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Species, stand, and regionai cesponse to forest damage 
in southwestem Quebec foiiowing the 1998 ice storm 

Olga J. Proulx 

The response of four tree species, Acer saccharum Marsh., Acer mbnrm L., Populrrs 

tremuloides Michx., and BerulapopuZifoIia Marsh. to ice stom damage was snidied in the 

Northern Hardwood Forest of southwestern Quebec, Canada. The focus of the study was 

the analysis of tree damage d t i n g  h m  ice accumulation ranging h m  2 to 88 

miliimeters radial thickness at the species, stand and regionai levels, and to assess the role 

of the combined effect of ice and wind stress. The study showed that ice accumulation was 

the primary determinant of tree damage (measured as the mean percent of canopy 

removed) and thai individual species respond dinerently to ice-loading stress. Stand 

position (edge vernis interior) did not influence susceptibility to damage. The study also 

showed that srnalier stems are more inclined to &er beoding injuy, and larger stems are 

more prone to snapping and crown loss damage. Finally, the research demonstrated that 

wind was not a significant factor influencing forest periphery damage, but tree damage in 

forest interiors is infiuenced by the combined effect of ice accretion and wind-loading. The 

results of the study offer a unique perspective on tree response to a single ice stom in 

which stem damage is linked to specific ice accretion measurements over a widespread 

area 
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INTRODUCTION 

Ice storms, aiso r e f d  to as glaze storms, are a recurring natural disturbance in ihe 

deciduous forests of North America (Abell 1934, Whitney and Johnson 1984). Ice storrns 

are large-scale occurrences (Lemon 196 1) that cm cause major damage to forest 

comrnunities and urban trees (McKay and Thompson 1969, Hauer et al. 1994). The 

January 1998 ice stonn that hit southeastern Ontario, southwestern Quebec, and the 

northem regions of adjacent New York and New Engiand is an example. This destructive 

fkezing precipitation event caused extensive tree damage over a very large area in 

Quebec alone, more than 1.7 million hectares of forestIand were damaged by the ice storm 

(Ministère des Ressources Naturelles 1998 unpublished report). 

Numerous researchers have investigated the impact of hezirig precipitation on forest 

systems. The focus aML method of the studies have varieci, but the common general 

conclusion of the authors is that the extent of forest damage resulting fiom an individual 

icing event is due to the interaction of such factors as ice thichess, wind velocity, 

topography, and species' intrinsic resistance to injury. Understanding the short-tenn and 

the long-term ecological consequences of destructive icing events is important for 

developing effective forest management strategies. 

The current understanding of ice stonn meteorology and the impact of ice açcretionon 

trees are briefly siunmarized in the foliowing literature review. First, 1 outline the 

meteorology of ice stonns, their spatial occurrence, and retum tima. Next, 1 swey the 



evly anecdotai literature, and the more recent scientific research, discussing the effects of 

ice-loading on individual species and on forest stands. The combined impact of ice and 

wind is considered, Finally, 1 summarize what is understd of the ecological 

consequences of ice stonn disturbances. 

Ice storms 

Meteorology 

FreePng precipitation c m  occur with stationary ftonts, occluded h n t s  or, rarely, cold 

fkonts. Typicaliy, however, fkeezing precipitation occurs in advance of a winter wam tiont 

associated with a sub-tropical low-pressure systern (Lemon 1% 1, Low et al. 1986, Yip 

1995). A rising wami air mas, with temperatures greater than O degrees Celsius, flows 

over the top of a colder ground-level layer of sub-zero temperature air. Water droplets 

form alofi in the wann air mass and when the droplets fd through the Iayer of cold air they 

become super-cooIed iiquid water drops (Yip 1995). When the drops corne in contact with 

any surface or structure, ice is formed almost instantaneously in response to the specinc 

heat and thermal conductivity of the impacted surface (lemon 1961). 

There are two types of icing that have the potentiai for causing significant damage; glaze 

ice and rime ice. Glaze is usually clear, srnwth, harà, and highly adhesive with a specific 

gravity of approximately 0.9. Rime is opaque, filleci with air bubbles, moderately adhesive, 

and has a specific gravity of approximately 0.3 to 0.8 (McKay and Thompson 1969). The 

type of ice that fomis is largely dependent on the relationship between the tirne required for 

a droplet to freeze and the rate of accretion. If the accretion rate is less than the length of 



time needed for a water drop to fieeze, glaze ice accumulates, whereas if the rate of 

accretion is greater than the t h e  required for a droplet to k e ,  rime ice is more iikely to 

form (McKay and Thompson 1969). For the purpose of this paper, no distinction is made 

between glaze ice and rime ice. The common general t e m  'ice' is used instead. 

The combinai effect of ice and wind increases the nsk and intensity of ice stoxm damage to 

trees. Similar damaging effeçts are Wrely to occur with conditions of heavy king and light 

winds as with moderate ice accretion accompanied by stronger winds (Lemon 1 96 1). 

Typically, wind speeds during ice stonns are relatively low, but the chance of strong winds 

increases with the length of time the ice accumulation persists (Elfashny et al. 19%). 

Normally, ice accretion is followed by warm temperatures as the warm h n t  passes, but 

occasionally ice remains long d e r  an icing event in which case wind speeds are a factor as 

they intensw the stress on branches (Schaub 1996). Research has shown that the ice 

deposit residency period of most icing events in Quebec is limited to one day, but 

maximum residency varies enomiously; the longest was 37 days, and the average was 3.3 

days (Elfashny et a/. 1996). 

Ice foms mainly on the windward side of  exposed objects and, depending on the angle of 

exposure to the wind ice accretion on a surface or structure may exceed the precipitation 

rate. Small droplets in particular, tend to be readily deflected by the flow of air, while 

larger drops are far more likely to coude with obstructions (McKay and Thompson 

1969). 



king intensity is highly variable between, and within, individuai fkzîng precipitation 

events (La&mme 1995). In summary, ice Storm hazard, that is ice and wind load potential, 

is the result of a complex set of intemelateci meteorological factors unique to individual 

king events. 

Regonai occutrence 

FreePng precipitation events are confineci to areas of the world having the potential for the 

above-stated meteorological conditions to develop. Regions most commoniy subjected to 

the prerequisite atmospheric conditions are located in the middle to extreme latitudes. In 

North America, ice storms are a recuning disturbance in most deciduous forests north of 

the Gulf of Mexico (AbeU 1934, Whitney and Johnson 1984, Bruederle and Steanis 1985). 

Destructive fkezing precipitation is a recurrent hazard in southem Ontario and Quebec and 

in the adjacent northeastem American States (Yip 1995). Aithough the recurrence of 

fkezing precipitation in this area suggests there is a Link between icing events and 

proximity to large bodies of water (the Great Lakes and St. Lawrence River in this case), 

there is no agreement in the iiterature about such a relationship. For instance, Yip (1995) 

maintains that more icing generaiiy occurs near large bodies of water. However, McKay 

and Thompson (1969) state that tbere is no general rule and note that sometimes proximity 

to open water is seen as a factor that redrces the risk of kezing precipitation. 

In southem Quebec, heezhg precipitation is a possibility h m  mid-October to mid-Apnl. 

For the Montreal region the fkeezing precipitation 'season' is approximately 5% months. In 

the St. Lawrence valiey the fkquency of icing events is 6 events per icing season except in 



areas where increased elevation can significantly increase the fkquency of 

precipitation (Laflamme and Pénard 1996). 

Return times 

For any geographic location, king events vary considerably in their fiequency and intensity 

(Lemon 196 1, Hauer et al. 1994). Various retum times for merent king intensities and 

locations are discusseà in the literaîure- For example, Whitney and Johnson (1984) 

estimate that destructive ice storms, with p a t e r  that 1 centimeter radiai ice accumulation, 

occur approximately once every 20 years in the Appalachiaos. Rebertus et al. (1997) state 

that the return time for severe ice stomis in the American rnidwest is probably 20 to 25 

years. A 1991 storm in New York that deposited approlciniately 2 to 2.5 centimeters of ice 

is termed a rare ememe occurrence event - a 50 to 100 year icing event (Seischab et al. 

2 994, Sisinni et ~1.1995). In the St. Lawrence vdley, 'major' ice storms have a retum time 

of 20 to 100 years (Melancon and Lechowicz 1987). But, the problem with these return 

tirnes is that they are anecdotal in nature as they deal with regional retum times rather than 

point measurement retum times. 

Lafiamme and Périard (1996) offer the most comprehensive analysis of king event return 

times applicable to the eastem deciduous forest region of the St. Lawrence vaüey. 

Working with 20 years of fteezing precipitation data, extreme values distributions show 

that in the St- Lawrence valiey there is more than one ice-load zone. For instance, 

according to the Laflamme and Pénard (1 996) analysis, the 'major' ice storms with 20 

to 1 00-year return times that Melancon and Lechowicz (1 987) refer to7 would infer 



approximately 45 to 65 millimeters of ice accumulation at Montreai and 35 to 45 

millimeten of ice accumulation at Quebec City. It is generally understood that in the St. 

Lawrence valley, damagecausing M g  precipitation events have a retum t h e  of about 

20 years. The retum t h e  for an ice stom of the intensity of the January 1998 stonn is 

greater than 200 years (Laflamme and Périard 1996). 

Ice accretion and tree damage 

Metllods 

Literature dating back to the beginning of the century shows that there has been a long- 

standing curiosity about the effect ice stoms have on trees. EarIy ice storm studies are 

primarily descriptive in nature (Von Schrenk 1900, Harshberger 1904, Ilîick 19 16, 

Rhoades 19 18, Rogers 1922, 1923, 1924). Two of these studies involved collecting ice- 

covered branches and twigs and weighing each one twice; once with the ice on, and again 

after the ice had rnelted (Von Schrenk 1900, Harshberger 1904). Harshberger (1 9O4) 

reports ice-loading increased the weight of branches up to 100 times, and branch loss 

reduced many crowas by 90 percent. In another study, trees at stand edges were found to 

be more susceptible to ice storm damage because of asymmetrical crown development; 

and Iarger diameter trees tended to suffer greater damage (Illick 19 16). By contrast, 

Rhoades' (1 9 18) research found that young trees with flexible branches were just as 

damaged by ice accretion as older, larger diameter trees. With respect to 'the most 

unusual weather phenornenon within the recorded history of the region' Rogers (1924) 

states that the northem New England ice storm of 1922 caused some birches to snap but 

generally the birch stems tended to bend to the ground. Maples were the nrst trees to 



break under the weight of the accumulating ice foilowed by the stronger species giving 

way under the weight of the ice-load. These early studies aithough anecdotal in nature, 

clearly illustrate that destructive ice storms c m  have significant consequences for forest 

comrnunities. 

The more recent ice storm literature and the cwent research adopt a more analytical 

approach to fieezing precipitation events and forest damage. Specific research interes& 

and methodologies Vary, however. For instance, Whitney and Johnson (1984) 

investigated the impact of king on regmeration dynamics and tree mortality by assessing 

tree response in ice-damaged areas and cornparhg the observations to similar but 

unscathed forest stands. Bruederle and S team (1 98 5) investigated post-ice storm 

biomass decrease using a modîfied forest fuel samphg technique to quanti@ forest floor 

macro-litter accumulation. Hauer et al. (1993) conducted a 'before and after' compatison 

of previously inventorieci urban trees to uncover patterns of icing injury. TypicaUy 

hdings are presented in tems of a species' degree of susceptibility described as low, 

moderate, and high, or some similar ordinal system (Lemon 1961, Whitney and Johnson 

1984, Bruederle and S t e m  1985, Boemer et al. 1988, Hauer et al- 1993). 

Immeaiate impacts of icing 

Species differ in their resistance to the hazards of ice storms (Bruederle and Steams 1985, 

Boemer et al. 1988, Hauer et al. 2 994). Early successional species such as elms, birches, 

and several poplar species are highly susceptible to damage, whereas deciduous forest 

equili'brium species incur similar moderate damage (Lemon 1961, Whitney and Johnson 



1984). An individuai's susceptiiility to damage is innuenceci by several factors inciuding 

bmching architecture, branch lengthldiameter ratio, c m  size and shape, tree health and 

age, wood propedes, and the position of the tree in the canopy (Lemon 1961, Bniederle 

and S t e m  1985, Canne11 and Morgan 1989, Seischab et al. 1993, Rebertus et al. 1997). 

Strong horizontal branching and the large &ace area associateci with many fine branches, 

increases exposed surface area and increases nisceptibility to king injury (Lemon 1961, 

Canneli and Morgan 1988)- Owing to their large d a c e  area in the winter some authors 

have argueci that gymnosperms tend to m e r  more ice-relaîed injury than angiosperms 

@lick 19 16, Lemon 196 1, Bruederle and Stems 1985, Boemer et al. 1988). By contrast, 

Hauer et al. (1993) reporting damage idicteà by approximately 15 millimeters of ice, 

stated that the largely decurrent branching habit of angiosperms generally predisposes them 

to greater risk than conifa species for king injury. Likewise, Rogers (1924) fouad pines 

and spmces were relatively resistant to damage because, he hypothesized, their even 

branches bore the extra weight unifomily. 

Stand-level and species-level damage is Linked to c m  form. Forest edges are thought to 

receive more darnage because of unbalancd ice-loading of asymmeûical crowns. More 

developed branching and the Ionger length of the branches on the forest edge influence the 

extent of crown damage and susceptibility to stem failure at forest perimeters (Seischab et 

al. 1993). Several studies found tree breakage more pronounceci at the edges of stands 

owing to the fact the edge trees have fiiller crowns on the open side and thus the uneven 

ice-loading causes greater structural stress on the larger more horizontal branches (Hauer et 



al. 1994, Sampson and Wurtz 1994). The smaller, narrower mwns of interior forest trees 

are less likely to be damaged than the crowns of more open-grown edge trees (Hauer et al. 

1993). Crown -ew of trees located on dopes predisposes them to greater damage 

because ofunbalanced ice-loading @ruederie and S t e m  1985, Seischab et ai. 1994). 

Tree health is o h  a function of age @mederle and Stearns 1985) and structurai failure is 

thus closely linked to tree and stand characteristics thaî commonly develop as  part of 

normal aging. Seischab et al. (1993) found that Iimbs having rotten cores or weak crotches 

suffered greater damage. SimiIarly, Bniederle and Stems (1985) reporteci that decay and 

insect damage weakens trees and thus increased susceptibility to ice stom damage. An ice 

build-up of 6 to 12 miilimeters breaks srnaüer tree and s h b  branches, effêctively pruning 

weakened limbs, while an accumulation of 12 to 25 miIlimeters of ice promotes breakage 

of healthy branches and causes bole failure of young weii-formed individu& (Cmxton 

1939, Lemon 196 1, Hauer et al. 1994). The resultant wounds significantly weaken the 

individual and greatly increase risk of insect and fungal attacks (Campbell 1937, Melancon 

and Lechowicz 1987, Reberhis et al. 1997). 

Species-specific wood characteristics are idluenced by an individual's age, health, and 

growing conditions (Lemon 196 1). Wood strength is an important factor in a species' 

ability to withstand the stress of ice accumulation but, by itseE cannot explain variation in 

damage (Bruederle and Stearns 1985). Contrary to cornmon perception, wood strength is 

not the primary deteminant influencing a tree's ability to resist damage. Tree 

characteristics such as fine branching, wide crowns, and weak crotches can result in species 



ordinarily viewed as having -or wood strength, king susceptible to ice-loaduig 

damage (Hauer et al. 1994). There is no obvious relatiomhip between specinc gravity, 

modulus of rupture, or modulus of elasticity of a tree species and its predisposition to king 

damage (Lemon 196 1, Hauer et al. 1993). 
I 

An individual's position in the canopy innuences its susceptiibility to king injury 

(Bruederle and S t e m  1985)- Forest understory stems were found to be less susceptible 

to damage (Downs 1938, Boerner et al. 1988, Seischab et al. 1993, Hauer et al- 1994). In 

stand interiors most of the ice is deposited on the top of the canopy thus affording a 

degree of protection for the understory trees. But, on the other hand, understory trees are 

very prone to injury resulting h m  overstory branch and stem failure. As a d e ,  

understory individuals are spared direct damage but they are at heightened nsk for 

indirect damage. Indirect injury occurs when trees or limbs fa11 on other individuals, 

most often the shorter subcanopy stems. Direct damage is related to tree characteristics 

such as  crown size, symmetry, growth form, position in canopy, stem diameter, weak 

crotches, age, and degree of decay (Whitney and Johnson 1984, Bruederle and Steam 

1985, Hauer et al, 1993, Seischab et al. 1993, Rebertus et al. 1997). Boexner et al. 

(1 988) reported that sub-canopy damage exhibited great variation fiom one species to 

ano ther. 

There is a significant correlation between damage to individuais and stem diarneter 

moemer et al. 1988, Hauer et al. 1993, Seischab et ai. 1993). Specimens with a larger 

stem diarneter are more prone to senous injury (Hauer et al. 1993, Sisinni et al. 1995). 



Smaller diameter individuals are more like1y to be understory îrees and, therefore, they 

are less Wrely to sustain damage inespective of the species. Smailer diameter specirnens 

tended to bend under the weight of the ice or to be injured by ice-loaded branches and 

crowns of larger trees falling onto them (Downs 1938, Sisinni et al. 1995). 

The iiteratwe offers îittie consensus of opinion on species' susceptiiility to icing damage. 

To provide one example, three different studies d t e d  in three ciiffirent conclusions for 

red maple. Whitney and Johnson (1984) found it to be one of the most raistant species, 

Seischab et al. (1993) stated red maple was moderately damaged, and Siccama et al. (1976) 

reported red maple to be (relatively) greatly damaged. These observations, however, do 

support the widely held consensus that species' susceptiiiiity to ice storm damage is linked 

to a complex set of biotic and abiotic factors. 

Subsequent mortaiiîy 

Ice storms may be an important cause of mortaliîy in forest stands (Nicholas and Zadaker 

1989), but there are few studies investigating the longer-term impacts of ice stom damage 

on trees and forest communities. 

Spaulding and Bratton (1946) assessed forest conditions two full growing seasons &er an 

ice stom deposited a radial thickness of 6 to 57 miilimeters of ice. The response to heavy 

crown loss suffered by sugar maple, beech, white ash, and basswood was significant. 

Sugar maple fded  to sprout adequately to maintain reasooable vigor and mortality was 

judged likely in the near friture. As weU, mail trees with less than nfty percent of live 



crown were considered unlikely to resume vigorous growth. The mortality estimates, 

however, represent projections. 

Another study found that by the end of the second pwing season approxïmately 38 

percent of ice-damaged trees had died and species-specifïc mortality ranged h m  6 to 76 

percent (Whitney and Johnson 1984). Boerner et al. (1 988) found that individuals 

sufferhg extensive damage such as snapped stems or uprooting were imOrely to nwive. 

In more generai terms, increased mortality was found to foiiow greater injury (Rogers 

1923, AbeU 1934, Lemon 1961, Whitney and Johnson 1984). 

Combined effect of ice and wind 

Icing damage increases with the additional stress of wind loading @euber 1940, Bruederle 

and S t e m  1985, Seischab et al. 1993, Hauer et al. 1994). As well, high winds a f k  an ice 

storm and persistent sub-fkeezing temperatures greatly increases the risk of damage (Downs 

1938, Goebel and Deitschman 1967, Sisinni et al. 1995). Damage fkom the combined 

effect of ice and wimi is closely related to tree characteristics such as crown size and 

branching form (Seischab et al. 1993). Larger m w n s  have a greater SUfface area exposed 

to wind-loading stress and therefore wind-associatecl damage risk increases with Uicreased 

crown size (Peltola and Kellomaki 1993, Hedden et ai. 1995, Richter 1996). Large 

branches are less flexible than smailer ones and thus have a diminished ability to transfer 

stress to the proximal stem (Richter 1996). Although branches are cantilevers that allow 



for a degree of bending and twisting in response to ice and wind loading (Redden L989), 

tree damage inmeases with stronger winds (Hauer et al. 1994). 

From the windward eâge of forest stands into the forest the velocity of prevailuig winds 

will decrease 85 to 90 percent by a distance equal to approximately 12 times tree height 

(Nageli 1953). Goebel and Deitschman (1967) found that ice-loaded conifers on windward 

edges suffèred the greatest damage. Another study reported stem-bending was most severe 

on the windward side of ice-accreted stands (Carvell et ai. 1957). 

Generally, wind is more hazardous for talle& dominant trees than it is for shorter 

individuals (Carveii et al. 1957, Campbell et al. 1993, Hecidn et al. 1995). The taller 

canopy trees are exposed to the strongest winds @yer and Baird 1997). Wind velocity 

decreases rapidly h m  the top of the cawpy downward (Peltola and Kellomaki 1993). 

Sub-canopy trees are l e s  exposed to winds and, therefore, their risk of injury is decreased 

(Bruederle and Steam 1985, Hedden et al. 1995). 

Nicholas and Zedaker (1989) studied two king events where ice accretion of 70 to 100 

milbeters had severely damaged forest stands. The authors reported that generally within 

a stancl, tree stems and crowns were aU snapped or broken in a similar direction. This 

observation suggests that wind-loading inauenced storm damage. 



EcoIopicai consequences of ice Storm disturbance 

Natural disturbances such as recurrent ice storms shape the structure, development, and 

composition of forest stands by creating canopy gaps (Spauiding and Bratton 1946, 

Whitney and Johnson 1984, Boerner et al. 1988, Seischab et al. 1994). The ecological 

impact of icing events depends on forest type, stand structure, icing intensit. and local 

variation in damage severity (DeSteven et al, 1991). 

Canopy gaps created by destructive ice storms affect the forest community in different 

ways. Spaulding and Bratton (1 946) found that sudden exposure of stems and soi1 to the 

heat and drying effit  of the s u n  was the most detrimental short-terni consequence of large 

canopy openings. A long-term consequence is that successional patterns are infiuenced by 

destructive fieezing precipitation events in regions where they occur fkquently (Rebertus 

et al. 1997). Some authors have argued that succession is accelerated when canopy 

pioneer species s a e r  greater damage han the more resistant later successional understory 

individuais (Carveli et al. 1957, Lemon 1961, Whitney and Johnson 1984, DeSteven et al. 

1991). An alternative viewpoint states that extensive canopy removd aîiows additional 

light to reach the understory encouraging the growth of shade-intolerant pioneer species 

and thus tending to invigorate earlier successional populations and retard forest succession 

(Abel1 1934, Siccama et ai. 1976, Boerner et al, 1988, DeSteven et al. 1991). 

Ice storms appear to iduence forest succession by promoting both acceleration and 

slowing of successional processes because of spatial heterogeneity of landscape features 



(aspect and elevation) and, hence, disturbance intensity (Boemer et al. 1988, Rebertus et al- 

1997). This heterogeneity of disturbance may contribute to maintaining forest diversity 

(Siccama et al. 1976, Whitney and Johnson 1984, Boemer et al. 1988, DeSteven et al. 

199 1). 

Summary and objectives 

ice storms are a rec-g disturbance in most eastem Noah American deciduous forests 

north of the Guifof Mexico. Many studies have investigated the impact ice storms have on 

forest communities yet there is iittle agreement in the fiterature on species resistance and 

stand susceptibility to icuig injury. 

Ice stom forest disturbance is difficult to analyze because susceptibility to king damage is 

not influenced by any single readily quantifiable factor. It is difficult to compare study 

conclusions because of the complex interrelation of the contriiuting variables such as ice- 

load and wuid-load intensities, tree attributes, and stand characteristics. Nevertheless, 

continued research directed at understanding the ecologicd consequences of destructive 

icing events is important for developing e f f d v e  forest management strategies. For 

instance, the issue of whether or not salvage operations are justifieci foiiowing ice storms 

depends on understanding both the impact storms of vaqring fiequency and intensity have 

on forest stands, and the concomitant implications of storm damage such as an iucreased 

vulnerability to decay and insect attack. Similarly, understanding how trees respond to ice 

storms has practical applications for maple sugar producers and for Iimiting the hazard of 

wire and structure damage associated with stem and branch failure in urban areas. 



During the January 1998 ice storm, the mean daily temperature rem* below neePng 

nom the 5" to the 9" of the month. As much as 100 miIlimeters of precipitatîon feu during 

this five-day period, 40 millimeters of which fell as rain (Table 1). This ice storm provided 

a unique opportunity to observe tree damage and to analyze the impact of ice accumulation 

ranging h m  O to pater  than 75 miUrneters (radial measurement). 

The objectives of this study are: 

1. To test the hypothesis that ice-loading stress influences tree damage. 

2. To determine whether there are species-specinc ciifferences in resistance to 

damage. 

3. To detemine whether stand position (edgditerior) influences susceptibility to 

damage. 

4. To determine the refationship between bole size and stem damage. 

5. To compare wind and aown asymmeûy as contriiuting causes of stem bending 

and snapping. 



METHODS 

Strrây area 

The field observations were carried out in southem Quebec in an area withui a radius of 

approximately IO0 kilometers h m  the island of Montreal (45" 30' N, 7 3 O  40' W) 

(Figure 1). This region forms part of the Northem Hardwood Forest where the dominant 

species are sugar maple, Acer sacchaMm Marsh., red maple, Acer nrbrum L., gray birch, 

Berula popuZi$oIia Marsh., paper birch, Behrla pupyrri@ra Marsh., Amerïcan basswood, 

Ti& americana L., beech, Fagus grandifolia Ehrh., trembling aspen, Populur fremuloides 

Michx., and bigtooth aspen, Populm grundidentufa Michx. Forest in the study m a  is 

hgmented and consists mostiy of abandoned agriculturai fields of 30 to 90 year-old 

second growth stands with canopy heights averaging approximately 12 tol5 meters. 

The study region is the Bat terrain of the St. Lawrence River vaiiey except in the most 

northwest and southeast areas, where the topography is g e d y  rolling. Clirnate type is 

humid continental with mild summers. The mean monthly temperature is sub-fkezing for 

four months a year. There is no dry season and the mean annual precipitation is 104 

centimeters. 

The fieldwork was completed, after leaf-out, in June and July of 1998. Using a map 

(Lafiamme and Pénard 1998) showhg radial ice accretion in millimeters for the Ianuary 
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1998 ice storm as a guide, 29 forest stands were sampled dong a gradient of  mapped ice 

thichess h m  O millimeters to greater than 75 m e t e r s  (Table 2). To avoid 

topographicai effects, aii the stands were on flat terrain. Each forest area selected was 

larger than 300 meters by 300 meters so that wind speeds in the deep interior of the stand 

would be about 10 percent of the fiee wind velocity (Niigeli 1953). Since the prevaihg 

winds were NNE and NE during the ice storm (Table l), severai stands having an edge 

facing this direction were specifically inciuded among those sampled (Table 2). 

The location of each stand was noted on a map (Figure 1) and the compass direction 

perpendicular to the edge was recorded. Trees were sampled dong the stand eâge and in 

the stand interior. The edge area was dehed as a width equal to the average height of the 

trees. The interior was dehed as the area greater than 150 metes h m  aay edge into the 

forest. 

Each stem was identifiai by species and circumference at breast height (CBH) was noted. 

Damage was recorded using three categories: percent of crown los, stem bending, and 

stem snapping. For each individual the percentage of crown loss was estimated visudy by 

assessing damage in the crown (missing h b s  and/or limbs bmken yet still attached by 

bark), in combination with an evaluation of the macro litter on the forest floor directly 

below. Care was taken to eanire that the recorded damage was of recent origin by 

disregarding any injuries that did not have the characteristic pale-coloured wound 

associated with fie* injury. For each stem that was damaged by arching, bending 

assessments were made by estimating mwn position in ternis of the nurnber of meters its 



top was h m  the forest flmr. Boles record& as snapped were those that had been 

compietely severed or those that were snapped but stiU attached by a small amount of bark 

The andysis focused on the four species that were cornmon in the majority of the stands. 

These target species were sugar maple (Acer saccharum Marsh,), red maple (Acer 

rubrum L.), trembling aspen (Poplus tremuloides Michx.), and gray birch (Berda 

poputifolia Marsh), 

In order to anaiyze the effect of mwn asymmetry versus wind as a determinant of 

direction of bending ami mapping 1 ascended the SSE facing slope (downhill direction 

1 50°), and descendeci the WNW slope (downhill direction 280°), of Lake Hiil at the Mont- 

Saint-Hilaire Biosphere Reserve (45" 33' N, 73" 10' W) recording the compass direction 

toward which bent or snapped stems were onented. Only the direction of stem bending and 

snapping was relevant, therefore the injureci stems were not identifieci by species. 

Sirnilarly, for three stands bcated in areas of greater than 50 millimeters ice accretion, the 

compass direction toward which arched or snapped interior boles were oriented was 

recorded as was the orientation of stems injured by bending and snapping at one stand 

edge. 



Ana@sb 1: Ice accr&n rurd mean cmopy removed 

Stand-specific ice acmtion, in milluneters, was determineci by interpolaihg radial ice 

accretion values h m  isoiines shown on a Hydro-Québec map (Laflamme and Périard 

1998) and h m  additional ice accumulation information provided by Giiies Pénard, 

(SeMces Conseils en Clunatologie, Ste-Foy, Québec). Accordhg to Pénard, unofficial ice 

accumulation meaSuTements and immediate pst-stonn inspection of tree damage strr,ngiy 

support the probabiiity that the radial ice accretion thickness reached 90 or more 

rnillimeters in the western proximity of Highway 15 just no& of the US border. Stands 

were grouped, by 10 millimeter intervals, using nine ice-accretion classes for radial ice 

accumulation h m  0 to 90 miiiimeters. 

For stand edges and stand interiors separately, the data were summarized to obtain the 

mean percent of canopy removed for each species, in each ice accretion class. In the stem 

bending and stem snapping damage categories, the percent of canopy removed was derived 

by assigning a crown loss value of 100 percent to stems bent to 5 4 meters above the 

ground, and to stems that were mapped. Smail stems l e s  than 30 cm CBH were excluded 

from the analysis. 

(a) 1 arcsine-transformeci (arcsin fi) the percent data (dependent variable) and used 

regression analysis to detemiine the significance of the statistical relationship of the 

percent of mean canopy removed (y) v e m  ice accretion (x). The median values of ice 

accretion classes were used for the regression analyses. Sugar maple, r d  maple, aud 



trembling aspen at the edge, and sugar maple, red maple and gray birch in the interior 

were analyzeé Sample size was inappropriate for gray birch (edge), and trembling 

aspen (interior). 

(b) 1 next used ANOVA to compare the slopes of the regressioos for the species where 1 

had an adequate sample size: 

a) slopes of sugar maple, trembling aspen, and red maple (edge) 

b) slopes of sugar maple, red maple, and gray bïrch (interior) 

c) edge and interior (for sugar maple) 

d) edge and interior (for red maple) 

Anaiysis Damage type by species and size for the most damaged stands 

For edge and interior separately, the data were lumped, by species, for the fifteen stands 

with ice accretion greater than 50 millimeters. Stems less than 10 cm CBH were 

eliminated and the remaining stems were grouped by CBH classes: 1 30 cm and > 30 cm. 

The data were then surnrnarized in three categories: 

1. proportion of stems bent to 5 4 meters off the ground 

2. proportion of stems snapped 

3. proportion of stems with 2 20 percent crown loss 

A two-sample 2-test for difference of proportions was used to analyze the relatiooship of 

bole size and tree damage by species. 



Ana&si;s 1ZI: Tne r o k  of crown asymmetry and wind 

To andyze the effect of crown asymmetry versus wind as a determinant of direction of 

bending and snapping the p r e f d  orientation of the arched and snapped boles was 

determinai for the two Mont-Saint-Hilaire dopes, the three stand interiors, and the one 

stand edge. The significance of the results was assessed using the Rayleigh test for 

preferred orientation (Hammond and McCullagh 1982). 

The preferred orientation anaiysis was completed as shown in Hammond and McCuiiagh 

(1982). The statistical package PHStat for Excel was used for dl the other statisticd 

analyses. 



RESULTS 

Ice accrdbn and mean cmopy removed 

Part 1 - 
To detennine the statistical relationship of ice accumulation and the mean percent of 

canopy removed, simple linear regression analyses were completed for the edge and 

interior samples. Stems less than 30 cm CBH were excluded h m  the analyses. 

E d ~ e  

For sugar maple, red maple, and trembiing aspen the regression analyses (Figure 2) 

demonstrateci significant (a= 0.05) positive relationships for millimetexs of ice accretion 

and the mean percent of canopy removed (see Table 3a for mean values). Ice accumulation 

accounted for 82.2% @ = < 0.001; n = 9) of the variation in sugar maple damage, 85.9% 

(p = c 0.001, n = 9) of the variation în red maple damage, and 73.8% @ = 0.003; n = 9) of 

the variation in trembhg aspen damage uable 4a). There were insufncient data for an 

analysis of gray birch. 

In terior 

For sugar maple, red maple, and gray birch the regression analyses (Figure 3) showed 

significant (a = 0.05) positive relationships for millineters of ice accretion and the percent 

of mean canopy removed (see Table 3b for mean values). Ice accretion explahed 79.1% 

(p  = 0.001; n = 9) of the variation in sugar maple damage, 57.5% ( p  = 0.018; n = 9) of the 

variance in red maple, and 47.7% (p = 0.039; n = 9) of the variance în gray birch (Table 

4b). The trembling aspen data were insutncient for analysis. 



Summmy 

For both edge and interior sarnples, the hear regression analyses showed that there was a 

statistically si@cant positive relatiouship between ice accumuiation and the percent of 

mean canopy removed. 

Part II 

One-way repeated measures ANOVAs (a= 0.05) were used to compare the slopes of the 

regressions. For stand edges, sugar maple, red maple, and trembhg aspen were compared 

As previously noted, gray b k h  was excluded due to insuEcient data. Simiiarly, trembiing 

aspen was omitted h m  the interior analysis that cornparecl the slopes of sugar maple, red 

maple, and gray birch (see Table 5 for analysis summary). 

Only two species, sugar maple and red maple, had both eüge and interior sample sizes 

suitable to complete an analysis of variance comparing species-specific damage at stand 

edges vernis stand intenors (see Table 6 for analysis summary). 

a) The anaiysis dernonsûated that at the edge of stands the mean percent of canopy 

removed for the three species, sugar maple, red maple, and trembling aspen, (see 

Table 3a for mean values), was significantly infiuenced by ice accumulation 

( p  < 0.001; n = 9). As well, damage varied signincantly between species 

( p  = 0.015; n = 3). 

b) For stand interiors, the percent of mean canopy removed for sugar maple, red maple, 

and gray birch, (see Table 3b for mean values) was also sipificantly idiuenced by ice 



accretion (p = 0.015; n = 9), but there was no statistidly significant clifference 

between species (p  = 0.120; n = 3). 

For sugar maple at edge and interior, the percent of mean canopy removed was 

signincantly influenceci by ice accretion ( p  = 0.007; n = 9). However, there was no 

signïficant effect of edge versus interior @ = 0.43 1 ; n = 2). 

For edge and interior red maple, ice accretion signiticantly (p = 0.003; n = 9) 

uinuenced the percent of mean canopy removed, yet, as with sugar maple, thae was 

no statistically significant difference in tree response between the edge stems and the 

interior stems (p = 0.130; n = 2). 

Tree damage at both stand edges and stand interiors was significantly inûuenced by ice 

accumulation. The edge analysis showed that the species, sugar maple, red maple, and 

trembling aspen responded differently to ice-loading. In contrast, the anaiysis of the 

interior species, sugar maple, red maple, and gray birch, demonstrateci that there was no 

significant difference among the species. 

For sugar maple and red rnaple, cornparisons of tree damage at stand edge to tree damage at 

stand ïntenor showed that, for both species, the mean percent of canopy removed was 

significantly infiuenced by ice accretion. Stand position (edge versus interior) did not 

influence susceptibility to damage, however. 



Damage me by specta end site for the most riiuriaged stmds 

A two-sample Z-test for difEerence of proportions was used to anaiyze damage type by 

species and bole size for the fifieen stands where the minimum ice accretion was greater 

than 50 millitneters radial thickness. Stems 2 10 cm CBH were grouped arbitrariiy by the 

CBH classes: 1 30 cm and > 30 cm. 

Edee 

For stem classes 5 30 cm CBH and > 30 cm CBH (see Table 7a and Figure 4 for data 

sumaries), two-tailed 2-tests (Table 8) demonstrated that the difference in proportion of 

damaged stems in the bending category was statisticaüy significant for red rnaple 

@ = 0.032; n = 89) and trembling aspen @ < 0.00 1; n = 249). In both instances, the 

proportion of stems damaged by bending was greater for the 5 30 cm CBH class. The 

difference in proportion of b a t  stems was insigniscant for sugar maple and gray birch. 

In the snapping category, of the four species o d y  red maple i> = 0.032; n = 89) showed a 

statistically significant difference in damage between the two stem-size classes. The 

proportion of snapped boles was larger for the > 30 cm CBH stem class. For sugar maple, 

trembling aspen, and gray birch, difference in stem CBH did not significantly infiuence the 

proportion of snapped stems. 



In the wown loss category, the nuii hypothesis of no diffeience was rejected for sugar 

maple @ c 0.001; n = 242), r d  maple (p < 0.001; n = 89), and trembling aspen 

( p  c 0.00 1 ; n = 249). For ail tbree species, the proportion of crown loss was higher for the 

> 30 cm CBH stems. Only gray b k h  demonstrated no sigaificant difference in proportion 

of crown loss between the two stem-size classes. 

Siammmy 

For each damage categoy, not all four species demonstrated a statisticaily significant 

difference of proportions between the I 30 cm CBH and the > 30 cm CBH stem classes. 

However, among the statisticaiiy significant findings, the smaiier stems were more inclinai 

to M e r  bending injury, and the larger stems were more prone to snapping and crown los  

damage (Figure 4). 

En terior 

For al1 four species the proportion of stems bending was greater for s m d  than large trees 

(Figure S), but two-tailed Z-tests (Table 9) showed that the difference was statisticaliy 

significant only for red maple (p  < 0.00 1; n = 1 14), gray birch @ = 0.029; n = 1 72), and 

trembling aspen (p = 0.015; n = 36). Stem size did not influence sugar rnaple damage; no 

significant difference in the proportion of bent stems was demonstrated. 

For the snapping category, the nuii hypothesis of no difference was rejected for sugar 

maple (p =0.015; n =280), andredmaple@ <0.001;n= 114). Both speciessuffered 



more snapping damage in the > 30 cm CBH class. 2-tests for gray birch and trembüng 

aspen were insignificant. 

In the crown loss category, the dBereuce in proportions was signiscant for two of the four 

species; sugar maple @ < 0.001; n = 280) and red maple @ < 0.001; n = 114). Stems z 30 

cm CBH suffered greater crown loss for both of these species. For gray birch and 

trembling aspen the difference in proportion of damage stems was mt statistically 

signrficant. 

Summary 

For stand interiors, in each o f  the three damage categories, not aii four species 

demonstrateci a statisticaily significant clifference of proportion of damage between the 

I 30 cm CBH and the > 30 cxn CBH classes. Nonetheless, for the statisticdly signincant 

hdings, in the bending category the smaller stems &ered greater damage. In the 

snapping and crown loss categories, it was the larger CBH stems that incurred the pater  

proportion of damage (Figure 5). 



In order to assess the effect of cmwn asymmetry versus wind as a determinant of direction 

of bending and snapping the preferred orientation of arched and snapped boles was 

detemiined for two slopes (Mont-Saint-Hilaire), t h e  stand interiors, and one stand edge 

(see Table 1 O for summary of results). 

Mont-Saint-Nilaire 

S l o ~ e  A 

A downhill compas direction of approximately 1 SOO represented the faü line of the dope. 

The total sarnplo size of bent or mapped stems was forty-five. Analysis of the data showed 

that the preferred orientation (directional mean) of stem bending and snapping was 156.67 

degrees. The Rayleigh test for preferred orientation dernonstrateci that 156.67O was a 

statisticaliy significant mean angle (L-value = 80.7%; p c 0.001). 

S l o ~ e  B 

The fa11 line of this dope corresponded to a downhiil compas direction of approximately 

280 degrees. The total of bent or snapped stems sampled was forty-six. The p r e f d  

orientation of the damaged boles was 262.95 degrees. The Rayleigh test for preferred 

orientation showed that 262.95' was statistically signincant (L-value = 95.3%; p < 0.001). 

Stand interiors 

During the January stom the wind was blowing fiom the NNE - NE to the SSW- SW, or 

approximately h m  40 degrees to 220 degrees. For Stond A, the mea. angle for the i n j d  



stems was 228.06 degrees and the L-value was 95.0% ( p  c 0.001 ; n = 20). The directionai 

mean for Stand B was 209.96 degrees with an L-value of 90.8% @ c 0.001 ; n = 32). 

Anaiysis for Stand C demonstrated a mean angle for the bent aiad snapped stems of îOO.16 

degrees and the L-value was 95.2% (p < 0.00 1 ; n = 32). 

Stand edge 

The edge sampled was perpendicular to 60° (NE) and a dennite windward forest periphexy 

during the January 1998 ice storm. Sample size was thirty-six. Analysis demonstrated that 

the preferred orientation of damaged stems, 57.07 degrees, was statisticaliy significant 

&% =99.2; p < 0.001). 

Summary 

For both Slope A and SIope B, the p r e f d  orientation of arched and snapped stems was 

highly significant In each instance, the degree of preferred orientation of damaged stems 

approximated the cornpass degree associated with the downhill direction of the incline. 

nie mean angle of damaged stems was statisticaiiy significant for each of the stand 

interioa. The mean angle approximated the cornpass direction in which the prevaiiing 

winds were blowing, SSW to SW, or about 220 degrees. For the stand edge, the degree of 

preferred orientation was highly significant and the directional mean closely paralleleci the 

aspect of the forest edge. In short, where we might expect crown asymrnetry (slopes and 

edges), the trees bent or snapped in the direction of the m a s  center of the crown. Oniy in 

stand interiors does the bending or snapping align with the prevailing (early January) wind. 



DISCUSSION 

Ice a c c d n  and mean canopy removed 

Ice a c c d a t i o n  is the primary detenninant of tree damage measured as the mean percent 

of canopy removed. However, the analyses show that individuai species respond 

differeutly to ice-loading stress. These g e n d  ELndings support the conclusions of 

numerous other studies (Rogers 1924, Whitney and Johnson 1984, Bruederle and Steams 

1985, Boemer et al. 1988, Hauer et al. 1994). 

In particular, Uiis study found that two maple specia, sugar maple and red maple, were 

especially vulnerable to icing injury. Regession andysis demonstrated that ice accretion 

statistically explaineci 82.2% and 85.9% of the variation in the mean percent of canopy 

removed at stand edges for sugar maple and red maple respectively. These fïndings 

suggest that sugar maple and red maple and are highly susceptible to ice-loading injuy, 

thus corroborating simila, conc1usion.s found in previous studies (Rogers 1924, Spaulding 

and Bratton 1946, Siccama et al. 1976). There are, however, contradictory studies. For 

example, Bruederle and Steams (1985) and Hauer et al. (1 994) reported sugar maple to be 

only moderately susceptiible to ice storm injury. 

halysis of variance demonstrated bat  three edge species, sugar maple, red maple, and 

trembling aspen, responded differently to ice-loading while three interior species, sugar 

maple, red maple, and gray birch showed no significant ciifference in species-specific 



respome to ice accretion 1 propose that the impact of indirect tree damage Uely 

influenced this hding at least to some extent. Indirect injury is a common fate for trees 

located in stand interiors, particularly for the understory individuaIs (Whitney and J o h n  

1984, Hauer et al. 1993, Seischab et al. 1993, Rebertus et al. 1997). Indirect injury occurs 

when trees or limbs f a  on other individuals. The indirectly injured individuals, 

irrespective of species, are mndom victims that were 'in the wrong place at the m g  

tirne.' Accordingly, the fact that the three interior species, sugat maple, red maple, and 

gray birch showed no signincant difference in species-specific response to ice accretion 

might be influenced more by 'bad luck' than by any species-specific characteristics. 

Therefore, had the sampiing been completed in a manner that differentiated between direct 

and indirect injury, analyses of o d y  the directly darnaged stems rnight have demonstrated a 

statistically sipificant différence in species-specific response to ice accretion for both the 

edge species and the interior species. 

For two species, sugar maple and red maple, tree damage at stand edges was compared to 

tree damage at stand interiors. Both specia demonstrated that stand position did not 

idluence susceptibility to icing damage. This finding is curious as it contradicts the 

conclusion found in previous investigations. These studies reporteci that forest edges 

receive more damage because of unbalanceci ice-loading of asymmetrical crowns @lick 

1 9 1 6, Seischab et al. 1993, Hauer et al. 1994). Although I agree that trees at forest 

perimeters tend to have asymmetrical crowns that predispose edge stems to ice-loading 

damage, 1 suggest that forest interiors have characteristics that predispose interior stems to 

darnage as well, albeit of a different nature. 



In stand interiors most of the ice is deposited on the top of the campy and this might afXord 

a degree of protection for îhe understory trees. But, as  previously stated, indirect injury is a 

common fate for trees located ui stand intenors. Sub-canopy trees are very prone to injury 

resdting h m  overstory branch and stem failure (Whitney and Johnson 1984, Hauer et ai. 

1993, Seischab et al. 1993, Rebertus et al. 1997). This 'heightened' risk of Uijury for 

interior trees could conceivably oBet the 'heightened' risk of injury imposeci on edge trea 

by unbalanced crowas. This king the case, my finciin& of no statisticaily si@cant 

ciifference in species response between the edge stems and the interior stems, is not 

unexpected. 

Damuge type by species and sire for the most damaged sîands 

For the edge analyses, in the bending category not d l  four species demonstrated a 

statisticaily significant ciifference of proportion of damage between the S 30 cm CBH and 

the > 30 cm CBH bole-sue classes (Table Sa). For the statistically significant hdings, 

(red maple and trembling aspen), the smaller circumference stems suffered greater 

bending injury. This finding is in agreement with the conclusion of previous studies. As 

noted above, smaller diameter individuals are more likely to bend in response to ice- 

loading stress (Doms 1938, Spaulding and Bratton 1946, Sisinni et al. 1995). However, 

my results showed that the bending injury incmed by the sugar maple and gray birch 

stems was not significantly infîuenced by bole cucumference. I do not think that this 

somewhat unexpected result might be related to a sarnple size problem (Table 7a). 



Instead, 1 propose that my result might be more influenceci by the fact that the smaiiest 

stems, those less than 10 catimeters CBH, were excluded h m  the analyses. 

For stand edges, m y  research showed that it was the larger size stems that were more 

prone to snapping and crown loss damage- h u e r  et al, (1993) report that a high 

proportion of trees (angiospenns) with larger size stems saered serious injury. The 

authors fail to clearly determine the bomdaries of 'serious' injury, however. Using the 

reasoning that trees damaged by snapping and crown loss sufTer permanent breakage, 

whereas trees injured by bending do not incur permanent breakage, a point might be 

made that snapping and crown loss injury represent 'senous' damage as opposed to the 

damage caused by bending. 1 wodd argue, however, that permanent bending injury is no 

less 'serious' than damage caused by permanent breakage. in fact, d e s s  crown loss is 

extensive, (greater than 75 percent), ice-damaged trees have a reasonable chance of 

survival (Shortie and Smith 1999). On the other hand, although bendiag may be 

perceived as a less serious type of damage because no breakage occurs, many stems bent 

to the ground never regain their original form (Rhoades 19 18, Carvell et ai. 1957, Lemon 

196 l), and therefore, theü long-term sumival in senously compromised by their adverse 

growing conditions, in pdcular, their ground-level crown position. 

In the stand interiors, sugar maple was the only species where bole circumference did not 

influence damage in the bmding category (Table 9a). Again, had the smallest stems not 

been excluded from the analyses, the proportion of bending damage might have been 

higher for sugar maple in the S 30 cm CBH class. As with stand edges, for the significant 



findings in stand interiors, it was the larger circUIllference trees that incurred the greater 

proportion of snapping and crown loss damage. For gray birch and trembling -en, 

snapping and crown loss were not influenced by bole circU131ference but it should be 

noted, however, that the small size of the trembling aspen interior sample (Table 7b) 

imposes limitations on test results. As for the insignificance of the gray birch tests in the 

snapping and crown loss categories, it is interesting to note that aithough sample size was 

adequate (1 72), relatively few stems hcurred arty damage eigure 5)-  

In broad terrns, for all four species, bole size infiuences susceptiiility to damage. 

However, it is not the severity of damage that stem circumference influences so much as 

the type of injury that any stem is likely to incur. Although species-specifk and/or 

individual stem characteristics such as branching architecture, crown size and shape, tree 

health and age, wood properties, and the position of the tree in the canopy have 

considerable bearing on damage susceptibility (Lemon 196 1, Bruederle and Steams 1985, 

Canneli and Morgan 1989, Seischab et al. 1993, Rebertu et al. 1997), generally speaking, 

it is the smaller stems that tend to d e r  bending injury, and it is the larger stems that are 

inclinai to s a e r  snapping and crown loss damage. 



It is generally accepteci that wind plays a cruciai d e  in the amount of icing damage trees 

are likely to sustain in any ice storm. However, in the literature this role is stated largely in 

generalities. A common theme is that icing damage increases with the additional stress of 

wind-loading @euber 1940, Bruederle and Stearns 1985, Seischab et al 1993). 1 would 

agree that ice-loaded trees are more suscepti'ble to damage with increasing wind velocity, 

but 1 suggest that the role wind plays with respect to forest damage is cornterintuitive to 

common perception, that is, forest peripheries do not M e r  excessively h m  the effects of 

the additional stress of wind-loading. Indeed, in the absence of wind, edge stems are at 

high risk for icing injury because of thek more developed branching, and the longer length 

of their branches dong the forest edge. As such, 1 do not M y  agree with the hdings of 

two previous studies that report that stem darnage was most severe on the windward side of 

ice-accreted stands (Cavell et al. 1957, Goebel and Deitschman 1967). The conclusion of 

these authors' Mplies that whd was a significant factor responsible for the tree damage 

occurring at the forest edges. In contrast, 1 propose that stand edges are no more 

susceptible to damage resulting fiom the combined effect of ice accretion and wind-loading 

than are stand interiors. 

During the January 1998 ice storm the wind was fiom the N'NE and the NE (Table 1). My 

research demonstrated that during the ice storm, wind was not a significant factor 

ùifluencing tree damage dong forest perïpheries. Stem darnage at forest edges is primarily 



linked to unbalanced ice-loading of asyrnmetricai mwlls. In contrast, however, wind was 

shown to be a factor infiuencing damage in stand interiors. 

On dopes, trees are more 'open grown' on theu downhill side and increased light 

availability favours development of asymmetrical crowns (Bruederle and Stems 1985). 

Accordingly, my hypothais holds that slope trees that are arched or snapped by ice-loading 

will consistently bend or break toward the d o d u  diction As my d y s i s  shows, for 

both the SSE facing slope (downhill direction 150") and the WNW slope (downhiii 

direction 280") the degree of p r e f d  orientation of damaged stems, 156.67O and 262.95' 

respectively, was highly significant and closely approximated the compass degree 

associated with the downhill direction of the incline. In spite of prevaiiing winds during 

the ice stom (NNE and NE), no windwardneeward difference in bending or falling 

orientation was demonstrated; stems invariably arched or snapped toward theü more open 

side because of theu unbalanced ice-loaded asymmetncal crowns. This 'unbaianced 

crown' phenornenon was observed repeatedly in the course of my fieldwork. 

While gathering data for this study it became clear that the tree damage observed at stand 

edges was not significantly infiuenced by winds. For each of the 29 forest stands sampled, 

irrespective of edge direction, perïphexy stems arched and snapped toward their open side 

in a manner that was consistently near-perpendicuiar to the forest edge. To verify this field 

observation, the compass direction toward which the bent and fallen stems of one stand 

edge were onented was recorded and analyzed. The stand edge was perpendicular to 60° 

(NE), and plainly a windward edge during the January 1998 ice stom. The directional 



mean of stem bending and snapping was 57.07 degrees. This degree of preferred 

orientation is a c W y  toward the direction b m  which the wind was originating, 

Typically, if wind was an innuda1 factor, b a t  or snapped stems wodd arch or fall in 

more or less the same direction toward which the wind was blowing which was, in the case 

of the January 1998 storm, approxhately SW. Clearly, if wind was a significant factor 

infIuencing periphery damage, the directionai mean (57.07") of the bent and fallen stems of 

the sampled stand edge wodd not have so closely appmximated the compass direction 

perpendicular to the forest edge (60"). 

Neverthelas, one might argue that wind b an important factor in that it tends to increase 

the amount of fieezing precipitation tbat is intercepted by a stem in the windward direction. 

But it is not just the trees at forest edges that are at risk for heightened ice accumulation 

under such circurnstances. The risk is the same for dominant canopy trees in stand 

interiors. However, there are differences in the impact the combined effect of ice accretion 

and wind-loading has on stand edges versus stand interiors. 

Wind darnage amounts as such are not quantilied in this study. Instead, this study 

addresses the influence of wind on stem damage at forest edges and in forest interiors. As 

noted above, wind is not a signifiaint ffactr in edge damage. At forest edges, the stress 

imposed by 'windward' ice accretion is iinked ody to the greater ice accumulation and not 

the actual effects of the wind velocity. As weil, stem damage dong forest penphexies is 

dictated by crown asymmetry whether in the presence, or absence, of wind. On the other 



han& it appears that tree damage in forest interiors is iduenced by the combined effect of 

ice accretion and wind-loading. 

In the absence of winci, ice accumulates unifonnly on the interior canopy. But when wind 

is present the windward sides of dominant canopy trees intercept an increased amount of 

f?eePng min and subsequently are at risk for developing a surface area that is l e s  able to 

resist the force of the wind- Since wind is more hazardous for tder, dominant trees and the 

tallest canopy trees are exposed to the strongest winds (Carveii et al. 1957, Campbell et al. 

1993, Hedden et al. 1995, Dyer and Baird 1997), it then foilows that the dominant ice- 

loaded canopy stems are at heightened nsk for bending, snapping, aud crown loss injury. 

During the course of coilecting data for this study it became evident that heavily damaged 

stand interiors s h d  a common trait; aU bent or snapped stems were onented in the same 

direction. This observation is similar to that of Nicholas and Zedaker (1 989) who studied 

two icing events where ice accretion of 70 to 100 milluneters had severely damaged forest 

stands. The authors reported that generally within a stand, tree stems and crowns were all 

snapped or broken in a similar direction. To cab my suspicion that wind likely 

infiuenced this type of tree damage, the bearing toward which the interior stems had bent 

and snapped was analyzed for three stands Iocated in areas where ice accumulation totaleci 

more than 50 millimeters. In al1 three cases, the directional mean of the arched and 

snapped boles proved highly significant (Table 10). In each instance the preferred 

orientation of the damaged stems paralleled the direction in which the prevailing winds 



were travelling, that is, approximaîely at 220 degrees or, south~est~ These resuits suggest 

that wind is an important faftor infiuencuig damage in stand interiors. 

Contrary to cornmon perception, my r d t s  demonstrate that the stem damage that occurs 

dong forest peripheries during an ice storm is not signincantly ïnfiuenced by the combined 

effect of ice accretion and wind-loading despite the fact that wind speeds are greatest at 

stand edges (Ngeli 1953). in fact, it is forest interiors that appear to suffer h m  the added 

stress of wind-loading even though wind speeds in the deep interior of stands are about 10 

percent of the fiee wind velocity (Nageli 1953). As the winds flow over the top of the 

forest canopy there is a heightened wind-related hazard for dominant canopy stem damage. 

Consequently, the interior subcanopy stems are also at greater risk owing to the increased 

lïkelihood of indirect injury caused by the combined effect of ice accretion and wind- 

loading on the dominant canopy trees. 

It is important to note that these concbions apply ody to the January 1998 storm. It is 

impossible to predict what might have happened had there been stronger winds 

during the January stom. 



GENERAL CONCLUSIONS 

In this section 1 present the broad conclusions of this study in the context of their ecological 

implications and their relevance for forest and urban tree management. 

1. Ice accumulation is the main cause of tree damage measured as the mean percent of 

canopy removed; however, individual species respond differentiy to ice-foading stress. 

Comparing damage at stand edges versus damage at stand interiors for the two species that 

had an adequate sample size, showed that stand position did not inauence susceptiïility to 

icing damage for either sugar maple or red maple. Although precise relatiomhips are 

unclear, this study does Link overall icedamage susceptiiiîity to a varïety of stand-related 

and species-related faîtors hcluding branching architecture, crown size and shape, bole 

size, wood properties, and the position of the tree in the canopy. Nevertheless, it is 

important to keep in mind that any ice storxn damage is superimposed on complex extant 

ecological processes. 

Little or no forest canopy is removed before a minimum radial ice thichess of 

approximately 20 millimeters has accumulated (Table 3). Consequently, even where ice 

storms of this intensity occur with relative fiequency, their ecological impact is likely 

minimal. In contrast, considerable canopy is removed with a radial ice accretion of more 

than 40 millimeters. The signScance of canopy removal is that gaps are created in the 

forest canopy and these gaps influence the forest floor environment. Canopy removal 

precipitates short-term changes in forest fîoor light availability, temperahue, and moisture 

that, in turn, prompt long-term changes in successional patterns (Carvell et al. 1957, Lemon 



196 1, Siccama et al. 1976, Whiîney and Johnson 1984, DeSteven et al. 199 1, Reberîus et 

al. 1997, Boerner et al, 1988). 

2. When bole size classes are assigned arbitrarily as 'srnalier' and 'larger,' (in this study, 

5 30 cm CBH and > 30 cm CBH), stem size influences susceptibility to damage although 

not d o r r n l y  for aii four species in each of the damage categories. In general terms, my 

anaiysis of stem damage in areas with an ice acc~~llulation of greater than 50 rniiijmeters 

radial ice thickness showed that for both edge stems and interior stems, in the bending 

category it is the smaller stems that M e r  greater damage and in the snapping and crown 

Loss categories it is the larger circderence stems that incur the greater proportion of 

A common prernise in the literature is that perrnanentiy arched stems are unlikely to 

resume vigorous growth and therefore their risk of mortality is high (Rhoades 19 18, 

Carveli et al. 1957, Lemon 1961). Similariy, for snapped boles and excessive crown loss 

stem survival is unlikely (Spaulding and Bratton 1946, Boerner et al. 1988). In 

consequence, irrespective of the size of the trees in a particular stand, that is, whether they 

tend to be srnailer circderence stems or larger circumference stems or a combination, 

mortality foilowing destructive ice storms is an important, yet largely uninvestigated, 

concern- 

3. In the Literature it is stated that trees at forest perimeters tend to have asymmetrical 

crowns (Seischab et of. 1993, Hauer et al. 1994), and that this condition predisposes edge 



stems to greater ice Storm injury than mterior stems. But, contrary to common perception, 

my research shows that edge stems are no more YUttlerable to the combineci effects of ice 

accretion and wind-loading than are interior stems and that the d e  played by wind during 

an ice stoxm does not heighten the nsk for edge stem injury in spite of cmwn asymmetry. 

Indeed, the opposite appears more Likely. This sîudy suggests that it is the interior of forest 

stands that are at heightened sisk of stom damage infiicted by the combination of ice 

auxetion and wind-loading. 

If, as rny research suggests, forest peripheries are no more vulnerable than stand interiors 

during ice storms, then at least with respect to ice stonn damage, some of the pessimisrn 

associated with forest hgmentation mïght be ailayed. Similady, when destructive ice 

storms occur, perhaps commercial sugar bush producers need not be overly concemed with 

the vulnerability of their edge trees. 

Tree response to ice storms is of interest to resource managers of both urban trees and 

forestland. In an urban setting, information on species' susceptibility to ichg damage 

should be a central consideration in management. in regions where destructive storms 

(greater than 20 miIlimeters of ice accumulation) occur fiequently, planting of resistant 

species coupled with a maintenance programme which includes pruning to remove 

structurai weakness and to maintain reasonable crown symmetry should substantiaily 

lessen the risk of ice stonn damage to private and public property and structures. 



For forest managers there are severai points that should be incorporateci into their 

management strategis. FoUowing destructive ice storms, in spite of more favourable light 

conditions created by canopy gaps, immediate pst-storm seedbed conditions will lïkely 

inbiiit regmeration at least in the short-term. Unlike windthmw disnubance in which 

uprooted trees expose large areas of mineral mil, most ice storms occur when the ground is 

fiozen and thus stems will snap as opposed to being uprooted in response to ice accrebon 

and wind-loading- Not one uprooted tree was observeci during my study. Depending on 

the management objectives, the benefit of scarincation of litter tu encourage new growth 

under the most favourable conditions needs to be weighed against the costs incurred by 

such an operation. Similarly, because ice damage significantly weakens individual stems 

and greatly increases risk of insect and fimgal attacks (Campbell 1937, Melancon and 

Lechowicz 1987, Rebertw et aL 1997), hunediate post-stonn salvage might be a beneficial 

option to prevent the development and spread of h g h i  and insects that could rapidly 

involve undarnaged trees in the stand as well. 

Again, depending on the management objectives, there are aiso considerations for damage 

prevention schemes. By dehnition hi&-density stands have many smder  diameter stems 

and such stems are more prone to bending damage. In addition, the iikelihood of indirect 

damage increases in hi&-density stands. On the other hand, low-density stands have 

fewer, larger diameter stems but these stems are more prone to crown loss and snapping 

injury. In areas where the fiequency and intensity of destructive ice stonns warrants if 

stand thinning might be a cost-effective choice for certain management goals. 



In broad tem,  the impact that destructive king events have on trees and forest stands has 

significant irnptications for both short-term and long-term management strategis. 



SUBSEQUENT RESEARCH 

Considerable research effort bas been directecl at understanding the immediate pst-stonn 

impact destructive ice stoxms have on trees and forest communities, but there are few 

studies investigabng the longer-tenn impacts of ice storm damage. h generai, there is very 

littie known about the relationship between ice stoxm damage and the short-term and long- 

term survivorship of storm-injured stems. Ice storms may be an important cause of 

mortality in forest stands (Nichoias and Zadaker 1989). Accordingiy, a pst-stonn survey 

of immediate tree and forest damage is onIy reveahg part of a larger picture in wbich 

mortality is Wrely a crucial, and certainly a poorly understood, elexnent 

Fkst, fiom the point of view of my own research, it is my intention to re-inventory this 

study's 29 forest stands for two consecutive years foiiowing the initial, summer of 1998, 

assessrnent of storm damage. 1 will evaluate the condition of the damaged trees with the 

purpose of monitoring immediate pst-stom mortality as weli as short-term and long-term 

mortality assessed as a fhction of crown vigour. 

Second, with the above information and the initial crown loss assessments, 1 will be able to 

correlate crown loss (mortality) and ice accretion (Hydro-Québec radial ice thickness 

measurernents). 1 will then be able to h i c  species' response to specific ice accretion 

measurements and to the return times associated with those ice accretion arnounts (return 

times in Laflamme 1996) in order to estimate the retuni thes for udkeiy stem sunival 

and mortality following ice stomi damage. 
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Table 1. Meteorological sumrnary @orval-Montceal) for January srn to Jan- 9m, 1998- 
Precipitation over the S-day period totais 99.8 millimeters. 

Adapted EnvvOnment Canada 

Precipitation (m i) 

Total 

23 -4 

17.6 

9.4 

35.8 

13.6 

Rainfd 

9.0 

15.0 

3 -4 

2.8 

9.6 

w i i d  
Average 

SnowfaU 

2.8 

1 .O 

2.0 

9.4 

1.8 

NNE 



Table 2. Stand summary indicating perpendicular compas direction of each sampled 
edge and ice accretion in millimetm for stand location. 



Table 3. Mean percent of canopy removed by species for edge and interior sampla for 
stems 1 30 cm CBH. Ice class measurement is radial ice thichess in millimeters, 
There were insufncient data to include gray birch (edge) and trembiing aspm (interior). 

a. EDGE 

Ice class 
(mm) 

O- 10 

I l  -20 

21 - 30  

31 -40 

41 - 50 

51 -60 

61 -70 

71 -80 

81 -90 

Mean 
Sugar maple 

0-00 

5-00 

0.48 

3.33 

1.43 

19.29 

27.62 

24.06 

42.50 



Ice class 
(-1 

O- 10 

11 -20 

21 -30 

31 -40 

41 - 50 

51 -60 

61 - 70 

71 - 80 

81 -90 

Mean 
Sugar maple 

0.00 

0.00 

0.33 

8-08 

0.00 

10.00 

19.73 

62.24 

61.00 

Red maple 

0.00 

0.48 

3.85 

18.33 

49.06 

5.00 

2 1.59 

16.67 

75-15 

m m  
Gray birch 

0.00 

0.00 

6.84 

0.00 

100.00 

53.43 

65.50 

82.6 1 

48.00 



Table 4. Sumrnary of regression anaiyses for crown damage vs ice accumulation. Bole 
size 2 30 cm CBH. There were insufncient data for gray birch (edge) and trembling aspen 
(intenor) analyses. 

a, EDGE 

Regressions I 
Sugar maple vs ice I 
Red maple vs ice I 9 

%0/0 confidence 
of slope Rt 

0.822 

0.859 

0-738 Trembluig aspen vs ice 

95% confidence 
of intercept 

Anova 
pvaiue 

~0,001 

<0.001 

0.003 9 

1 1 1 1 Anova 1 95% confidence 1 95% confidence 
Regressions 1 n 1 JP 1 pvdue 1 of dope 

Red maple vs ice 

of intercept 

Sugar maple vs ice 9 

Gray birch vs ice 

0.791 

9 

0.001 

0.477 

0.367 - 0.992 

0.039 

-28.565 - 4.13 1 

0.054 - 1.595 -42.759 - 37.895 



Table 5. ANOVA summarïes for differences in the percent of mean canopy removed in 
relation to the amount of ice accumulation (a = 0.05). For stand edges sugar maple, r d  
rnaple, and trembling aspen were compared. For stand interiors sugar maple, red maple, 
and -y birch were compared. There were insufncient data for gray birch (edge) and 
trembiing aspen (interior) analyses. Stems 5 30 cm CBH were excluded fiom the anaIyses. 

a. EDGE 

Source of variation SS df F-value 

1 
Ice accretion 

Species 

Source of variation 

Ice accretion 14484.150 

Species 2462.616 



Table 6. ANOVA summarïes of cornparisons of species-specific damage in relation to the 
amount of ice accumulation (a = 0.05). The mean percent of canopy removed for stand 
edge vernis stand interior is anaiyzed for the two species, sugar maple and red maple, that 
had adequate edge and interior sample sizes. Stems I 30 cm CBH were exciuded h m  the 
anaiyses, 

a SUGARMAPLE 

b. RED MAPLE 

Source of variation 

Ice accretion 

Stand position 

SS 

6 193.527 

78,935 

Source of variation 

Ice accretion 

Stand position 

F-vdue 

6.730 

0.685 

df 

8 

1 

F ' t  

3.438 

5.317 

pvilue 

0.003 

0.130 

F-crit 

3.43 8 

5.317 

F'lue 

8.253 

2.85 1 

SS 

11209.680 

484.0 19 

pvdue  

0.007 

0.431 

df 

8 

1 



Table 7. Data sunmrary for two-sample Z-tests for difference of proportions for the edge 
and the interior samples. CBH measurements are in centimeters. Stems < 10 cm CBH 
were excludeci h m  the analyses. Minimum ice accretion is > 50 millimeters radial 
thickness. 

a EDGE 

Species 

Sugar maple 

Red maple 

Gray birch 

Trembling aspen 

Species 

Sugar maple 

Red maple 

Gray birch 
-. 

Trembling aspen 

CBH 
c h  
r 30 
>30 
530 
>30 
130 
>30 
1 3 0  
> 30 

class 
130 
>30 
130 
>30 
130 
>30 
-- 

130 
> 30 

# bent to 1 4  m. 
off gmand 

3 
1 
15 
5 
13 
11 
85 
21 

1 mean 

n 
78 

202 
54 
60 
69 
103 
13 
23 

n 
112 
130 
48 
41 
76 
49 
161 
88 

CBB 
19.88 
60.12 
21.15 
41.78 
21.42 
36.88 
19.23 
46.64 

CBH 
22.55 
54.88 
20.96 
50.12 
22-00 
39.72 
21.31 
50.43 

off ground 
16 
27 
25 
7 
52 
61 -- 
10 
8 

# snapped 
5 

36 
4 
20 
O 
1 

ppP 

2 
4 

crown loss 
7 

79 
5 

24 
3 
1 
1 
7 



Table 8. Summary of d t s  of tw~ampie  2-tests for difference o f  proportions for the 
stand edges. EI, = stem size (CBH) makes no difference; 95% confidence interval is 
fl.960. Minimum ice accretion is > 50 millimeters radial thickness. 

Species (w C--- > 30 CBH 
proportion (n) 

0 - 0 8  (130) 

0.122 (41) 

proportion (n) 

1 Sugar map1e (242) 

Red maple (89) 

0.245 

0.032 

Gray birch (125) 

1-162 
do not reject 

2.147 
reject 

do not re'ect * 1 Trembiing aspen (249) 

b. Snapping 

Sugar maple (242) 

> 30 CBH 

Red maple (89) 

Gray birch (125) 
do not rekt 3 

Trembling aspen (249) 



Species (N) 

Sugar maple (242) 

T 

Red maple (89) 

I I I I I reject 

S 30 CBH 
proportion (n) 

0.107 (112) 

Gray birch (125) 

Trernbling aspen (249) 

>30 CBEI 
pmportioi (n) pvrlue 

0.167 (48) 

Ztest statistic 

0.454 (130) 

O.Oo0 (76) 

O. 168 (161) 

0.512 (41) 

<0.001 

0.041 (49) 

0.432 (88) 

-5.906 
reject 

<0.001 -3 -46 7 
reject 

0.076 

< 0.001 

-1 -776 
do not reiect 

-4.536 



Table 9. Summary of results of two-sample 2-tests for difference of proportions for the 
stand interiors. H, = stem size (CBH) makes no difference; 95% confidence interval is 
k1.960. Muiunum ice accretion is > 50 millimeters radial thichess. 

b. Snapping 

Species (N) 

Sugar mapIe (280) 

Red maple (1 14) 

Gray birch (1 72) 

Trembling aspen (36) 

-2.42 1 
reject 

130 CBH 
proportion (n) 

0.205 (78) 

0.463 (54) 

0.754 (69) 

0.769 (13) 

Species (N) 

Sugar maple (280) 

Red rnaple (1 14) 

Gray birch (1 72) 

Trembling aspen (36) 

> 30 CBE 
proportion (n) 

0.134 (202) 

0.117 (60) 

0.592 (103) 

0.348 (23) 

130 CBEI 
proportion (n) 

0.064 (78) 

0.074 (54) 

O.Oo0 (69) 

0.154 (13) 

pvahe 

0.137 

<0.001 

0.029 

0.015 

> 30 CBH 
proportion (n) 

0.172 (202) 

0.334 (60) 

0.010 (103) 

0.174 (23) 

%test statbtic 

L -487 
do not reject 

4.109 
reject 

2.185 
reject 

2.429 
reject 

pvalue 

0.015 

<0.001 

0.412 

0.877 



c. Crown loss 

Species (N) 

Sugar maple (280) 

Red maple (1 14) 

130 CBH 
proportion (n) 

Gray birch (1 72) 

Trembling aspen (36) 
L 

0.090 (78) 

0.093 (54) 

> 30 CBH 
proportion (n) 

0.043 (69) 

0.154 (13) 

0.391 (202) 

0.400 (60) 

pvahe 

0.010 (103) 

0.304 (23) 

Ztest statistic 

~0 .001  

< 0.001 

-4.900 
reject 

-3 -763 
rejec t 

0.150 

0.317 

1.440 
do not reject 

-1 -00 
do not reject 



Table 10. Summary of p r e f d  orientation analyses. Significance of resuits assessed 
using the Rayleigh test for prefmed orientation (Hammond and McCuilagh 1982). 

Analysis 

Slope A (Saint-Hilaire) 

Slope B (Saint-Hilaire) 

Interior Stand A 

Interior Stand B 

Interior Stand C 

Edge Stand 

Sample 
size 

45 

46 

20 

32 

32 

36 

Directional mean 
(degrees) 



Figure 1. Map showing study area, location of forest stands and Mont St-Hilaire. 
Superimposed isoiines are adapted fiom Lafiamme and M a r d  (1998). 



Figure 2. The relationship between ice accretion (radial thicbess in millimeters) and the 
percent of mean canopy removeci for stems 2 30 cm CBH at stand edges (a = 0.05). 

a. Sugar maple 

Sugar rnaple (edge) 
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Figure 3. The relatioaship between ice accretion (radiai thickness in millimeters) and the 
percent of mean canopy rernoved for stems 1 30 cm CBH in stand interiors (a = 0.05). 
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c. Gray birch 

Gray birch (interior) 
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Figure 4. Edge stem damage for sugar maple (SM), red maple O, gray b k h  (GB), and 
trembling aspen (TA) by bole circumference class (S 30 cm CBH and 1 30 cm CBH) for 
the categories: bent to 5 4 meters ofîthe ground, mapped, stems with 2 20 percent crown 
los .  Ice accretion is > 50 mïbneters. 

a. Edge stems 1 30 cm CBH 

- -  - - 

Oamage to edge stems * or = 30 cm CBH 

- - -  

Species (N) 



b. Edge stems > 30 cm CBH 

Damage to edge stems 30 cm CBH 

l Sent 1 5 11 21 

aSnapped 13 15 1 14 

I c r o w  Ioss 59 21 1 2 1 38 

Species (N) 



Figure 5. Interior stem damage for sugar maple (SM), red maple @M), gray birch (GB), 
and trembiing aspen (TA) by bole circumfèrence class (1 30 cm CBH and > 30 cm CBH) 
for the categories: bent to L 4 meters off the ground, mapped, stems with 1 20 percent 
crown loss. Ice accretion is > 50 milheters. 

a Interior stems I 30 cm CBH 

Darnage to inbrior stems < or = 30 cm CBH 

Species (N) 



b. Interior stems > 30 cm CBH 

Damage to interior stems > 30 cm CBH 




