulation with the total num- 
ber of stems, wind speeds of 105-120 km h-I would be 
required to cause damage in 70-year old stands whereas 
71-82 km h-l would be sufficient when the number of mer- 
chantable stems is used instead. The latter value seems to cor- 
respond better to the pattern of wind damage described by Rue1 
and Benoit (1999) who observed that nearly 60% of the area 
in 70 year old balsam fir stands was windthrown by wind speeds 
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Fig. 3. Effect of mean annual wind speed (V=10,15 and 25 km h-l) 
and site quality on the probability of breakage. 

50' 

40 

I 0  11 12 13 14 15 16 17 18 19 

Height (m) 

+site I 

-0- site II 

Fig. 5. Effect of exposing a new edge on probability of breakage, for 
different site classes and mean annual wind speeds 
(V=10 and 15 km h-I). 
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Fig. 4. Relationship between height and critical wind speed for Fig. 6. Effect of thinning intensity on the probability of breakage on 

breakage, by site quality. site class I (Mean annual wind speed of 10 km h-l). 
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between 55 and 65 krn h-l (Rue1 and Benoit 1999). Since the 
size difference between merchantable and non-merchantable 
trees is small for stands less than 40 years of age, an adequate 
measure of spacing could not be easily identified and, there- 
fore, young stands were not simulated. 

An additional reason to use only the number of mer- 
chantable stems relates to the model structure. Selection of an 
adequate measure of spacing is of great importance since spac- 
ing is raised to the second power in some equations. The model 
calculates the bending moment from the surface drag caused 
by the canopy. Since non-merchantable trees would typical- 
ly be intermediate and suppressed individuals, they would not 
significantly interact with the wind above the canopy. The stud- 
ies used to derive the aerodynamic relationships were conducted 
in wind tunnels, with trees of relatively uniform size and 
spacing (Stacey et al. 1994, Gardiner et al. 1997). The 
approach developed gives a good approximation for even-aged 
regular stands but would probably need refinement for uneven- 
aged or irregular stands. 

Results from the simulation conducted for untreated stands 
show that the wind speed necessary to overturn or break the 
average tree in a stand decreases with age (Fig. 2). For a given 
age, the critical wind speed increases with decreasing site index. 
Except for young stands on site class 111, the critical wind speed 
is lower for breaking than for overturning. 

The probability of windsnap remained below 0.01 for any 
site quality class on sites corresponding to the lowest annu- 

0 - :  - * 
40 45 50 55 60 65 70 75 

Age (years) 

al mean wind speed. However, for the intermediate wind 
speeds, the annual probability of damage on site class I 
increased slightly after 60 years and more importantly after 
70 years (Fig. 3). On the most exposed sites, the probability 
of windsnap would be very high at 60 years for stands belong- 
ing to site classes I and 11. For similarly exposed site class III 
sites, the probability of windsnap would increase steadily up 
to 100 years. 

The effects of age and site class are closely related to 
stand height. When critical wind speeds are plotted against height, 
it can be seen that all three site classes behave quite 
similarly (Fig. 4). 

Effects of edge creation and thinning treatments 
The creation of a new edge greatly increased the probability 

of breakage for the average tree in stands belonging to site class 
I, even with a mean annual wind speed of 10 km h-l (Fig. 5). 
On those sites, the annual probability of damage at a new edge 
increased to 0.10 at 65 years and reached 0.39 at 75 years. For 
these relatively sheltered sites, the probability of windsnap 
remained low for site class I1 even when a new edge was cre- 
ated. For more exposed sites, the creation of a new edge sig- 
nificantly increased the probability of windsnap for both site 
quality classes. For site class I, the probability of damage reached 
0.27 at only 40 years. 

Thinning also increased the probability of damage. When 
25% of the stems were removed on sheltered site class 1 
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Fig. 7. Effect of thinning intensity on the probability 
of breakage on site class I (Mean wind speed of 15 
km h-l). 
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Fig. 8. Effect of thinning new edges on the crit- 
ical wind speed on site class I (Mean annual wind 
speed of 7 km h-I). 

,X 

r( 
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stands, the increased probability only became significant at 75 
years (Fig. 6). The probability of damage increased with 
thinning intensity but this increase was greater between 35% 
and 45% than between 25 and 35%. On more exposed sites 
(mean annual wind speed=15 km h-l), even light thinning could 
lead to an increased probability of breakage (Fig. 7). 

The combined effect of creating a new edge and thinning 
the remaining stand by removing 35 % of the stems was also 
studied for more sheltered, site class 1 stands (mean annual 
wind speed = 7 km h-I). For these stands, thinning led to an 
additional increase in the probability of damage in compari- 
son with unthinned edges (Fig. 8). Up to 60 years, the increase 
of the probability of damage remained low both for thinned 
and unthinned edges. At 65 years, the probability of damage 
went from almost nil in the untreated stand to 0.002 in the new 
edge and 0.08 in the thinned edge. At 75 years, the probabil- 
ity of damage reached 0.02 and 0.27, respectively, for 
unthinned and thinned edges. 

Y / <  
-*.- 35% thinning 

.... 
A. - - 

.A. 
....... 

..... _.-. 
..... 2 , w.. / 

0- ? I I I 

.......... 
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Discussion 
The model results show that the critical wind speed for over- 

turning and breakage of the mean tree in a stand decreases with 
age. The probability of damage remains low on sheltered 
sites but, on very exposed productive sites, the probability of 
breakage would be very high, even in young stands. For the 

very exposed, least productive sites, the probability of dam- 
age increased from 0.003 at age 40 to 0.202 at age 65 and 0.749 
at age 100. On sites with a mean annual wind speed of 15 km 
h-', only stands belonging to site class I became prone to break- 
age in a significant manner, especially at 75 years. This 
agrees with results from Rue1 and Benoit (1996), who have 
showed that the proportion of windthrown area in balsam fir 
stands was greater for stands 60 to 80 years old in compari- 
son with younger stands. 

Important differences between site classes were also seen 
but these can be attributed in the present case to different height 
growth rates. Hence, when the critical wind speed is examined 
in relation to height. no differences between site classes 

u .  

remain evident. Many other studies have found increased 
risk of windthrow with height (Elling and Veny 1978, Cre- 
mer et al. 1982, Smith et al. 1987, Peltola and Kellomaki 1993). 
The turning moment required to uproot or break a tree increas- 
es with height but the wind speed needed to produce this moment 
decreases with height (Peltola and Kellomaki 1993). However, 
it must be remembered that the same equation for resistance 
to overturning was used for all site classes, which probably accen- 
tuates the effect of height. In the meantime, it would seem pos- 
sible to base windthrow hazard assessment on height since it 
integrates both age and site quality. 
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The increasing vulnerability of balsam fir with age calcu- 
lated by the model could even be underestimated for some regions, 
considering its tendency to develop high amounts of decay near 
rotation age (McClintock 1954, Basham 1992). In the present 
study, this tendency was not included since trees from the winch- 
ing study contained only little decay near rotation age. This 
contrasts with results from Silva et al. (1998) who observed 
extensive decay even in externally sound balsam fir trees in 
western Quebec. This reflects the variation in amount of 
decay between regions and sites (Lavallee 1986, Whimey 1989, 
Basham 1992). 

In general, the creation of a new edge also led to an 
increased probability of damage. Heavy damage around 
recent clearcuts has been observed elsewhere (Alexander 
1967). The approaching airflow is forced upwards and edge 
trees become subjected to severe loadings (Fraser 1964, 
Stacey et al. 1994, Gardiner and Stacey 1996). For a mean annu- 
al wind speed of 15 km h-l, any new edge would seem to be 
at risk on the most productive sites. For site class I1 sites, the 
probability of damage would exceed 0.10 in new edges after 
age 50. For a mean annual wind speed of 10 km h-', the increase 
would only be significant on the best sites. There, probabil- 
ity of damage would rise from 0.028 to 0.10 between 55 and 
65 years. Balsam fir stands in the boreal region (site classes 
I and II) reach their maximum annual mean increment in mer- 
chantable volume at 40 to 45 years (Boudoux 1978) so that they 
should normally be harvested before they reach 60 years, reduc- 
ing the risk associated with new edges. However, retention of 
stands up to 60 years has been proposed in order to increase 
the proportion of sawlogs and improve the amount of advance 
growth (Cot6 and Bklanger 1991). Great caution should be taken 
when exposing new edges in balsam fir stands in instances where 
they are not protected by nearby topography. Another option 
would be to treat these edges to increase their resistance 
(Gardiner and Stacey 1996). 

Thinning alone also increased the probability of damage. 
Thinning increases wind penetration into the stand and there- 
fore the risk of windthrow (Busby 1965, Somerville 1980, 
Cremer et al. 1982, Savill 1983, Bouchon 1987, Ruel 1995, 
Gardiner et al. 1997). On sheltered sites, this increase was relat- 
ed to thinning intensity but it became especially important when 
thinning exceeded 35% of the number of stems. Heavy loss- 
es have been observed in thinned balsam fir stands, especially 
when thinning removed more than 40% of the basal area in 50 
year-old stands (Hatcher 1961). Baldwin (1977) states that loss- 
es remained low when thinning removed up to 40% of the basal 
area in well-established balsam fir stands at the bottom of val- 
leys. However, McClintock (1954) thinks that it would be unwise 
to harvest more than 25% of the basal area in spruce-fir 
stands. In our simulation, removing 35% of the stems in 50- 
year old stands on sheltered site class I only led to a probability 
of damage of 0.015. On sites with a mean annual wind speed 
of 15 km h-', the probability of damage is increased by any 
thinning intensity. 

The risk of damage after thinning also increases with age. 
For a thinning intensity of 35% on sheltered productive sites, 
this increase was particularly noticeable between 70 and 75 
years. For sites with a mean annual wind speed of 15 km h-', 
the probability was greater than 0.09 for any thinning inten- 
sity after 45 years. Heavy losses have been observed in 
thinned balsam fir stands, especially when stand age was 

greater than 70 years (Hatcher 1961). Our results suggest that 
thinning that removes up to 35% of the number of stems 
could be done on sheltered sites up to 65 years. On those sites, 
a thinning intensity of 45% should probably be restricted to 
stands not older than 55 or 60 years. Given the recommend- 
ed rotation length, this leaves opportunities for commercial thin- 
ning and even for shelterwood cutting on those sites. However, 
on more exposed sites, thinning should probably be restrict- 
ed to stands not older than 50 years and thinning intensity should 
remain low. It must also be emphasized that the simulation 
assumes that stands were previously untreated. The impact of 
juvenile spacing on the risk of damage should be studied. 

Thinning new edges was also found to further increase the 
risk of windthrow on the most sheltered, high quality sites. Very 
little information regarding the effect of thinning new edges 
is available from the literature. Peltola (1996) estimated that 
stand density and height were the major factors influencing 
wind drag and turning moment of trees at clearcut margins. 
The turning moment decreased with increasing density, but 
the impact of height was greater than that of density. Ruel et al. 
(1999) have studied windthrow in riparian buffer strips, 
including some in which thinning was carried out. For stands 
of 50 to 70 years, no effect of thinning could be demonstrat- 
ed. From our simulation, it can be seen than the effect of thin- 
ning might not be critical for stands less than 65 years old. The 
effect of thinning would be important thereafter. However, in 
the study of Ruel et al. (1999), the age range is not known pre- 
cisely since 20 year-wide age classes were used. Moreover, 
age was estimated from aerial photographs and some differ- 
ences in wind exposure existed. The authors concluded that 
these differences in wind exposure were more influential on 
the amount of damage than strip width or thinning. If we com- 
pare unthinned edges on sites with a mean annual wind speed 
of 10 km h-I with thinned edges on sites with a mean annu- 
al wind speed of 7 km h-l, we see that the probability of break- 
age is rather similar between 60 and 75 years. This would sup- 
port conclusions from the authors. 

Different mean annual wind speeds have been used to 
cover the variability in wind climate over a wide region. 
These values can also be used to derive silvicultural guidelines 
in a management unit. In the Montmorency Forest, wind 
exposure has been studied in detail in a wind tunnel (Ruel et al. 
1997,1998). It was found that wind speed on hilltops would 
be about twice that in valleys. Since the weather station is locat- 
ed in one of the valleys, a mean annual wind speed of 7 km 
h-I would describe the risk of damage in valleys. On hilltops, 
a value of 15 km h-I would be representative. On mid-slopes, 
a value of 10 km h-I could be used. In this manner, recom- 
mendations based on mean annual wind speed could be 
extended to landscape units. The suggestion by Fraser and Gar- 
diner (1967) of determining a critical height on different 
topographic positions would seem an interesting approach. 

Conclusion 
The ForestGales model, with modifications to the region 

of application, represents a useful tool for simulating the 
risk of windthrow. Even though many assumptions remain to 
be verified, results were in accordance with empirical evidence. 
Further refinement of the model could be achieved by obtain- 
ing additional data representing resistive turning moment 
for other soil conditions, and canopy and stem dimensions for 
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stands subjected to alternative silvicultural strategies. Wind 
behaviour should also be studied in natural stands, where the 
canopy structure is heterogeneous, and further characterisa- 
tion of the extreme wind climate of forested areas in Eastern 
Canada should be done. 

Results show an interesting potential for adjusting management 
activities on the basis of wind exposure. With a mean wind speed 
of 15 km h-', any new edge would be at risk on productive sites, 
whereas the risk would only become significant after age 50 
on medium sites. On less exposed sites, only the most pro- 
ductive sites would show an important risk of damage at 65 

years. Thinning on exposed sites would be risky unless it is 
of low intensity and restricted to young stands. However, more 
sheltered sites offer many opportunities for thinning and 
even heavy thinning could be conducted in some cases. Thin- 
ning new edges has also been found to increase the risk of darn- 
age on very sheltered sites but the effect may not be apparent 
for some stand ages or when variations in wind exposure are 
present. The results provide interim guidance but further 
quantitative support for forest management could be provid- 
ed by further modification of the model. 
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