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Abstract 

Majorice storms deposit heavy loads offreezing rain on trees,causing intense 

disturbances in eastern North American forests. Two ice storms that affected southwestern 

Virginia in 1994caused heaviest damage on windward mountain slopes(thosefacing southeast or 

east). Several processes may have contributed to aspect-related variations in ice accretion, 

including orographic effects on rainfall and influences ofwind on twig-surface and raindrop 

thermodynamics. These topographic patterns in ice storm disturbance appear to be typical in the 

Appalachians. Another characteristic pattern is the confinement ofdamage to specific elevation 

zones. Elevational zonation was evidentin forests ofVirginia and New York that were affected 

by ice storms during 1998. 

Severalfactors,including tree size, wood strength,and canopy architecture,influence 

tree damage characteristics within stands. Small trees typically suffer bent or broken stems,and 

large trees usually sustain canopy damage. Toppling is mostcommon in medium-size trees. 

Canopy damage is common in species with weak wood and straight boles, whereas toppling is 

morefrequentamong trees with stronger wood. Site factors,such as slope and soil depth,also 

affect damage patterns. Steep slopes and thin soils contribute to higher rates oftoppling. 

Frequency ofice storm disturbance influences how significantthese events are for 

vegetation dynamics. In the southem Appalachians,ice storms occur mostfrequently in eastern 

parts ofthe region, where subfreezing surface air becomes trapped against the mountains and 

creates conditionsfavorableforfreezing rain. A dendrochronological analysis indicates thatice 

storms produce tree-ring signatures that may be usefulfor detecting fine-scale spatial variations 

in ice storm frequency. 

Forest modeling results suggest that periodic ice storms have significantlong-term 

consequencesfor Appalachian forest dynamics. These disturbances may reduce species richness 

on xeric ridgetops and enhance richness on mesic sites, predictions consistent with theoretical 
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expectations. They are also predicted to reduce the degree ofcompositional zonation along a 

topographic gradient ofsoil moisture and to promote increased Quercusimportance over much of 

the landscape. Ice storms may be especially significantfor promoting the maintenance ofshade-

intolerant species,such as Robinia pseudoacacia and Liriodendron tulipifera,on Appalachian 

landscapes. 
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Chapter1 

Introduction 

Purpose 

This dissertation seeks to characterize the role ofmajorice storms as agents offorest 

disturbance in the southern Appalachian Mountains. Disturbances exert important influences on 

species composition and diversity(Loucks 1970;Huston 1979). Ice storm disturbance occurs 

when a heavy coat offreezing rain accumulates on tree surfaces. Tree damage resultingfrom the 

weight ofice variesfrom minorlimb breakage to snapping or toppling ofstems. Major ice 

storms typically damage broad areas offorest and create large,interconnected canopy openings. 

This disturbance pattern differsfrom theformation ofsmall gaps by single-tree mortality,the 

disturbance mode thought to dominate natural disturbance regimes over mostofthe eastern 

hardwood region ofNorth America(Runkle 1990). The role oflarger disturbances,such as ice 

storms and hurricanes,in these forests is poorly understood. 

Theoretical context 

An increased awareness ofthe influence ofdisturbances on vegetation characteristics has 

developed over the lasttwo to three decades. In particular,it is now recognized that disturbances 

can promote the coexistence ofspecies in late-successionalcommunities that would otherwise be 

occupied solely by the best competitors. Throughout much ofthe twentieth century,the 

competitive equilibrium viewpoint dominated understanding ofhow species coexist on 

landscapes. A community is in equilibrium ifit does notexperience compositional or structural 

change as a result ofcompetition(Pickett 1980). Niche differentiation was considered the 

primary means by which species could coexistin an equilibrium community withoutthe 

extinction ofinferior competitors(i.e.,competitive exclusion). Since the 1970s,however, 

thinking has shifted to emphasize the role ofsuch events as disturbances,diseases,climate 

change,and human activities that disrupt the approach to competitive equilibrium and alter 

1 



competitive relationships(Huston 1979;White 1979;Rolston 1989;Spmgel 1991). By reducing 

the biomass ofthe best competitors,disturbances free resources(e.g.,light, water,and nutrients) 

and permit the survival ofopportunists that cannot tolerate the low resource levels oflater-

successional communities. 

Disturbances vary in frequency and magnitude. A level ofdisturbance exists at which 

maximum species diversity is maintained,and this has been described as the "intermediate" rate 

ofdisturbance(Loucks 1970;Connell 1978;Fox 1979;Huston 1979). Huston(1979)pointed out 

that the level ofdisturbance at which the mostspecies can coexist is related to how rapidly a 

community is approaching competitive equilibrium. According to the dynamic equilibrium 

model ofHuston(1979),diversity is afunction ofboth productivity and disturbance level. 

Productive vegetation communities require relatively high disturbance levels to prevent exclusion 

and maintain diversity. Competition should be less pronounced in low-productivity stands,and, 

in the absence offrequent or severe disturbances,such standscan exhibit relatively high diversity. 

Heavy disturbance in low-productivity communities is predicted to reduce the numberofspecies, 

because populations ofsome species do not recover between disturbances. 

Smith and Huston(1989)elaborated the dynamic equilibrium modelto predict spatial and 

temporal dynamics of vegetation along moisture gradients. Smith and Huston hypothesized that 

successional changes and spatial patterns in species composition are consequences of 

physiological constraints on resource use by plants. Theyfocused specifically on the use oflight 

and water. They argued that species capable ofrapid growth under high resource levels possess 

attributes that prevent tolerance oflow levels. Conversely,species able to grow in sites with low 

resource levels exhibitlow maximum growth rates even where resources are abundant. In 

addition,tolerance to low levels oflight and water are interdependent. Characteristics that confer 

shade-tolerance preclude drought-tolerance,and attributes that permit survival in dry sites prevent 

tolerance ofshade. 



In early succession,competition for light is not severe,and species richness should be 

highest on mesic sites, where the physiological optima(highest growth in the absence of 

competition)ofmostspecies occur(Smith and Huston 1989;Huston 1994). Rapid growth rates 

on mesic sites soon lead to canopy closure and increased competition for light, displacing the less 

competitive species toward the dry end ofthe gradient. Smith and Huston predict that ultimately, 

in the absence ofdisturbance,each species becomes confined to a narrow zone along the gradient 

as a result ofsuperior competition at high resource levels. Species richness declines as 

succession proceeds,particularly in mesic sites where slow-growing,shade-tolerant species 

become dominant. By reducing canopy biomass,disturbance reduces competition for light and 

permits the maintenance ofshade-intolerant species that would otherwise be excluded. Thus 

disturbance enhances species richness and diminishes the degree ofspecies zonation along a 

moisture gradient(Huston 1979;Smith and Huston 1989;Huston 1994). 

This dissertation applies the dynamic equilibrium model to elucidate consequences ofice 

storm disturbance on forested Appalachian landscapes. Appalachian forests vary widely in 

productivity. In valleys and lower slopes,where runoffaccumulates and soils are typically deep, 

sufficient moisture and nutrient levels are available for rapid growth. Thin soils on adjacent 

ridges may be too droughty and infertile to supportthe luxuriant growth ofthe valley sites. The 

role ofice storms in generating intermediate levels ofdisturbance will vary according to the 

productivity ofthe vegetation at a site. Anotherimportantfactor is the character ofthe storms 

themselves. Little is known about thefrequency of majorice storms in the Appalachians(or 

elsewhere)or about spatial variations in ice storm frequency or magnitude. Appalachian 

topography creates circumstances thatfavor pronounced spatial variation in ice stormfrequency 

and magnitude over different spatial scales. 



Disturbance regimesin Appalachian forests 

Overview 

Fine-scale gap dynamics involving frequent creation ofsmall canopy gaps are thought to 

dominate natural disturbance regimes over interior parts ofthe temperate forest region ofeastern 

North America,including the Appalachians(Runkle 1990). Runkle(1990)reviewed published 

articles on natural disturbances in eastern North America and concluded that catastrophic 

disturbances,such as hurricanes,fires,and tornadoes,are mostly restricted to the margins ofthe 

region. 

Most work on the role ofdisturbance in interior eastern forests hasfocused on 

mesophytic forests,particularly northern hardwood and cove hardwood forests. Research on old-

growth northern hardwoods indicates that catastrophic fires or blowdowns typically recur on the 

order ofabout 1,000 years(Lorimer 1989;Lorimer and Frelich 1994). Small gaps,on the other 

hand,form frequently and cover an average of0.4%-2.0% ofthe land area annually, yielding an 

average canopy turnover time less than 250 years and contributing to uneven age distributions. 

Southern Appalachian cove forests may be affected almost entirely by small-scale disturbances 

(Runkle 1985). Runkle(1982,1985)found that gaps in several old-growth mesophytic forests in 

the southern Blue Ridge and the Allegheny Plateau formed primarily as a result ofsingle-tree 

mortality. However,about1% ofthe total land area wasin gaps exceeding400 m^in area,the 

approximate minimum size required for regeneration ofshade-intolerant yellow-poplar 

(Liriodendron tulipifera),and mostofthese larger gaps resulted from the fall ofmultiple trees. 

Gap sizes were as large as about 1500 m^. 

Gap creation rates in old-growth mesic forests ofthe central and southern Appalachians 

are similar to those in northern hardwood forests,northern coniferous forests,and tropical 

rainforests(Runkle 1982,1985). A given average disturbance rate can be achieved by the 

occurrence ofinfrequent major disturbances or frequent minor events. Sites in the southern 



Appalachians monitored forfifteen years exhibited relatively minor yearly fluctuations in gap 

formation rates(Runkle 1985),suggesting thatthe disturbance regime is dominated by frequent 

disturbances oflow intensity. It is important to note,however,that short-term studies may 

underestimate the role oflarger,less frequent events. 

In stands characterized by fine-scale gap dynamics,lateral spread ofdominant-tree 

canopies is partly responsible for gap closure,butupward growth ofsaplings appears to be the 

primary mode ofclosure(Runkle 1982). Seedlings are unlikely to reach the canopy exceptin 

larger gaps whose radii exceed5m(Runkle 1985). Because gaps are small and therefore close 

rapidly,multiple gap-creation episodes are typically required for understory trees to reach the 

canopy(Runkle 1985). Given observed average gap creation rates,a high probability exists that 

new gaps will be created adjacent to an old gap within a relatively short time(Runkle 1990). A 

study ofdisturbance history in an old-growth coveforest ofwestern North Carolina revealed that 

eight disturbances occurred during the last250 years, most of which removed less than 10% of 

the canopy trees(Lorimer 1980). This level ofdisturbance creates large enough gapsfor the 

maintenance ofboth shade-tolerant and intolerant species in all age classes. 

Despite lowerfrequencies ofoccurrence,larger disturbances do exert significant 

influences on forests ofthe central hardwood region. Even in hemlock(rj:Mga)-hardwood forests 

where catastrophic fires recur at 1400-year intervals, more than 20% ofthe landscape is typically 

covered with stands that originated following fires(Lorimer and Frelich 1994). Outside 

mesophytic forests,less information exists for characterizing disturbance regimes(Lorimer and 

Frelich 1994). Large events may be more important in otherforest types. Forexample,white 

pine(JPinus strobus)forests occurred on presettlementlandscapes ofthe Allegheny Plateau where 

fires and windstorms opened the canopy and exposed mineral soil(Runkle 1985). These pine 

forests occupied sandy river bottoms and lower south-facing slopes, whereas mesophytic forests 

characterized by fine-scale gap creation dominated north-facing slopes. Recentexamples ofsuch 



disturbances include severe winds that leveled large patches offorest during tornadoes or 

downbursts on the Allegheny Plateau ofPennsylvania(Peterson and Pickett 1995)and the Valley 

and Ridge ofTennessee and Virginia(Wilkinson 1993;Peter Fischer personal communication). 

Characterizing canopy disturbances either as frequent small-intensity events that create 

single-tree gaps or as infrequent high-magnitude events that kill all trees in a broad swath 

oversimplifies disturbance dynamics in the Appalachians and surrounding regions. Greenberg 

and McNab(1998)argued that intermediate-scale disturbances caused by episodic,high-intensity 

(but not catastrophic)wind arecommon in thesouthem Appalachians and have important 

consequences forforest dynamics. Their study ofhurricane damagein western North Carolina 

oak forests characterized gaps of0.2-1.1.ha in area. Greenberg and McNab pointed out that 

such disturbances do not always create"neat"gaps with treeless interiors surrounded by discrete, 

undamaged forest edges. Rather,standing trees remained within all the gaps they sampled. 

Ice storms may be best characterized as intermediate-scale disturbances. Studies ofice 

storm disturbance does not typically describe gaps at all butimply instead that broad areas of 

forests are thinned withoutremoval ofall canopy trees(Downs 1938;Whitney and Johnson 1984; 

Bruederle and Steams 1985;Seischab et al. 1993). This level ofcanopy disturbance may have 

different consequences for tree species composition and diversity than either fine-scale dynamics 

associated with single-tree mortality or the infrequent occurrence oflarge,catastrophic events. 

Agents offorestdisturbance 

In addition to ice storms,several other natural disturbance agents affect Appalachian 

forests,causing disturbances rangingfrom mild to catastrophic in their effects. These 

disturbances can be classed into four main categories;storm disturbance,geomorphic 

disturbance,fire,and biotic disturbance. 1do not provide a literature review on ice storm 

disturbance in this introductory chapter,because such information is included in the following 

chapters. The purpose ofthis section is to describe other types ofdisturbance that affect 



Appalachian forests,thus furnishing a contextfor my research on ice storms. Theconcluding 

chapter ofthe dissertation compares ice storms to these other disturbance agents. 

Storm disturbance-Storm disturbances resultfrom various types ofwind events, 

including thunderstorms and tornadoes,hurricanes,and midlatitude cyclones,as well as ice 

storms and snow storms. The mostcatastrophic wind disturbance occurs during tornadoes or 

downbursts,which may remove virtually all canopy trees in large patches(Peterson and Pickett 

1995). A class F4tornado leveled400ha ofold-growth forest on the Allegheny Plateau of 

Pennsylvania in May 1985(Peterson and Pickett 1995),and downbursts associated with severe 

squall-line thunderstorms caused similar damage over about 25,000 ha in Minnesota and 

Wisconsin in July 1977(Canham and Loucks 1984). In the southern Appalachians,a February 

1993 tornado devastated about 100ha offorest in the University ofTennessee Forestry 

ExperimentStation at Oak Ridge,Tennessee(Wilkinson 1993). Downbursts or atornado 

flattened 200 ha offorest on the Clinch Ranger District ofthe George Washington and Jefferson 

National Forestofsouthwestern Virginia in June 1998(Peter Fischer personal communication). 

Not all tornado and downburst winds produce such devastating results. The storms described 

above also caused less severe forest disturbance over broader areas(Canham and Loucks 1984; 

Wilkinson 1993;Peter Fischer personal communication),and sometomadoes/downbursts do not 

produce any large patches ofcomplete canopyremoval(Glitzenstein and Harcombe 1988;Held 

et al. 1998). Catastrophic winds cause severalforms oftree damage,buttoppling and stem 

breakage appear mostcommon(Held and Winstead 1976;Glitzenstein and Harcombe 1988;Peter 

Fischer personal communication). 

Catastrophic windstorm disturbance occurs infrequently in most ofthe eastern forest 

region. Canham and Loucks(1984)estimated an average retum interval of1210 years for such 

events in northeastern Wisconsin,and Glitzenstein and Harcombe(1988)suggested that retum 

intervals in southeastern Texas are on the order of 1,000-10,000 years. Given the low frequency 



oftomadoes in the Appalachians(Brinkman etal. 1975a;Kelly etal. 1978;Eagleman 1983; 

Leathers 1993),it is doubtful thattomadoes are a majorcomponentofdisturbance regimes in 

most parts ofthe region. Downburst winds may be more important. 

Spatial patterns ofdisturbances associated with tomadoes and downbursts undoubtedly 

exist across the Appalachian region,but there has been little study ofthese phenomena at fine 

scales. Based on published maps oftomadofrequency(Brinkman et al. 1975a;Eagleman 1983), 

it appears thattomadoes are mostcommon in the extremesouthem edge ofthe Appalachians(the 

Valley and Ridge section ofnorthwestem Georgia and northeastem Alabama). Bratton and Meier 

(1998)reported thattomadoes are common in the Chattooga River basin ofGeorgia,in the 

southem end ofthe Blue Ridge. Tomadoes occur there once or twice per decade,on average. 

However,they rarely moveinto the higher terrain in the North Carolina section ofthe basin. 

Total annual thunderstorm frequency also decreasesfrom south to north(Brinkman et al. 

1975a;Eagleman 1983),and it is likely that the frequency of windthrow from thunderstorm 

windsfollows a similar latitudinal gradient. Disturbance resultingfrom a single catastrophic 

windstorm may notbe predictable at the finer scale ofindividual topographic features. 

Downburstand tomado damage in southwestem Virginia and northem Michigan was notrelated 

to slope or exposure(Lorimer and Frelich 1994;Peter Fischer personal communication). 

Despite theirlow frequencies,catastrophic winds have importantinfluences on forest 

characteristics. Forexample,they may promote increased abundance ofshade-intolerant species 

(Peterson and Pickett 1995),and they create large patches ofeven-aged forestthat are 

subsequently modified by small disturbances,ultimately producing uneven-aged stands(Dunn et 

al. 1983). The piles ofdebris provide fuelfor fire(Bratton and Meier 1998),and the presence of 

damaged trees increase the likelihood ofinsect or disease outbreaks(Schowalter etal. 1981; 

Lovelady etal. 1991). Peterson and Pickett(1995)also predicted that piles ofstorm debris would 

enhance hemlock regeneration by protecting the seedlingsfrom deer browsing. 
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Hurricanes may be more significant disturbance agents than tornadoes and downbursts in 

the Appalachians and regions to their east. In fact,Foster(1988)suggested that hurricanes are the 

major natural disturbance agent in central New England. Although hurricane winds lose strength 

as the storms move inland,they nonetheless cause heavy forest damage as far inland as the 

Appalachians. Hurricane Opal,a moderate-intensity hurricane that affected the southern Blue 

Ridge in 1995,created at least21 discrete, multiple-tree gaps of0.1-4.0hain the BentCreek 

watershed ofwestern North Carolina(Greenberg and McNab 1998). These gaps,which 

contained variable numbers ofstanding trees,probably resulted from downburst winds associated 

with the hurricane. The storm also created numerous single-tree gaps less than 200 m^in area. 

Uprooting was the dominantform oftree damage,which was also the case in New England 

forests disturbed by a 1938 hurricane(Foster 1988;Greenberg and McNab 1998). Uprooting 

may result in part because soils become saturated during the heavy rains that accompany 

hurricanes(Foster 1988). 

Broad-scale spatial pattems exist in thefrequency and intensity ofhurricane disturbance. 

Forests in coastal zones are obviously affected more than inland forests(Runkle 1990). Further, 

some segments ofthe Atlantic and Gulfcoasts endure more frequent hurricane occurrence than 

others(Brinkman et al. 1975b). Within the Appalachians,the eastern edge ofthe mountains(i.e., 

the Blue Ridge)probably sustains more intense and morefrequent hurricane winds than other 

parts ofthe region(Brinkman 1975b). The greater proximity ofthe northem and central 

Appalachians to the Atlantic coast exposes those parts ofthe Appalachians to stronger hurricane 

winds than the southern end ofthe region typically sustains(Brinkman 1975b). Finer-scale 

pattems also emerge. In north temperate regions,severe hurricane damage occurs primarily to 

the right ofthe storm track, where counterclockwise flow around the cyclone is aligned with the 

direction ofstorm movement(Foster and Boose 1995). Further,in hurricanes affecting the 

southem Appalachians,the right side ofthe storm is the sector containing onshore winds,which 



are the least dissipated winds. The result is that slopes facing east to southwest are exposed to 

hurricane damage(Foster 1988),whereasforests on other sites may sustain little damage(Foster 

and Boose 1995). Othertopographic influences on wind speed also occur. Wind is accelerated 

oversummits and channeled up valleys(Foster and Boose 1995;Finnigan and Brunet 1995). 

Greenberg and McNab(1998)reported that nearly all windthrows in BentCreek watershed 

occurred on upper and middle slopes. These reported patterns agree with my observations of 

Hurricane Hugo damage in the Valley and Ridge province ofsouthwestem Virginia,where heavy 

damage occurred primarily on upper slopes facing southeast. 

Hurricanes probably have importantconsequencesforforest patterns in the Appalachians 

and nearby regions. Basal area losses of30-50% occurred in gaps created by Hurricane Opal at 

Bent Creek,probably resulting in long-term influences on tree species dominance and diversity 

(Greenberg and McNab 1998). The 1938 New England storm eliminated white pinefrom many 

stands,converting them from white pine-hardwood to hardwood stands and enhancing the growth 

ofhemlock(Foster 1988). Thefrequency ofhurricane damage is high enough to affect 

substantial portions ofthe landscape over the lifespan ofa tree. Greenberg and McNab(1998) 

estimated that hurricane-related windstorms create gaps over6.8% ofthe southern Appalachian 

landscape during a 200-year period. 

Most windstorms,outside these major events,are too weak to produce heavy forest 

damage. Winds associated with midlatitude cyclones typically cause small-gap disturbances 

(Canham and Loucks 1984). Also,according to theStorm Data reports ofthe National Climatic 

Data Center(NCDC),several forest-damaging thunderstorm episodes occur annually in each 

state. The mostlikely consequence ofthese moderate-intensity winds is the creation ofsingle 

tree gaps. Hence,these frequent storms are an important driver offine-scale gap dynamicsin 

eastem forests. 
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Some generalizations emergefrom examination ofliterature on windstorm damage. 

Besides the mostcatastrophic windstorms,which level virtually all thecanopy trees in their paths, 

windstorms primarily damage the largest trees(Cremeans and Kalisz 1988;Glitzenstein and 

Harcombe 1988;Walker 1991;Greenberg and McNab 1998). Toppling appears to be the primary 

form ofdamage(Cremeans and Kalisz 1988;Foster 1988;Greenberg and McNab 1998;Peter 

Fischer personal communication),especially among large trees(Walker 1991). Toppling is 

particularly likely on sites with thin soils(Croker 1958). Cremeans and Kalisz(1988)found that 

on the Cumberland Plateau ofKentucky uprooting was mostcommon in coves and north-facing 

slopes,probably reflectinglow soil strength in moist sites. This pattem differsfrom the finding 

ofGreenberg and McNab(1998)that mostcanopy gaps were created on middle and upper slopes. 

However,heavy precipitation during the hurricane probably saturated soils over the entire 

landscape. 

Species vary in their susceptibility to wind damage. Early-successional species, 

especially pines(Pinus),appear most vulnerable to wind damage(Foster 1988;Glitzenstein and 

Harcombe 1988;Brokaw and Walker 1991),especially in stands where these are the largest, most 

abundant species. Cremeans and Kalisz(1988)and Greenberg and McNab(1998)found that 

scarlet oak(Quercus coccinea)was particularly vulnerable in the southern Appalachian region. 

Wind has various implicationsfor tree species composition and diversity. By opening stands and 

reducing abundance ofcanopy dominants,windstorms probably favorincreased species diversity 

(Doyle 1981). However,wind may also reduce diversity where the domineuit species are more 

resistant than others to wind damage(Brokaw and Walker 1991;Putzand Sharitz 1991). 

Snowstorms also disturb forests. Heavy,wetsnow can break or topple trees in a similar 

manner as ice storms,although the damage may be less severe. Virtually no research has been 

conducted on the effects ofheavy snow as an agentofforest disturbance. An early-spring 

snowstorm in 1958 damaged a seven-year-old paper birch-yellow birch(Betulapapyrifera-B. 
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alleghaniensis)stand in New Hampshire(Blum 1966). Approximately50-75% ofthe stems 

were injured,primarily by bending or twisting. High mortality occurred in subsequent years,but 

the stand was well stocked when assessed in 1962. Snow damage causes breakage in conifers of 

the Pacific northwestern United States(Oliver and Larson 1990). In the Appalachians,heavy 

snow probably damages southern pines more than hardwoods,although a late snowfall occurring 

after leaf-out could cause major damage to deciduous trees. Presumably,the frequency ofsnow 

damageincreases with elevation and latitude. However,when heavy snow loads do occur atlow 

latitudes or elevations,severe damage may result,because tree canopies have not been pruned by 

other recent winter storms. 

Geomorphic disturbances-Floods and debris slides are the primary geomorphic events 

that cause forest disturbance in the Appalachians. Both types ofevents can strip off all forest 

cover and erode much ofthe substrate. Geomorphic disturbances are restricted to specific parts 

ofthe landscape,but they are important disturbance agents in those sites. The bestknown and 

mostcomprehensive work on flooding and debris slides in the Appalachians is that ofHack and 

Goodlett(1960),who studied effects ofan intense convective rainstorm that occurred during June 

1949in the Little River basin ofthe Ridge and Valley province ofwestern Virginia. Over 100 

debris slides occurred on the forested slopes ofthe watershed,creating scars6-300m wide. 

First- and second-order stream channels were scoured,widened,and deepened. The larger 

valleys,such as that ofthe Little River itself, were severely eroded. In some sections the entire 

floodplain(up to about 100m in width)was denuded offorest vegetation. Debrisfans also 

formed where debrisflows ran onto valley floors. Such catastrophic geomorphic events create 

high-light conditions that permit opportunistic pioneer species to colonize(Flaccus 1959). They 

also alter soil conditions by eroding or depositing sediment. Flaccus(1959)studied revegetation 

ofdebris slide scars in the White Mountain ofNew Hampshire and found that early-successional 

forest vegetation on the scars was dominated by the same pioneer species thatfollow burning, 
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timber harvest,or windthrow. In the Little River basin ofVirginia,maturefloodplain forests of 

white pine and hemlock were converted to young stands ofsycamore(Platanus occidentalis)and 

black locust{Robinia pseudoacacid)by the time the basin was surveyed in 1955(Hack and 

Goodlett 1960). Osterkamp et al.(1995)resurveyed geomorphic features and vegetation 35 years 

later and found that sycamore continued to dominate stands on damaged floodplains,whereas 

hemlock and white pine dominated on undamaged floodplains. Locust had declined on the 

disturbed sites,and sugar maple(Acersaccharum)and yellow-poplar had increased. 

Catastrophic geomorphic events result during heavy rainfall,although snowmelt may be 

involved in some cases(Jacobson et al. 1989). Clark(1987)compiled an inventory of 

documented historical debris slides in the unglaciated Appalachians and found that mostepisodes 

occurred during heavysummerthunderstorms. However,the most widespread damage occurred 

during hurricanes and midlatitude cyclones,with hurricanes inflicting the most severe damage 

and property loss. In some cases,such as the central Appalachian flooding ofNovember 1985, 

heavy rains result when tropical storms interact with extratropicallows(Jacobson etal. 1989). 

Hack and Goodlett(1960)estimated that the return interval ofhigh-magnitude 

geomorphic events is probably 100 years or more in the Little River basin. Based on aliterature 

review ofdebris slides in the Appalachians,Eschner and Patric(1982)concluded that a one-day 

rainfall ofabout 12.5cm is necessary for slides to occur. Return intervals for rainfall ofthis 

intensity generally do notexceed 100 years in the Appalachians,although the occurrence ofsuch 

a rainstorm does not guarantee slope failures. Kochel(1987)estimated a return interval of3,000 

-4,000 years,based on debrisfan stratigraphy in the Blue Ridge ofcentral Virginia. However, 

this is an "at-a-site" estimate,and Kochel noted that such events occur much more frequently at a 

regional scale. The occurrence ofdebris slides in neighboring hillslope hollows or watersheds 

during different storms could help maintain tree species diversity on the landscape,even ifthe 

disturbances are infrequent at a specific site. One factor that determines minimum return interval 
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ofdebris slides is the rate ofcolluvial recharge in a slide chute(Jacobson et al. 1989). Where a 

recent debris slide hasflushed all the colluvium from a hollow,another slide will not occur until a 

sufficient depth ofmaterial accumulates. 

Geomorphic disturbances undoubtedly exhibit considerable spatial variation in frequency 

and in the proportion oflandscape area affected. Atthe broadest scale,the entire Appalachian 

region,with its steep slopes,thin soils,narrow valleys,and orographically enhanced precipitation, 

is prone to such events(Eschner and Patric 1982). An inventory ofhistoric debris slides in the 

unglaciated Appalachians(Clark 1987)reveals a pronounced concentration ofevents in the 

southern Blue Ridge ofNorth Carolina and Tennessee,with a secondary cluster in the Valley and 

Ridge and Plateaus ofsouthwestern Virginia. However,majorcatastrophic events have occurred 

throughoutthe Appalachians(Eschner and Patric 1982;Jacobson etal. 1989). In their study of 

catastrophic geomorphic events in the central Appalachians,Jacobson etal.(1989)concluded that 

severe floodplain damage and hillslope failures are predominantin the Ridge and Valley and the 

Blue Ridge and less importantin the Piedmontand the Allegheny Plateau. This spatial pattern 

reflects differences in both the climatology ofheavy rainfall and the physical characteristics of 

watersheds among the physiographic provinces. Valuesfor extreme,short duration rainfall 

events(e.g.,the 100-year maximum daily rainfall)declinefrom east to west,reflecting primarily 

the greater influence oftropical storms to the east(Jacobson etal. 1989). Despite frequent heavy 

rain in the Piedmont,the thick,highly permeable saprolite permits infiltration and drainage. 

Thus,the high soil moisture levels required for slope failure are notlikely(Jacobson etal. 1989). 

Fluvial regimes in the low-powerPiedmontstreams are dominated by moderate events that 

probably have only minorconsequencesfor vegetation disturbance. In contrast,the thin soils, 

high stream power,coarse sediment,steep slopes,and high reliefofthe Blue Ridge and Ridge 

and Valley contribute to occurrence ofcatastrophic flood damage and slopefailures(Jacobson et 
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al. 1989). Allegheny Plateau hillslopes are mostly affected by frequent, minor slips during wet 

periods in the springtime(Jacobson et al. 1989). 

Atfiner scales,catastrophic flooding and debris sliding that produce significant forest 

disturbance primarily occur in low-order drainage basins,a pattern that reflects the small 

mesoscale organization ofextreme rainfall(Jacobson et al. 1989)and the steep hydrologic slopes 

oflow-order basins. Within alandscape or watershed,lithologic and topographic differences 

contribute to spatial patterns in slope failure and flood damage. Forexample,debris slides are 

particularly common in the pyritiferous Anakeesta Formation ofthe GreatSmoky Mountains 

(Clark et al. 1987). Hillslope hollows are typically the initiation sites for debris slides(Kochel 

1987),and high antecedent moisture in hollows facing northwest,north,northeast,or east may 

contribute to higher incidences ofslope failure on those aspects during rainfall events ofmarginal 

intensity(Clark 1987). In fluvial systems,constrictions formed by watergapsfunnel water into 

jets that erode downstream floodplain reaches(Jacobson et al. 1989). 

Fire-Fire is thoughtto have been a major influence on Appalachian forest vegetation 

prior to the advent ofeffective fire suppression. The prevalence ofoak and southern pine forests 

over much ofthe region apparently results in partfrom frequent,widespread buming in the past 

(Abrams 1992;Bratton and Meier 1998;Harrod et al. 1998;Williams 1998). Both oaks and 

southern pines,especially table mountain pine(Pinuspungens)and pitch pine(P.rlgidd),possess 

characteristics(e.g.,thick bark or serotinous cones)that make them resistant to or dependent 

upon fire. Mostcompeting species,including maples,hemlocks,yellow-poplar,black gum 

(Nyssa),and white pine,are less resistant and decline under aregime offrequent buming(Beck 

1990;McGee 1990;Walters and Yawney 1990;Wendel and Smith 1990;Harrod etal. 1998). 

Pines and oaks are relatively intolerant ofshade and are mostsuccessful where disturbances kill 

competing vegetation(Abrams 1992;Williams 1998). Additionally,the pines require open, 

scarified microsites,such as those existing after fire,for optimal germination and seedling 
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establishment(Williams 1998). Southern pines appear to be mostsuccessful where buming is at 

least moderately intense,killing substantial portions ofthe dominant overstory trees(Harrod etal. 

1998;Williams 1998). Oaks may thrive best under a regime offrequent,relatively light surface 

fires that kill shade-tolerant understory trees and reduce the cover ofunderstory shrubs that 

compete with oak seedlingsfor light(Runkle 1990;Nowackiand Abrams 1992). 

The presettlement dominance ofoak-chestnutforests over mosttopographic positions in 

the southern and central Appalachians and other portions ofthe oak-chestnut region mayimply 

that fire frequencies were high(Abrams 1992;Bratton and Meier 1998). Indeed,a fire history 

study in a presettlement-origin oakforestin central New Jersey revealed a mean fire interval of 

14 years between 1641 and 1711(Buell etal. 1954). Lightning-setfires currently occur too 

infrequently to have major influences over most ofthe landscape,and it is presumed that 

lightning-set fires were also uncommon in prehistoric times(Abrams 1992;Welch 1999). Most 

researchers have concluded thatIndian-set fires were common and dominated the fire regime, 

although this is a controversial hypothesis(Buell et al. 1954;Russell 1983;Abrams 1992; 

Nowacki and Abrams 1992;Pyne etal. 1996;Bratton and Meier 1998;Williams 1998). Delcourt 

etal.(1986)demonstrated thatIndian agriculture had significant influences on vegetation near 

settlements along the Little Tennessee River. However,it is notknown whetherIndian-setfires 

affected the more remote,more sparsely populated areas ofthe Appalachians. Williams(1998) 

suggested that lightning-set fires may have been more importantthan anthropogenic fires for 

maintaining table mountain pine stands. Ifneither lightning-set fires nor anthropogenic fires 

occurred frequently outside particularly fire-prone areas(e.g.,near settlements or on dry 

ridgetops),buming may not explain fully the widespread dominance ofoaks prior to Eureopean 

settlement. 
'A 
V' 

European colonists adopted fire practices similar to those ofIndians(Pyne et al. 1996). 

More severe bumingfollowed large-scale industrial logging in the late 1800s and early 1900s, 
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leading to expansion oftable mountain pine-pitch pine forests(Williams 1998). Successful fire-

suppression began in the 1930s and appears to have had negative consequences for abundance of 

both pines and oaks(Abrams 1992;Nowacki and Abrams 1992;Williams 1998). 

Lightning-setfires presently occur on Appalachian landscapes,butthey are less frequent 

than anthropogenic fires. About 15 percent ofall fires that occurin the Southern Appalachian 

Assessment(SAA)region are ignited by lightning(SAMAB 1996). A map ofwildfires occurring 

between 1986 and 1993on national forestlands in theSAA region reveals that both lightning-set 

and anthropogenic fires were morecommon in the southern part ofthe region than in the northern 

part(SAMAB 1996),butthe analysis period may be too shortto provide an accurate assessment 

oflong-term spatial patterns. The map also implies higher firefrequency for the Blue Ridge than 

the Valley and Ridge,although this pattern is especially tenuous because the lower amountof 

national forest land in the Valley and Ridge makes interpretation ofthe pattern difficult. 

Lightning-setfires are mostcommon on low-elevation ridgetops,on slopesfacing south 

to west,and in pine or pine-hardwood stands(Barden and Woods 1974;Bratton and Meier 1998). 

Barden and Woods(1974)estimated an average frequency of6lightning-setfires annually per 

400,000ha in the southern Blue Ridge ofTennessee and North Carolina. Mean fire size was 3.4 

ha. However,lightning-set fires ofup to 422ha have occurred in the southern Blue Ridge 

(Bratton and Meier 1998). Anthropogenic fires contrast with lightning-set fires in several ways. 

They typically affectlower slopes and more mesic sites than lightning-set fires,occur during less 

humid weather,bum more intensely,and cover larger areas(Barden and Woods 1974;Bratton 

and Meier 1998). Average fire size is 5.4 ha in the Tennessee and North Carolina Blue Ridge, 

and the largest was a 20,000 ha bum near Johnson City,Tennessee,that occurred during a major 

droughtin 1925(Barden and Woods 1974). 

It is possible that lightning-set fires were moreimportantin presettlementforests than is 

evidentfrom studies ofthe presentfire regime. Withoutsuppression,lightning fires would 
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probably bum larger areas. This would be especially likely ifthe initiating thunderstorm were 

followed by a period ofsunny,less humid weather,a pattem that occurs commonly(e.g., 

following a cold front). During drought years,in particular,an episode ofscattered 

thunderstorms could ignite fires that would eventually spread into very dry areas unaffected by 

thunderstorm rains,potentially bumingthousands ofhectares. Ofcourse^ on the modem 

landscape,such fires are preventedfrom spreading and developing into major events. Given the 

current level ofsuppression,which obscures the role oflightning-set fires,and the disagreement 

over the ubiquity ofIndian-set fires,it is difficult to reach firm conclusions about"natural"or 

presettlementfire regimes in the Appalachians. Whatis clear is that lightning-set and 

anthropogenic fires probably occur too infrequently on the presentlandscape to be a major 

influence on forest dynamics in most sites. 

Biotic disturbances-Biotic disturbances include a wide assortment ofdamaging agents, 

from fungi to insects to mammals,that kill or damage trees. The various agents ofbiotic 

disturbance cause greater losses throughout North American forests than any othertype of 

disturbance(Haack and Byler 1993). Some ofthe rhostcatastrophic biotic disturbances are 

associated with invasive exotic insects orfungi. Forexample,the chestnut blightfungus 

{Cryphonectria parasitica)killed all mature American chestnut(Castanea dentata)trees in the 

Appalachians during the early twentieth century. Previously,chestnut had been one ofthe most 

abundant tree species in the region,and the demise ofchestnutled to compositional change. It 

appears that growth and abundance ofoaks,pignut hickory(Carya glabrd),and red maple,in 

particular,have increased in response to this disturbance(Stephenson 1974;McCormick and Platt 

1980;Agrawal and Stephenson 1995). Numerous native species also killtrees. Many organisms 

specialize on one genus or species oftrees and hence exert major influences on the direction of 

forest succession(Haack and Byler 1993). Anthropogenic influences,such as conversion of 

mixed-age stands to monocultures,planting timber species in high-stress environments outside 
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their native ranges,and releasing air pollutants, may also makeforests more susceptible to biotic 

disturbance(Haack and Byler 1993). 

The southern pine bark beetle(Dendroctonusfrontalis)causes some ofthe most 

spectacular damage in forests ofthe southeastern United States. These beetles damage the 

cambium ofsouthern pines,killing the trees. Trees stressed by competition,drought,orinjury 

(e.g.,from fire or lightning)are more vulnerable to bark beetle infestation than healthy trees 

(Schowalter ef a/. 1981;Lovelady eta/. 1991;Williams 1998). Periodically,bark beetle 

populations expand to epizootic levels,during which healthy,normally resistant trees are killed 

(Lovelady etal. 1991). During these outbreaks,broad patches ofdead pines can be observed. 

Beetle outbreaks increase the likelihood ofcatastrophic fire and hence pine regeneration by 

contributing heavy fuel loads(Schowalter etal. 1981). Withoutfire, bark beetles hasten 

succession to hardwood dominance(Williams 1998). 

Vertebrates can cause significant levels offorest disturbance. Beavers(Castor 

canadensis)are one ofthe bestexamples,because they are able to fell large trees. Beaver 

foraging is restricted to narrow zones near streams. Within these areas,beavers cause major 

declines in forest density and basal area(Barnes and Dibble 1988;Johnson and Naiman 1990). 

Eventually,the abundance ofpreferred species,such as quaking aspen(Populus tremuloides), 

ashes(Fraxinus),hickories,and hackberry(Celtis occidentalis)declines,and composition shifts 

toward less palatable tree species,like basswood(Tilia americana),spruce(Picea),and fir 

(Abies)(Barnes and Dibble 1988;Naiman etal. 1988;Johnston and Naiman 1990). In some 

cases beaver-foraging is so heavy thatzones near the stream are kept virtually clear ofany forest 

vegetation(personal observation,LaurelFork drainage basin.Highland County,Virginia). 

Beaver ponds themselves cause major compositional and structural change by flooding riparian 

areas. Beavers may eventually abandon a pond,permitting re-establishment ofvegetation(Neff 

1957). 

19 



Ungulate browsing can also cause significant vegetation changes by destroying seedlings 

ofpalatable tree species. Hanley and Taber(1980),for example,found thatforaging by elk 

{Cervus canadensis)and black-tailed deer{Odocoileus hemionus)in Washington reduced shrub 

cover and increased the abundance ofgrasses and Douglas-fir{Pseudotsuga menziesii). Frelich 

and Lorimer(1985)predicted that preferential browsing ofeastern hemlock seedlings by white-

tailed deer{Odocoileus virginianus)in Michigan will result in conversion ofhemlock-sugar 

maple stands to sugar maple stands within 150 years. Woodland grazing by livestock and wild 

ungulates probably contributed to oak dominance in the Appalachians by reducing the abundance 

ofmore palatable seedlings(Runkle 1990). Prior to their extinction.Pleistocene megafauna 

probably contributed to higher disturbance levels than those resultingfrom the activities of 

modem fauna. Seed predation by mammals,birds,and insects also influences reproductive 

success. 

Biotic disturbances vary in frequency and intensity across the Appalachian region and 

within smaller landscapes. In the case ofpathogens and insects,disturbance intensity is 

determined largely by the presence ofhost tree species. Spatial pattems ofother disturbances 

(e.g.,fire,ice storms)that increase vulnerability to insect orfungal attack,also influence pattems 

ofbiotic disturbance. Climate also influences pattems ofbiotic disturbance. The southem 

extremity ofthe Appalachian Mountains may suffer the mostsevere insect disturbances,because 

long growing seasons and mild winter temperatures permit several insect generations each year 

and rapid increases in population. Beavers are probably morecommon in some parts ofthe 

Appalachians than others,a consequence ofdispersal and population growth pattemsfollowing 

near extirpation in the 1800s. Within a given landscape,beaver influences are probably less 

significant in the Appalachians than in the flatter terrain ofother regions, where floodplains are 

wider. Disturbance by other browsers,such as white-tailed deer,is probably afunction of 
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population density,which varies considerably throughout the southern Appalachian region 

(SAMAB 1996). 

Dissertation organization 

Thefollowing five chapters fall into three general groups. Chapters2and 3,which focus 

on disturbance patterns resultingfrom specific ice storms,comprise the first group. Chapter2 

addresses topographic pattems ofice storm damage resultingfrom two major events that affected 

southwestem Virginia in 1994. This assessmentilluminates landscape-scale variability in ice 

damage that appears to be typicalfor the region. In Chapter 3,1examine ice storm damage to 

individual trees in six forests. Four ofthe forests Isampled were affected by the 1994 Virginia 

ice storms. The otherforests were located in westem Virginia and northem New York and were 

affected by two majorice storms that occurred fortuitously during my dissertation work in 1998. 

Chapters4and5 makeup the second group. They employ different techniques to 

investigate ice storm climatology and characterize pattems ofdisturbance frequency resulting 

from ice storms. Chapter4discusses an attempt to use historic storm records to identify county-

scale variations in ice stomifrequency in the New River Valley,a major drainage basin ofthe 

southem Appalachian region. Chapter5 presents an initial study on the use oftree-ring analysis 

to evaluate ice storm frequency and its variation at fine spatial scales. 

Chapter6,which applies insights gained from preceding chapters,describes the use ofan 

individual-based forest succession model to help evaluate the effects ofperiodic ice storm 

disturbance on the forests that occupy the varied topography ofan Appalachian landscape. Iused 

a version ofthe modelLINKAGES(Pastor and Post 1985)thatI modified to simulate periodic 

disturbance by major ice storms. 

Each chapter is written as a stand-alone paper. Chapter2is nearly identical to a paper 

published in Physical Geography(Lafon etat. 1999). Dan Graybeal and Ken Orvis are co 

authors ofthis paper. Chapter3will be submitted to a vegetation/ecologyjoumal. Chapter4was 
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published with minor differences in the New RiverSymposium Proceedings(Lafon 1999). 

Chapter5 has been revised for resubmission following initial review at Climate Research. Jim 

Speer is co-author ofthis paper. Chapter6 will be submitted to an ecologicaljournal with 

Michael Huston as co-author. 
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Chapter2 

Patterns ofIce Accumulation and ForestDisturbanceDuring TwoIce 
Stormsin Southwestern Virginia 

This chapter is a lightly revised version ofa paper by the same name published in thejournal 
Physical Geography in 1999 by Charles Lafon,Daniel Graybeal,and Kenneth Orvis: 

Lafon,C.W.,Graybeal,D.Y.,and Orvis,K.H. Patterns ofice accumulation and forest 
disturbance during two ice storms in southwestern Virginia. Physical Geography 20:97-115. 

Reprinted with permission from Physical Geography,Vol.20,No.2,pp.97-115.© V.H. 
Winston&Son,Inc.,360South Ocean Boulevard,Palm Beach,FL33480. All rights reserved. 

My use of"we"in this chapter refers to my co-authors and myself. My primary contributions to 
this paperinclude(1)selection ofthe topic and developmentofthe problem into a work relevant 
to my study ofice storms as forest disturbances,(2)identification ofthe study areas and 
vegetation-sampling sites,(3)vegetation sampling and analysis,(4)most ofthe gathering and 
interpretation ofliterature,(5)mostofthe cartographic work,(6)pulling the various contributions 
into a single paper,and(7)most ofthe writing. Graybeal's main contributions were(1)analysis 
ofsynoptic-scale meteorological conditions associated with the two case-study ice storms,(2) 
writing related parts ofthe"Methods"section,(3)assisting with part ofthe vegetation-sampling, 
(4)producing initial drafts ofsome ofthe maps,and(5)helping me to clarify meteorological 
issuesI did not understand initially. The main contributions ofOrvis were(1)synthesizing and 
generating hypotheses on landscape-scale patterns ofice storm climatology,(2)initially pointing 
outthe role ofAppalachian cold air danuningin ice storm climatology,and(3)providing critical 
insights on the presentation ofthe material in the paper. Further,Iaccomplished much ofthe 
developmentand refinement ofthe problem,particularly the identification ofrelevant literature, 
during a seminar on landscape climatology directed by Orvis. All three co-authors contributed to 
the vital section on topographic patterns in ice storm disturbance,although I list this under Orvis' 
contributions to underscore his predominant influence on the final appearance ofthe section. 

Introduction 

Disturbance is recognized as an importantinfluence on such community parameters as 

species composition,species diversity,and vegetation structure(Loucks 1970;Huston 1979, 

1994;Turner et al. 1997). Small-gap creation resultingfrom mortality ofsingle canopy trees is 

generally considered to dominate disturbanceregimes in the interior ofthe eastern forest region 

(Runkle 1990),butthe weightofthick accumulations offreezing rain can bend,break,or topple 

trees over broad areas. Runkle(1990)concludes that more research is needed to assess the role of 

such intense,broad-scale disturbances in eastern forests and to determine the interplay between 

23 



topography and geographic patterns ofdisturbance. In this paper,we examine disturbance 

patterns in forests ofsouthwestern Virginia that were affected by two majorice storms in 1994. 

Ice storms occur morefrequently in eastern North America than elsewhere on earth 

(Bennett 1959). Thelocation and physiography ofthe continent permit occurrence ofthe extreme 

air mass contrasts necessary to producefreezing rain. In the Southeast,ice storms are typically 

associated with warm fronts(Gay and Davis 1993). Warm air advected(blown)overcold surface 

air creates a strong temperature inversion,and when the temperature ofthe warm layer is above 

freezing at its base,the precipitation falls as rain from the warm layer into the layer below. 

Freezing rain occurs where the surface cold layer is relatively shallow. Raindrops have 

insufficient time to refreeze and instead reach the surface in a supercooled state,freezing on 

impactinto an icy coat(Ahrens 1991;Gay and Davis 1993). Huffman and Norman(1988) 

propose thatfreezing rain can also resultfrom a supercooled warm rain process thatinvolves 

coalescence ofsupercooled droplets in clouds with few ice nuclei available. 

Thefrequency ofice storm disturbance varies spatially throughout North America. Maps 

presented by Bennett(1959)indicate that parts ofthe Midwestand Northeast experience the 

highestfrequency ofstorms. The maps also portray atongue ofhigh frequency extending 

southward along the eastern Appalachians and westem Piedmont,a pattern that probably reflects 

the influence ofAppalachian cold air damming. Cold air damming occurs when cold airfrom a 

surface anticyclone over the Northeastflows toward the southwest and pools against the eastern 

slopes ofthe mountains,becoming entrenched as a shallow dome in Appalachian valleys and on 

the Piedmont(Richwien 1980;Bell and Bosart 1988;Michaels 1991). 

An Appalachian cold air damming event is initiated when a surface high-pressure system 

moves eastward across the central United States. As the high approaches the northern 

Appalachians,northeasterly winds south ofthe center ofthe high begin to advectcold surface air 

from northeast to southwest along the eastern side ofthe mountains(Forbes etal. 1987). The 
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Coriolis force,which in the Northern Hemisphere deflects moving air to the right ofits direction 

of movement,turns airfrom the easttoward the mountains,causing adiabatic cooling and cold 

advection along the mountain slopes(Bell and Bosart 1988). Cooling and damming ofair against 

the mountains creates a ridge ofsurface high pressure along the mountains that balances the 

Coriolis force and keeps air in the cold surface dome. The balance between the mountain-parallel 

pressure gradientforce and the Coriolis force results in accelerated flow toward the southwest, 

causing continued cold-air advection from northeast to southwest(Bell and Bosart 1988). Alow-

leveljet may develop parallel to the mountains in response to this orographically induced 

geostrophic balance(Bell and Bosart 1988). Once established,the shallow surface dome ofhigh 

pressure in the eastern Appalachians and western Piedmont is maintained by the balance offorces 

within the dome,by continued cold advectionfrom the northeast,by adiabatic cooling ofair 

rising toward the mountains,by evaporative cooling as precipitation falls into the dry surface air 

from above,and by the establishmentofan inversion above the cold dome that decouples the 

northeasterly flow within from the broader-scale southwesterly advection ofwarm air above 

(Forbes etal. 1987;Bell and Bosart 1988). 

When air temperature in the cold dome is below freezing,rain falling through the dome 

from the warm,moistlayer above may become supercooled,resulting in freezing rain. Cold air 

damming is probably responsible for important meso-yS scale(Orlanski 1975)variations in ice 

storm climatology and,hence,disturbance regimes. The work ofMichaels(1991),Gay and 

Davis(1993),and Konrad(1998)demonstrates thatfreezing rain and sleet occur more frequently 

in areas affected by Appalachian cold air dammingthan in surrounding regions. 

Mostparts ofthe southern Appalachians and adjacentPiedmont are subject to an average 

of 1.4 to 3.0freezing rain events per year(Konrad,1998). However,major storms that cause 

significantforest damage occur less frequently,and relatively little research has been conducted 

to characterize forest damage resultingfrom such events in the Appalachians. Abell(1934)and 
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Carvell et al.(1957)report briefly on damagein western North Carolina and eastern West 

Virginia,respectively. Whitney and Johnson(1984)examine disturbance in hardwood and pine 

forests affected by a major ice storm that struck southwestern Virginia in 1979. Nicholas and 

Zedaker(1989)identify effects oftwo ice storms in spruce-fir(Picea-Abies)forests ofthe Black 

Mountains,North Carolina. These studies indicate that species vary in their susceptibility and 

response to ice damage,and they suggest thatice storms have importantconsequencesfor tree 

form,stand dynamics,and forest composition in the Appalachians. The papers also report 

topographic variations in storm damage,butthey provide little description ofthese patterns orthe 

storm characteristics that may have contributed to their occurrence. Significant vegetation 

differences may develop across a landscape ifice storms repeatedly cause heaviest damage on 

particular topographic positions. 

In this paper,we discuss multiple scales ofice accumulation and forest disturbance 

resultingfrom the 1994storms in southwestern Virginia. Wefirst examine synoptic-scale 

meteorology ofthe two 1994storms. Second,we discuss topographic variations in forest 

damage. Heavy ice accretion was widespread during the storms(Shrader 1994;NCDC 1994c), 

but severe forest damage was mostly restricted to south- and east-facing mountain slopes,a 

pattern similar to that produced by a 1979ice storm in southwestern Virginia(Whitney and 

Johnson 1984). Third,we quantify the level ofcanopy disturbance in several damaged stands. 

Finally,wecompare pattems ofdamage associated with the 1994events to those produced by 

several other ice storms. 

Study Area 

The Valley and Ridge physiographic province ofsouthwestem Virginia is thefocus of 

our research. The Valley and Ridge lies between the Blue Ridge to the southeast and the 

Appalachian Plateaus to the northwest. The province is characterized by long,roughly parallel, 

sandstone-capped ridges separated by valleys eroded into shales and limestones. Orientation of 
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structure and topography is typically northeast-southwest(Figure 2.1). The ridges are dissected 

in many sections by first-order streams,creating alandscape with spurs and hollows 

perpendicular to the main ridges. Oak(Quercus)forests are the primary cover type throughout 

much ofthe Appalachians,butcomposition varies considerably by topographic position. The 

chestnut blightfungus(Cryphonectriaparasitica)invaded early in the twentieth century and 

killed all mature American chestnut{Castanea dentatd),previously a majorcomponentof 

Appalachian forest canopies. 

Wesampled forest damage at nine sites in the Valley and Ridge province(Figure 2.1). 

Four sampling sites(B,C,D,and F)are located on the southeast side ofWalker Mountain,where 

oaks are the primary canopy dominants. Wesampled at five locations(A,E,G,H,and 1)on 

nearby Little Walker Mountain. Sites A andE are located on eastfaces ofspurs on the northwest 

side ofthe mountain,and oaks dominate the canopy at these sites. Site lis a table mountain pine 

{Pinm pungens)stand on the westface ofa spur. Site G is a mixed mesophytic stand on an east-

facing slope in a water gap,and site H is located in an oak-dominated forest on the southeast side 

ofthe mountain. 

The crest ofWalker Mountain is around 1125 to 1225 m elevation,and the top ofLittle 

Walker Mountain ranges between 900and 1150m. Reliefin the study area varies between 120 

and 485 m. Sampling sites are all located in the Jefferson National Forest between 730and 940 

m elevation. Hurricane Hugo damaged forests in the region during September 1989,but we used 

U.S.ForestService air photos taken in 1990to identify hurricane-damaged stands. Wedid not 

sample in locations that sustained significant hurricane damage. Theice storm ofJanuary 1979 

(NCDC 1979b;Whitney and Johnson 1984)may have damaged some ofthe stands. 
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Methods 

To assess the meteorology ofthe 1994 storms,which occurred 10-11 February and 1-

3March,we analyzed upper atmospheric and surface conditions. We obtained upper air patterns 

from NOAA-CIRES Climate Diagnostics Center(1998)and datafor surface mapsfrom NCDC 

(1994d). We also used these data sources to examine atmospheric conditions in more detail at 

Roanoke,Virginia,afirst-order weather station approximately ICQkm northeast ofourforest 

sampling sites. Weestimated the thickness ofatmospheric layers over Roanoke by linear 

interpolation from isobaric surface maps obtained from NOAA-CIRES Climate Diagnostics 

Center(1998). Weexamined U.S.Forest Service air photos taken in May 1994to investigate 

topographic variations in forest damage. 

To characterize the degree ofcanopy disturbance within forest stands,we measured 

canopy cover and loss ofbasal area in damaged stands. We arranged three parallel transects, 

spaced 25m apart and aligned with slope contours,at each ofthe nine sampling sites. Transects 

were 100m in length. Wedefined transect midpoints by beginning at an arbitrary location near 

the top or bottom ofeach site. Wechose arandom compass direction within 45° ofslope aspect 

and measured arandom distance between0and 10m along that bearing to define the midpointof 

the upper orlower transect at the sampling site. We established remaining transects at25 m 

intervalsfrom the initial transect. At site G,one ofthe transects is only90mlong,and we 

established only two transects at site H. At site C,wefirst established a transect endpoint,rather 

than a midpoint,to ensure that the endpoints did notfall on a nearby road. At site D,we used 

four 25 m long transects to sample the narrow,relatively mesic portion ofa shallow hollow. 

We measured canopy and subcanopy cover along each transect. Wedefined canopy trees 

as those with diameter at breast height(DBH)atleast 25cm,as suggested by Runkle(1992). We 

also measured cover ofsubcanopy trees(20cm<DBH<25cm),because smaller trees were part 
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ofthe overstory in some places. We calculated percent canopy and subcanopy coverfor each 

site,based on the proportion oftransects covered by forest canopy or subcanopy. 

Werecorded DBH ofeach tree,including trees killed or injured by ice damage,with 

DBH atleast 10cm and whose base was within 5m ofa transect. At sites A,B,C,and D,we 

only included trees within 3m ofa transect. Using these individual-tree data,we calculated pre-

storm basal area(m^/ha)for each site. Wethen computed post-storm basal area by omitting all 

trees that had died from ice damage or that had boles bent,tilted,snapped,or broken by the ice. 

Results and discussion 

Synoptic-scale meteorological conditions 

Prior to the 10-11 February ice storm,an upper air trough was centered over easteni 

Canada. The trough moved eastward and ushered in a large surface anticyclone,bringing 

persistent subfreezing temperatures to the Southeast. By 1200h UTC 10February,a slight 

surface pressure trough had formed in the south-central Appalachians,and a coastal cyclone was 

developing in the western GulfofMexico(NOAA 1994). Associated with this surfacelow-

pressure system,a deepening upper-level trough over the central U.S.was moving eastward, 

advecting warm airfrom the south and thickening the warm layer ofair aloft over the study area 

(Figures 2.2A,C). The coastal cyclone had evolved two centers by 1200h UTC 11 February,one 

over Alabama and the other near Cape Hatteras(Figure 2.3A). 

A shallow layer ofcold surface air wasdammed against the eastern sides ofthe 

mountains,creating a surface pressure ridge that is manifestin the map ofsurface isobars as a U-

shaped pattern east ofthe mountains(Figure 2.3A). The relative locations ofthe upper air 

troughs described above are typicalfor Appalachian cold air damming events. The northern 

trough is far enough ahead ofthe southern trough that the cold surface air affects the damming 

region prior to coastal cyclonic development associated with the southern trough(Bell and Bosart 

1988). The presence ofthe cold air dome is clearly evidentin the potential temperature mapfor 
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Figure 2.2. Meteorological conditions for (left) 11 February 1994 and (right) 2 March 1994:
(A-B) 500 mb geopotential heights (dam); (C-D) 850 mb geopotential heights (dam, solid lines)
and temperatures dashed lines). Mapped variables are daily averages.
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11 February(Figure 2.3C),which also portrays northeasterly surface winds advecting cold air to 

the southwest. The cold air domeis well established where wind barbs are parallel to isentropes, 

and advection is occurring where they cross. 

The storm brought heavy precipitation to the study area. Roanoke(elevation 358 m) 

recorded 61.2mm liquid-equivalent precipitation on 10February and 24.1 mm on 11 February,a 

storm total of85.3 mm(NOAA 1994). The high precipitation total and relatively large variations 

in hourly precipitation amounts(NCDC 1994b)suggest convective precipitation may have 

occurred. Forbes et al.(1987)and Rauber etal.(1994)report convective cells associated with 

warm advection during ice storms. 

The vertical temperature profile during the event supported freezing rain(Table 2.1),with 

a shallow layer ofcold air near the surface overlain by a deep,warm layer. The thickness of1300 

mfor the layer between 1000and 850mb was in the range reported for ice storms in the 

Southeast(Keeter and Cline 1991;Gay and Davis 1993;Table 2.2). Also,dew points atRoanoke 

were near dry-bulb temperatures,particularly during the latter halfofthe storm(Table 2.3), 

which discourages evaporative cooling and phase change ofsupercooled droplets while 

promoting retention ofthe liquid form and freezing rain(Ahrens 1991). 

Surface winds at Roanoke during mostof10February and into 11 February were 

persistently from the southeast before calming later(Table 2.3). Southeasterly surface winds 

prevailed throughout the storm at Beckley,West Virginia(elevation 765 m;NCDC,1994d). The 

prevalence ofsoutheasterly winds atthe height ofthe eventcan be inferred for ourfield study 

areafrom the surface pressure field(Figure 2.3A)and the configuration ofthe 850mb surface 

(Figure 2.2C). However,the inference ofsoutheasterly windsfrom 850mb conditions is 

tentative,becauseflow within the surface cold layer may have been largely decoupled from the 

flow above the inversion(Bell and Bosart 1988). 
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11 February 2March 

Height Elevation(m) Temperature(°C) Elevation(m) Temperature("C) 
500mb 5710 -13.5 5585 -17.5 
700mb 3075 1.0 2995 -3.0 
850 mb 1500 3.0 1440 1.0 
Surface 362 -1.1 362 0.6 
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Table 2.2. Thicknesses ofkey diagnostic layers ofthe atmosphere for each ice storm. 
Approximate thickness(m)over Roanoke,VA 

Atmospheric layer 11 Feb 1994 2Mar 1994 
1000-500mb 5510 5455 

850-700mb 1575 1555 

1000-850 mb 1300 1310 
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Table 2.3. Three-Hourly Surface Meteorological Conditions at Roanoke,VA,10-11 February 
1994and 1-2March 1994. 

UTCtime 0600 0900 1200 1500 1800 2100 0000 0300 

Local time(EST) 0100 0400 0700 1000 1300 1600 1900 2200 

10February 
Temperature(°C) 1.7 0.0 -0.6 -3.9 -5.6 -6.7 -6.7 -6.1 

Dew point(°C) -5.6 -6.7 -3.9 -6.7 -7.2 -8.3 -7.8 -6.7 

Wind direction NW NW S SE SE SE SE S 

Wind speed(kt) 9 6 5 12 13 11 5 4 

11 February 
Temperature(°C) -3.9 -1.1 -1.1 0.0 0.0 0.6 0.6 0.6 

Dew point(°C) -4.4 -1.7 -1.7 -0.6 -0.6 -0,6 0.0 0.0 

Wind direction N S Calm Calm Calm Calm Calm Calm 

Wind speed(kt) 4 4 0 0 0 0 0 0 

1 March 

Temperature(°C) -2.2 -1.7 0.6 1.7 1.1 0 0 0 

Dew point(°C) -9.6 -6.7 -6.1 -7.8 -4.4 -0.6 -0.6 -0.6 

Wind direction Calm Calm S S N Calm SE E 

Wind speed(kt) 0 0 3 4 5 0 4 3 

2March 

Temperature(°C) 0 0 0.6 0.6 0.6 0 0 -0.6 

Dew point(°C) -0.6 -1.1 -1.1 -1.1 -0.6 -0.6 -0.6 -1.1 

Wind direction N NE NE NE NE Calm N NE 

Wind speed(kt) 5 9 11 12 6 0 7 7 
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The 10-11 February storm produced freezing rain, sleet,and snow throughout a large 

portion ofthe Southeast(NCDC 1994a). Figure 2.3E illustrates broad-scale patterns ofrelative 

storm severity in southwestern Virginia and surrounding regions. The map is based on published 

information about ice storm extent(NCDC 1994c;Jones etal.1997)and ice depth(NCDC 

1994a). Surface temperatures were above freezing in the Tennessee Valley,along the axis ofthe 

surface pressure trough(Figure 2.3A),which accountsfor the lack ofice accumulation in eastern 

Tennessee and the southwestern comer ofVirginia. 

A similar progression ofmeteorological events occurred during the 1-3March storm. 

Prior to developmentofthe storm,an upper air trough over Canada broughta cold Canadian 

anticyclone to the eastern U.S.(NOAA 1994). A trough over the central U.S.on March 1 

deepened strongly,forming a surface cyclone center offthe southern Texas coast and bringing it 

to southern Georgia by 1200h UTC2March(Figures 2.2B,D,and 2.3B); Cold air was again 

entrenched along the mountains(Figures 2.3B,D). Along with asecondary low in eastem 

Tennessee,the system had brought53.6 mm liquid-equivalent precipitation to Roanoke during 

the48 hours prior to 1200h UTC3March(NOAA 1994). Hourly precipitation variations were 

less pronounced than during the Febraary storm(NCDC 1994b). Theeastward-moving trough 

aloft advected warm airfrom the south,resulting as before in a typical freezing rain vertical 

temperature profile(Table 2.1). Thicknesses ofthe 1000-500 mb,1000-850 mb,and 850-

700mb layers were within the range reported for the Southeast(Keeter and Kline 1991;Gay and 

Davis 1993;Table 2.2). 

Surface winds atRoanokechangedfrom southeasterly to northeasterly during the event 

(Table 2.3). AtBeckley,southeasterly winds prevailed for mostofthe storm before shifting to 

easterly or northeasterly(NCDC 1994d). The surface pressure field suggests easterly or 

northeasterly winds for our study sites(Figure 2.3B),and 850 mb winds were probably 

southeasterly(Figure 2.2D). Figure 2.3Findicates the extent ofice deposition. 
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Topographicpatterns ofdisturbance 

Inspection ofU.S.ForestService air photos taken in May 1994 reveals that broad swaths 

ofheavy damage exist on the southeast, windward,sides of majorridges. Northwest sides and 

valleys are generally free ofsubstantial damage. Severe disturbance also exists on east-facing 

slopes ofspurs perpendicular to the main ridgelines.The latter pattern is particularly evidenton 

northwest(lee)sides ofmountains,where distinct strips ofsevere damage along eastfaces of 

spurs alternate with relatively undamaged patches. Field inspection confirms the generality of 

these patterns. Damage boundaries are typically sharp,on the order ofafew meters. 

Landscape-scale patterns appear to be related to wind direction during the ice storms, 

with most severe damage occurring on windward slopes. Southeasterly winds prevailed during 

the February storm,and winds during the March storm variedfrom southeasterly to northeasterly. 

Several hypotheses mightexplain the observed topographic patterns ofdamage. These 

hypotheses can be classified into two general categories:(1)orographic effects on precipitation 

intensity and(2)variations in the proportion ofrain that accretes as ice. 

Plain orography,involving smooth forced ascentofair,is one mechanism that may 

enhance precipitation on mountain slopes,but this explanation is too simple to accountforthe 

observed patterns ofice damage. The scale offeatures is too smallfor significant lift,and the 

time interval during lift is too shortfor the condensation,coalescence,and falling necessary to 

produce rain. Also,because precipitation originates in the warm air aloft,the pattern of 

orography will be blurred by wind shear and downwind drift during dropletfall. Furthermore, 

during the 1994ice storms,the warm air aloftflowedfrom the southwest(NOAA-CIRES 1998), 

notthe southeast. The air aloft does noteven encounter surface topographic features. The most 

probable result ofbroad-scale orographic lifting over both the mountains and the associated cold 

air dome is enhanced precipitation,particularly convection,over a large area. 
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The seeder-feeder mechanism enhances precipitation in moderate-sized mountains and 

low hills(Smith 1989)and may contribute to heavy ice damage on mountain slopes in the 

southern Appalachians. Condensation occurs in air that is forced overa mountain,and droplets 

falling from the upper-level(seeder)cloud grow in size as they fall through this lower(feeder) 

cloud. Patterns ofrainfall enhancementin southern New England and Pennsylvania are 

consistent with seeder-feeder orography(Passarelli and Boehme 1983;Barros and Kuligowski 

1998). However,the mechanism does notexplain the sharp boundaries ofheavy ice damage, 

because rain drops drift during fall,even through low clouds,and becausefeeder clouds would 

have to condense rapidly on the upwind side ofa mountain and then re-evaporate immediately 

beyond the ridge top. In addition,seeder-feeder dynamics may be rendered less effective by a 

strong inversion,such as exists during an ice storm. Warm dropsfallingfrom above the inversion 

should tend to shrink by evaporation while the cold cloud droplets grow by condensation, 

offsetting the growth ofthe larger drops by collision. 

Saturation-equivalent seeder-feeder orography is another possibility-saturation or super-

saturation in air moving uphill enhances the effectiveness ofprecipitation fallingfrom above. 

This hypothesis avoids the problem ofcondensation time. However,drift during fall remains an 

issue,and the thermodynamics ofcondensation will still notfavor growth ofthe warm raindrops. 

Sharp damage boundaries on both major ridges and spurs may resultfrom greater 

raindrop interception rates on surfaces normal to raindrop fall vectors(windward slopes)than on 

surfaces more parallel to the fall vectors(lee slopes). Empirical and modeled results ofSharon 

(1980)and Poreh and Mechrez(1984),respectively,indicate thatinclination ofraindrop 

trajectories during wind promotes increased precipitation on the windward side ofa ridge,which 

lies in the path of windblown rain. The lee side is sheltered from some ofthe hydrometeors and 

receives less precipitation. This process should be mosteffective for medium-sized drops heavy 
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enough to fall onto the windward slope but still light enough to be carried over the lee side, 

creating a rain shadow. 

Two mechanisms could influence ice damage patterns by altering the proportion ofrain 

thatfreezes to surfaces. The first ofthese involves variations in twig surface thermodynamics 

between windward and lee slopes. On a lee slope with little wind,high relative humidity,and 

insignificant horizontal temperature advection,cooling oftwig surfaces by evaporation and 

advection may notexceed heat buildup by phase change,and ice may persist,grow slightly,or 

melt. However,such cooling may maintain or reduce temperatures ofice on windward branches, 

promoting ice accumulation. This process could produce sharp damage boundaries. 

The second mechanism involves near-surface aerodynamics offalling droplets. Cooling, 

supercooling,or freezing ofa water droplet is afunction ofthe length oftime the droplet spends 

falling through subfreezing air. The upward motion ofair crossing a mountain should reduce 

raindrop fall velocities and increase the time available for droplets to become supercooled. 

Terminal velocity of water drops varies by drop size(Nieburger et al. 1982),and this process 

could affect the thermodynamic state at which droplets ofcertain sizes arrive at the surface. The 

larger the size ofthe droplet,the shorter the duration offall,and the slower the rate of 

temperature change. Depending on the upslope/downslope componentofflow and the mean and 

distribution ofdrop sizes,this mechanism could significantly affect the amountoftime that 

droplets fall through the lower air mass,and hence the distribution ofthermodynamic states of 

droplets when they contact the surface. Adiabatic cooling oflifting air would render this process 

more effective,because as air is warmed by falling drops,it is replaced byfreshly cooled air. In 

sheltered locations with stagnant conditions,it is more likely that air would warm over time. 

The near-surface aerodynamics mechanism may also contribute to the pattern ofdamage 

on lee-side spurs. Airflow patterns characterized by downvalley vortex roll,up east sides ofspurs 
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and down west sides,are likely and could produce the pattern ofheavy damage on eastfaces of 

lee-side spurs. 

It is doubtful that one ofthese mechanisms alone produced the observed forest damage 

pattems in southwestern Virginia. Several processes,in combination,are probably responsible. 
4 

Forexample,the seeder-feeder mechanism may have enhanced precipitation over the major 

ridges,and near-surface aerodynamics can help explain the pattern ofdamage on both southeast-

facing mountain slopes and eastfaces ofspurs. However,the sharp damage boundaries likely 

resultfrom effects ofrainfall angle or cooling oftwig surfaces on windward slopes. 

Stand damage 

Atthe scale ofindividual stands,ice storm damage created large,interconnected gaps. 

Tangled piles oflimbs and boles strewn through the stands indicate thattheimpactoffalling trees 

often triggered damagein neighboring trees already strained by heavy ice loads. Compared to 

eastern hardwood forests disturbed by fine-scale gap dynamics,in which gaps are created at an 

annual rate of0.5-2.0% oftotal land area(Runkle 1982;Lorimer and Frelich 1994),stands 

damaged by these recent ice storms are considerably more open(Figure 2.4). Thelower transect 

(G-1)in Figure 2.4 is located in a section ofthe stand that sustained less ice storm damage,and it 

provides a contrast to the catastrophically disturbed areas above. Total overstory cover varies 

between 25% and64%(Table 2.4). Ice damage contributed to substantial basal area loss, 

approximately 30-60%,in all sampled stands(Table 2.5). The disturbance will probably release 

many understory trees from suppression and cause long-term successional changes. 

Site 1,the table mountain pine stand,is located in a topographic position sheltered from 

severe ice storm disturbance. This fact accountsfor the relatively moderate level ofoverstory 

damage at site1(Tables 2.4 and 2.5). The stand is on a west-facing spur on the northwest side of 

Little Walker Mountain. Storm damage is heaviest on slopesfacing south or east,but table 

mountain pine stands are restricted to west-facing slopes. Southem pines,such as table mountain 
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Figure 2.4. Overstory damage pattern at site G. Each line represents a 100m transect,and bars 
represent portions ofthe transect covered by canopy or subcanopy. Transect G-2is 90m long. 
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Table 2.4. Percentcover data for each site. 

Total overstory cover 
Site Canopy cover(%) Subcanopy cover(%) {%r 
A 27 11 37 

B 23 20 41 

C 53 9 57 
D 22 3 25 

E 44 12 52 

F 41 22 58 

G 50 5 53 

H 28 7 31 

I" 64 

Cover ofcanopy and subcanopy trees(i.e., all trees with DBH>20cm). 
bAtthe table mountain pine stand(site I), where manycanopy trees have small stems,we define 
all trees with DBH>10cm as overstory. 
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Table 2.5.Basal area changes resultingfrom ice damage. 
Pre-storm basal Post-storm basal 

Sampling area 

site (m^/ha) 

A 18.5 

B 21.8 

C 32.2 

D 32.2 

E 24.4 

F 24.0 

G 36.3 

H 23.1 

r 23.9 

(m%a) 

Overstory trees 
(stems with DBH>20cm) 

7.7 

15.0 

24.7 

20.8 

15.6 

17.2 

18.1 

8.9 

16.8 

Understory trees 

area Basal area loss 

(%) 

58.4 

31.3 

23.3 

35.4 

36.2 

28.3 

50.3 

61.4 

29.9 

(stems with 10cm <DBH<20cm) 

A 5.1 2.7 46.0 

B 9.1 3.7 59.3 

C 5.1 2.5 50.4 

D 4.8 2.8 40.8 

E 3.5 1.8 50.1 

F 7.4 2.4 67.8 

G 4.5 1.7 63.3 

H 2.9 0.7 75.6 

All trees combined 

(stems with DBH>10cm) 

A 23.6 10.5 55.7 

B 30.9 18.7 39.6 

C 37.3 27.2 27.0 

D 37.0 23.7 36.1 

E 27.9 17.3 38.0 

F 31.4 19.6 37.6 

G 40.9 19.7 51.7 

H 26.0 9.6 63.0 

I 23.9 16.8 29.9 

®At the table mountain pine stand(site I), where many canopy trees have small stems,we define 
all trees with DBH> 10cm as overstory. 
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pine,pitch pine{Pinus rigida)and Virginia pine(P. virginiana),are in fact highly vulnerable to 

ice damage(Whitney and Johnson 1984). Williams(1998)proposes thatice stormsfavor the 

conversion oftable mountain pine-pitch pine stands to oak dominance. Perhaps ice storms have 

contributed to the spatial distribution ofpine stands on the landscape. 

Patterns offorestdisturbancefrom other ice storms 

The magnitude ofdamage we report is typicalfor majorice storms in the southern 

Appalachians. Rhoades(1918),Abell(1934),Carvell etal.(1957),Whitney and Johnson(1984), 

and Nicholas and Zledaker(1989)describe similar levels offorest disturbance in the mountains of 

South Carolina,North Carolina,Virginia,and West Virginia. In addition,two significant ice 

storms occurred in the southern Appalachians during 1998,causing damage in western Virginia 

and eastern Tennessee ofmagnitudes comparable to disturbance resultingfrom the 1994storms 

(Lafon personal observation). 

The topographic pattems ofdisturbance produced by the 1994storms may also be typical 

in parts ofthe Appalachians. A major ice storm that affected portions ofsouthwestern Virginia 

on 20-21 January 1979 produced heaviest damage on southeast exposures(Whitney and 

Johnson 1984). Meteorological conditions during the 1979event were similar to those associated 

with the 1994storms-a northern upper air trough contributed to cold airdamming at the surface, 

followed by a southern trough that spawned coastal cyclogenesis and warm advection over the 

cold dome(NOAA 1979). Persistent southeasterly winds occurred at Roanoke(NCDC 1979c). 

Rhoades(1918)also reports heaviest damageon south- and east-facing slopesfor a March 1915 

ice storm in the Blue Ridge ofNorth and South Carolina. 

A recent(23-24December 1998)ice storm produced a relatively similar topographic 

pattern ofdisturbance in the GreatSmoky Mountains National Park,Tennessee. Cold air was 

widespread in the eastern United States during this event. Northeasterly and northerly winds 

prevailed at Knoxville,about20km northwestofthe park(NCDC 1998). The main topographic 
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features have an east-west or northeast-southwest orientation,and limited field observation 

indicates that severe forest disturbance is confined to northeastfaces ofspurs and adjacent north-

facing hollow bottoms on the north sides ofridges. It appears thatless ice deposition occurred on 

south and southeast sides ofridges. However,southem pines sustained moderate losses on the 

southeastside ofChilhowee Mountain,a ridgejust outside the park. 

Aspect-related disturbance patterns have also been documented farther north,on the 

Allegheny Plateau ofNew York and Pennsylvania. An ice storm that occurred over 17-19 

March 1936caused greatest damage on slopesfacing north or east(Downs 1938). East-facing 

slopes sustained the heaviestice loads during a27-30December 1942storm(Spaulding and 

Bratton 1946). A3-4March 1991 event produced more severe damage on north- and east-

facing slopes than on other aspects(Seischab et al. 1993),and hourly weather data reveal that 

northeasterly winds prevailed throughout the storm at nearby Rochester,New York(NCDC 

1991). 

Two major ice storms that occurred in southem and eastern Wisconsin during March 

1976 produced heaviestforest damage on northeast exposures(Bmederle and Steams 1985). 

Winds werefrom the northeast,butBmederle and Steams(1985)attribute the topographic pattem 

to high wind velocity(up to 80.6 km/h),not to differences in ice accretion. Siccama et al.(1976) 

report that,in Connecticut,forests on a slopefacing south-southwest sustained severe disturbance 

as a result ofa grape vine(Vitis)infestation on that exposure. Ice accumulating on the vines 

increased the load bome by trees. 

Elevational zonation in ice damage is anothercommon topographic pattem. Most 

evidence indicates thatice accretion is typically heavier and occurs more frequently at higher 

elevations in the Appalachians(Abell 1934;Carvell et al. 1957;Bennett 1959;Williams 1960; 

Nicholas and 2fedaker 1989;Konrad 1998). A Febmary 1998ice storm disturbed forests on all 

topographic positions above 825 m in the Blue Ridge ofsouthwestem Virginia(Lafon personal 
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observation). In contrast,damage is sometimes mostsevere in valleys(Rhoades 1918;Boemer et 

al. 1986),and a January 1998 ice storm in the Adirondacks ofNew York caused disturbance on 

all topographic positions below about750m elevation(Lafon personal observation). The vertical 

temperature profile is likely the main factor determining which elevation zones sustain heaviest 

damagefrom a particular storm,but precipitation enhancement(e.g.,seeder-feeder mechanism) 

probably also contributes to elevational pattems. 

Summaryand conclusions 

This paper contributes to an understanding ofhow one agent ofbroad-scale disturbance 

affects Appalachian forests. Catastrophic fires and major windstorms occurinfrequently in 

central hardwood forests,and fine-scale gap dynamics probably representthe primary mechanism 

driving canopy replacementin much ofthe region(Runkle 1990). However,forest damage 

sampling reveals that the 1994 ice storms caused majorcanopy and basal area losses in 

southwestern Virginia. Forests will undoubtedly require several decades to recover. The 

frequency ofice storm recurrence,a relatively unexplored topic,should determine the influence 

ofice damage on long-term stand dynamics. Where major ice storms recur on the order of20 

years,as is perhaps the case in parts ofthe Appalachians(Abell 1934;Whitney and Johnson 

1984),these catastrophic events may be the primary componentofthe disturbance regime. 

Cold air damming probably contributes to considerable differences in disturbance 

frequency throughout the Appalachian region.Cold air damming occurred during both storms in 

our study. Thetwo storms are probably representative ofmeso-ySscale spatial variations typical 

in many ice storms that affect the southern Appalachians,but our study area is located westofthe 

regions mostfrequently affected by damming(e.g.,the western Piedmont and Shenandoah 

Valley). 

The 1994storms also caused pronounced spatial variations in disturbance severity at the 

scale oflandforms. Forests on south- or east-facing mountain slopes,the windward aspects, 
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sustained much heavier damage than stands at other sites,and several mechanisms could be 

responsible for this damage pattern. Such fine-scale patterns appear to be common during ice 

storms. Ifthe same slope exposures or elevation zones in a given landscape consistently 

experience heavy ice accretion,substantial vegetation differences may develop between those 

sites and nearby portions ofthe landscape characterized by different ice storm climatologies. In 

southwestern Virginia,forests on south- and east-facing mountain slopes may be characterized by 

more frequent ice storm disturbance than stands at different topographic positions. Confinement 

ofsouthern pine stands to lower elevations and westfaces ofspurs are vegetation patterns that 

may be partly explained by variations in the landscape climatology ofice storms. 

Resolving spatial characteristics ofice storm disturbance will require much additional 

research on the climatology offreezing rain, particularly at finer scales. Forexample,Forbes et 

al.(1987)identify a low-level northeasterlyjet near the top ofthe cold domefor a January 1980 

ice storm associated with cold air damming. More work is needed to determine whether this 

situation is typical and to understand implications ofthe low-leveljetfor topographic patterns of 

disturbance in the mountains. Additionally,to inteipret the role ofice storms asforest 

disturbances,it will be necessary to study forestresponses along environmental gradients and 

under regimes ofdiffering ice storm frequency. Variations in ice storm climatology probably 

contribute to numerous patterns ofvegetation composition and diversity across different spatial 

scales. 

48 



Chapter3 

ForestDisturbancefrom Four RecentIce Storms 

in Virginia and New York 

Introduction 

Periodic severe ice storms produce intense disturbances in deciduousforests ofeastern 

North America that may have importantconsequencesforlong-term forest dynamics. Although 

fine-scale gap dynamics dominate disturbance regimes over much ofthe eastern forest region 

(Runkle 1990),ice storms subject these forests to broader-scale damage. Ice storm damage 

results when freezing rain accumulates heavily on trees,breaking limbs,bending or breaking 

stems,or toppling trees across entire slopes(Whitney and Johnson 1984;Seischab etal. 1993; 

Lafon etal. 1999). 

The occurrence offreezing rain is dependent on the vertical structure ofthe atmosphere. 

When a sufficiently deep layer ofwarm air is advected overa relatively shallow surface cold 

layer,snow falling through the warm layer may melt. The raindrops become supercooled as they 

fall through the underlying cold layer and freeze on contact into an icy coat(Ahrens 1991;Gay 

and Davis 1993). On a global scale,ice storms mostcommonly occurin eastern North America 

(Bennett 1959),where extreme air mass contrasts can easily develop as a result ofcontinental 

location and physiography. 

Previous research on ice storm damage in southern Appalachian forests includes work by 

Carvell etal.(1957)in eastern West Virginia;by Whitney and Johnson(1984)and Warrillow and 

Mou(1999)in southwestern Virginia;and by Abell(1934)and Nicholas and Zedaker(1989)in 

western North Carolina. Boemeret al.(1986)characterized damagein an Appalachian Plateau 

watershed in Ohio. In the Northeast,Spaulding and Bratton(1946),Lemon(1961),and Seischab 

etal.(1993)worked in New York,Siccama etal.(1976)in Connecticut,Melancon and 

Lechowicz(1987)in southern Quebec,and Downs(1938)in New York and Pennsylvania. 
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Additional studies have been conducted in the midwestem and the southeastern United States 

(McKellar 1942;Bruederle and Steams 1985;DeSteven and Matthiae 1991;Rebertus et al. 

1997). Mostofthese studies focused on oneforest type or a small area,but afew,particularly 

Whitney and Johnson(1984)and Seischab etal.(1993),reported ice storm effects among a 

number ofspecies in several forest types. A numberofthese studies classify each affected tree 

into one ofthree orfour categories,depending upon the severity ofdamage. From these papers it 

can be concluded that patterns ofice storm damage are influenced by several factors,including 

slope ofthe site,tree size,crown position,and interspecific differences in wood strength and 

canopy architecture. However,only one paper presents a multivariate approach to predict tree 

damagefrom ice storms. Seischab etal.(1993)obtained a multiple regression modelto predict 

percentcanopy damagefrom prevalence ofunsound stems,stem diameter,and slope angle. 

In this paper,I describe ice storm damage in six distinctforest types in the southern 

Appalachian Mountains ofsouthwestem Virginia and the Adirondacks ofnorthem New York. 

Two majorice storms affected southwestem Virginia in 1994,one onFebmary 10-11 and the 

other on March 1-3. Another storm occurred on Febmary4-6,1998. A major storm damaged 

Adirondack forests on January4-9,1998. In an earlier paper,my co-authors and Iexamined 

topographic-scale variations in ice storm damage resultingfrom the 1994storms in Virginia 

(Lafon etal. 1999). Wefound that severe damage was restricted to east- and southeast-facing 

slopes,a pattem which appears to be common in the Appalachians. Damiagefrom the 1998 

storms was related to elevation, with severe damage confined to high-elevation forests in Virginia 

and to low-elevation stands in New York. Conspicuous aspect-related effects were not presentin 

locations affected by the 1998 storms. 

My objective in this paper is to characterize pattems ofdamage within ice-damaged 

stands and among individual trees in the stands. Iexamine canopy coverj pre-storm and post-

storm species composition,interspecific variations in susceptibility to different types ofdamage, 

50 



tree and site factors that contribute to tree damage,and possible long-term consequences ofice 

storm disturbanceforforest dynamics. A related objective is to create a multivariate modelthat 

can be used to predict damage characteristics ofindividual trees in order to incorporate 

simulations ofice storm disturbance into individual-based models ofstand dynamics. 

Study areas 

Study sites in westem Virginia are located in the Valley and Ridge physiographic 

province and in the Blue Ridge province(Figure 3.1). The Valley and Ridge sites were affected 

by both 1994events. The Blue Ridge stands probably sustained minor damagefrom these 

storms,but major damage occurred during the Febraary 1998 storm. Topography ofthe Valley 

and Ridge is characterized by long,roughly parallel ridges ofresistant sandstones separated by 

valleys underlain by carbonates and shales. Stmctural and topographic trends generally exhibita 

northeast-southwest alignment(Figure 3.1). In southwestern Virginia, valley elevations are 

mostly around 600-800m above sea level,and ridgetops are typically between 900and 1400 m. 

The major ridges are dissected to varying degrees by first-order streams running perpendicular to 

the main ridges. 

The Blue Ridge is an upland underlain by metamorphic and igneous rocks. The 

southeastern edge ofthe Blue Ridge is an escarpmentrising approximately 500m above the 

Piedmonterosional surface. Typical elevations ofthe Blue Ridge crestin this section ofVirginia 

are 800-1000 m,butfarther south peaks exceed 2000 m. 

TheNew York study sites are located in the northem part ofthe Adirondack Mountains 

(Figure 3.2). The Adirondacks areformedfrom metamorphic and igneous rocks that have been 

uplifted and exposed to surface processes,including Pleistocene glaciation(McMartin 1994). 

Much ofthe northem area ofthe Adirondacks is a hilly region between400and 800m elevation. 

Elevations exceed 1600m in the high peaks area to the south. 
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Oak(Quercus)forests are the primary vegetation cover in much ofthe Appalachian 

region,butcomposition varies markedly across different topographic positions. Generally, 

mesophytic forests are concentrated on north-facing ravine slopes,concave slopes,and valley 

floors(Whittaker 1956;Hack and Goodlett 1960;Quarterman et al. 1972). Oakforests occupy 

broad,semi-mesic to semi-xeric zones,and southern pines(Pinus)are restricted to ridgetops, 

convex "noses,"and recently disturbed sites. Conspicuous vegetation differences exist between 

north-facing and south-facing slopes,with that on south-facing slopes exhibiting a more 

xerophytic composition(Smith 1986). Imprints ofhuman land use,including widespread timber 

harvest,farming and abandonment,and disease introduction,are evidentin currentforest 

composition and structure. In the early twentieth century,the exotic chestnut blightfungus 

(Cryphonectria parasitica)killed all mature individuals ofAmerican chestnut{Castanea 

dentata),a dominant species in Appalachian forests. Adirondack forests are dominated primarily 

by northern hardwood species at the low to middle elevations and by spruce(Picea)and fir 

{Abies)at higher elevations. Timber harvest is the primary human impact over much ofthe 

Adironacks(McMartin 1994). 

Methods 

Sampling Locations 

Four ofthe six foresttypesIsampled are located in the Valley and Ridge province. I 

selected nine sampling sites within thesefourforest types(Figure 3.1,sites A-1). The sites are 

clustered on Jefferson National Forest lands on two adjacentridges.Walker Mountain and Little 

Walker Mountain. Elevations at these sites are roughly 750—960m,and slopes vary between 

10°and 50°. Thefour general forest types are(1)oak forests dominated by chestnut oak 

{Quercusprinus),black oak{Q. velutina),and scarlet oak{Q.coccinea)on south-facing slopes; 

(2)oak forests dominated by chestnut oak,northem red oak{Q.rubra),and hickories{Carya 

spp.)on east-facing slopes ofspurs that are located on the north side ofLittle Walker Mountain; 
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(3)a mesophytic assemblage in an east-facing slope ofa ravine eroded through Little Walker 

Mountain;and(4)a table mountain pine(Pinuspungens)stand growing on the westface ofa 

spuron the north side ofLittle Walker Mountain. Iused aerial photographs taken for the U.S. 

Forest Service in 1990to avoid sampling stands that had sustained major disturbance when 

remnants ofHurricane Hugo passed over southwestern Virginia in September 1989. A majorice 

storm affected parts ofsouthwestern Virginiain 1979(NCDC 1979b;Whitney and Johnson 

1984),but dendrochronological evidence indicates that most ofthe study sites were not strongly 

affected(this dissertation Chapter 5). 

Thefifth forest typeIsampled was yellow-poplar{Liriodendron tulipifera)forest. I 

sampled yellow-poplar stands at three sites along the crest ofthe Blue Ridge escarpment(Figure 

3.1,sites N-P). Iestablished the sampling sites on lands owned by the Blue RidgeParkway. 

Elevations are around 840-880m,and slopes are between 3°and 20°. It appears that Hurricane 

Hugo caused light forest disturbance along parts ofthe Blue Ridge escarpment. Ice storms in 

1969,1978,1979,and 1983 may have affected these sites(NCDC 1969, 1978, 1979b,1983). 

Northern hardwoods dominated by sugar maple(Acersaccharum)comprise the sixth 

forest type. Iestablished three sampling sites in northern hardwood forests in the Adirondacks 

(Figure 3.2)at elevations of210-570m. Slopes vary between 2°and 30°. There is evidence of 

some past disturbance at the Adirondack sites,including beech bark disease(the scale 

Cryptococcus fagisuga and fungus Nectria coccineafaginata). 

None ofthe fprests Isampled are truly old-growth stands,butI generally selected the 

most mature stands Icould find. The oak-dominated forests and the mesophytic ravine stand,in 

particular,contain numerous large,old trees and appear to have an uneven age structure. Tree 

cores collectedfrom one ofthe oak stands reveals the presence of300-year old chestnut oak trees. 

The mesophytic ravine forest is dominated by eastern hemlock,aslow-growing,shade-tolerant 

species characteristic ofold-growth stands(Godman and Lancaster 1990). Large hemlock trees, 
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possessing stems up to79cm in diameter at breast height(DBH),are common. Rugged terrain 

characterized by 25°to 50°slopes may have protected the sitefrom heavy logging. Northern 

hardwood forests in the Adirondacks are also relatively old stands. The yellow-poplar stands 

along the Blue RidgeParkway appear to be even-aged forests established on abandoned 

agricultural fields. The history and age structure ofthe table mountain pine stand are unclear 

without tree-ring analysis,but fire scars on some boles demonstrate that several fires have 

occurred since the stand was established. 

Sampling Methods 

To assess the level offorest disturbance,Icollected data on canopy cover,tree damage, 

and basal area loss. Iestablished three parallel transects in each stand,spacing them 25 m apart 

and aligning them with slope contours. Transects were 100m long. Idetermined transect 

midpointsfrom an arbitrary starting point near the top or bottom ofa site. Irandomly selected a 

compass direction within 45° ofthe slope aspect;then measured arandom distance of0-10m 

along that azimuth to determine the midpoint ofthe upper or lower transect at the site. I 

established remaining transects at intervals of25 mfrom the original transect. I altered the 

sampling design(e.g.,length or number oftransects)atsome sites to accommodate local 

conditions. Specifically,at one siteIused four transects 25 m in length to sample an oak-

dominated forest in a semi-mesic hollow on the south side ofWalker Mountain. Atone oak stand 

on the south side ofLittle Walker Mountain,Iestablished only two transects. Iused five 

transects at one ofthe Adirondack sites to characterize disturbance overa hillside with highly 

varied slope. Iused only one ortwo75-m transects at each ofthe Blue RidgeParkway sites to 

keep the transects entirely within the borders ofthe narrow strip ofland owned by the National 

Park Service. 

I measured cover ofoverstory trees whose canopies intercepted the transects. I divided 

overstory cover into canopy and subcanopy components. Idefined canopy individuals as trees 
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with DBH>25cm,as suggested by Runkle(1992). I defined subcanopy trees as those with 20 

cm <DBH<25cm,measuring the cover ofthese trees because they comprised part ofthe 

overstory in somelocations. For the table mountain pine stand,where many canopy individuals 

have small-diameter stems,Idefined overstory trees as those with DBH>10cm. 

I measured DBH ofall trees,including those killed or damaged by ice, with DBH> 10 

cm and whose base was located within5 m ofa transect,except at sites A-D,whereIonly 

measured trees within 3m ofthe transect. I assigned each tree to one ofseven damage 

categories:(1)little or no apparent damage,where less than 10%ofthe canopy was lost;(2) 

moderate canopy damage,where 10% to50%ofthe canopy wasremoved;(3)majorcanopy 

damage,where more than 50% ofthe canopy wasremoved;(4)bent bole;(5)tilted bole;(6) 

broken bole;or(7)toppled bole. Some trees displayed two different types ofdamage,but one 

type typically dominated. Observations ofdamaged trees suggested that these seven damage 

categories were more useful for characterizing the damage characteristics unique to ice storm 

disturbance than are the simple ordinal categories(e.g.,no damage,intermediate,severe)used in 

some other studies. Although the categories Iused are ordered roughly by damage severity and 

are to that extent ordinal,they also distinguish different modes ofdamage that are difficult to 

characterize when damage types are aggregated into fewer ordered categories. 

Ialso recorded whether or noteach tree was dead or alive. Icombined results for 

mockemut hickory{Carya tomentosa)and pignut hickory(C.glabra),because species-level 

identification ofdowned boles was notalways possible. I also combined results for all ashes 

(Fraxinus spp.). NomenclaturefollowsFemald(1950). 

Icollected data on seedlings and saplings in 10m^circular plots positioned at 10m 

intervals along each transect. Within each ofthe plots,Irecorded the presence ofeach species 

represented as seedlings(seedlings or sprouts < 1.5 m tall)or saplings(individuals> 1.5 m tall 

and with DBH<10cm).Irecorded slope angle and aspect at20m intervals along each transect. 
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Data Analysis 

I calculated percentcanopy,subcanopy,and total overstory cover remainingfor each of 

the six forest types. I also calculated pre-storm and post-storm basal area(m^/ha). Trees that had 

died prior to the ice storms were excludedfrom the calculations. Tocompute post-storm values,I 

omitted trees that had died from ice damage or that had been toppled. 

To explore relationships oftree damage to tree and site attributes,I plotted patterns of 

tree damagefrequency in relation to wood strength,DBH,and slope ofthe land surface. For 

wood strength Iused modulus ofrupture,a standard measure of wood strength that reflects the 

maximum load-bearing capacity ofa piece ofwood as it is bent. Foreach species I used modulus 

ofrupture values for green specimens taken from the WoodHandbook ofthe U.S.ForestProducts 

Laboratory(1974). Ifitted regression lines to the scatter plots,taking apparent thresholds and 

nonlinear relationships into account where appropriate. Plots thatshow significant relationships 

(jP <0.05)are presented in the Results section. 

Iemployed multinomial logistic regression(MLR)(SPSS 1999)to elucidate the 

combined influences ofmultiple factors on tree damage. MLR can be used to modelthe 

probability ofseveral different values ofa categorical dependent variable, whereas the more 

commonly used binary logistic regression method permits only two categories for the dependent 

variable. I simplified the seven damage categories into four categories for the logistic regression: 

(1)little or no apparent damage;(2)moderate or majorcanopy damage;(3)bent bole;and(4) 

tilted, broken,or toppled bole(Table 3.1). Iused four predictor variables in the model,all of 

which were categorical variables(Table 3.1). The susceptibility ratings reflect that a species may 

be vulnerable to one type ofdamage but not another. For example,a species may commonly 

sustain heavy canopy damage but little stem damage(bending,tilting,breaking,ortoppling). I 

considered this a more satisfactory way to categorize susceptibility than previously reported 

ordinal classifications that do not differentiate unique types ofdamage. Ibased susceptibility 
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Table 3.1. Damage categories and predictor variables used in multinomial logistic regression 
(MLR). MLR was used to model the probability ofa tree being in each ofthe four damage 

Value in logit Sample 
Variable Abbreviation Categories equation size 

Damage category (1)Little or none 186 

(2)Canopy damage 700 

(3)Bentstem 145 

(4)Tilted,broken,or toppled stem 512 

Diameter DBH (1)Less than 30cm 1 1179 

(2)Atleast30cm 0 364 

Slope SLOPE (1)Less than 22° 1 739 

(2)Atleast 22° 0 804 

Canopy susceptibility SUSCAN (1)Low 1 711 

(2)High 0 832 

Stem susceptibility SUSSTEM (1)Low 1 1279 

(2)High 0 264 
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class assignments(Table 3.2)primarily on whether more than halfor less than halfthe 

individuals ofthe species sustained the respective damage type. Iexcluded species for which I 

had less than 25individuals to insure that the susceptibility ratingfor each species was based on a 

sufficient number oftrees to characterize susceptibility adequately. I omitted trees in the table 

mountain pine stand from this analysis,because the stand is located on a west-facing slope that 

was not exposed to heavy ice damage and would therefore not provide comparable susceptibility 

data. I also considered published susceptibility ratingsfrom other studies when assigning 

susceptibility. 

Results 

Remnant overstory coverin ice-damaged stands varies between 27.6% in northern 

hardwood forests to 64.3% in the table mountain pine stand(Table 3.3). Figure 3.3 illustrates 

spatial patterns ofcanopy cover in three stands that represent the variability typical in ice-

damaged forests. The storms caused considerable basal area loss,particularly in the Valley and 

Ridge sites(Table 3.4). Basal area changes shown in Table 3.4 reflect the loss oftrees that were 

toppled or killed as a result ofice damage. 

Post-storm species composition is similar to pre-storm composition(Table 3.4). Slight 

shifts in relative abundance occurred. Figure 3.4 depicts relative basal area(percentoftotal basal 

area comprised by a species)forseven major species in the fourforest types sampled in the 

Valley and Ridge. The graphsshow the distribution ofspecies dominance among thefourforest 

types,which are arranged along a gradientofpresumed moisture availability. The graphs are 

analogous to those presented by Whittaker(1956)for tree species distributions along a moisture 

gradientin the GreatSmoky Mountains. Iomitted the Blue Ridge and Adirondack standsfrom 

the graphs because different climatic regimes,soils,and successional status limit their 

comparability with Valley and Ridge stands. Table 3.5 indicates which species are present as 

seedlings or saplings in disturbed stands. 
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Table 3.2. Susceptibility ratings for each ofthe common species used in the multinomial logistic 
regression analysis. 

Species 

Acerrubrum 

Acersaccharum 

Betula alleghaniensis 
Betula lenta 

Carya spp. 
Fraxinus spp. 
Liriodendron tulipifera 
Oxydendrum arborea 
Pinus rigida 
Quercus coccinea 
Quercusprinus 
Quercus rubra 
Quercus velutina 
Robinia pseudoacacia 
Tilia americana 

Tsuga canadensis 

Susceptibility to 
canopy damage 

high 
high 
high 
high 
low 

high 
high 
low 

low 

high 
low 

low 

high 
low 

high 
low 

Susceptibility to 
stem damage 

low 

low 

high 
low 

high 
low 

low 

low 

high 
low 

low 

high 
low 

high 
low 

low 
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Table 3.3. Percent cover data for each forest type. 
Canopy Subcanopy Total overstory Number of Total transect 

Forest type cover(%). cover(%) cover(%) sites length(m) 
Oak,S-facing slopes 35.7 14.1 46.4 5 1200 

Oak,E-facing spurs 35.4 11.6 44.5 2 600 

Mesophytic assemblage 50.1 5.3 52.8 1 290 

Table mountain pine 64.3 1 300 

Yellow-poplar 34.1 5.8 39.1 3 300 

Northern hardwoods 22.9 6.1 27.6 3 1100 
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Site G:East-facing slope with mesophyticforest, Little Walker Mountain,Virginia 

G-3 

s!Oi»=G-1 

Site L: Northern hardwoodsforest. Palmer Hill, New York 

|__3 □ Ea^-J-BS-lEg^ S3—• III EHIJ-fl 

L-2 -8-"—1-3—s-oaa Dfsa-

OFfi n nrgrvf^— ISl I-

Site P: Yellow-poplar forest. Blue Ridge, Virginia 

P-2 * E3 K+H gj-E 

P-1 

Cover of canopy trees (DBH > 25 cm) 

Coverofsubcanopy trees (20 cm s DBH < 25 cm) 

Figure 3.3. Patterns of overstory cover in three sampled stands. Each line represents a transect, 
and gray bars represent portions of the transects covered by foliage of canopy or subcanopy trees. 
In a stand with 100% of the overstory intact, the bars would completely obscure the line. Each 
transect is 100 m long, except G-2 is 90 m and P-1 and P-2 are 75 m. 
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A 

"u ro 

0.6 

5c 
■°.2<u't; 0.4.> 

O i-
o:& 0.2 

0.0 
TMP TMP 

Forest types arranged along a xeric to mesic gradient 

Species symbols: 
• Carya spp. 
' Liriodendron tulipifera 

Pinus spp. (southern pines) 
Quercus prinus 
Quercus rubra 
Other Quercus spp. 
Tsuga canadensis 

Figure 3.4. Patterns of species composition among the four forest types sampled in the Valley and 
Ridge province ofVirginia: (A) pre-storm composition and (B) post-storm composition. The forest 
types are arranged along a presumed moisture gradient, from xeric on the left to mesic on the right.
TMP = table mountain pine forest, OS = oak forests on south-facing slopes, OE = oak forests on 
east-facing slopes, and M = mesophytie ravine forest. 
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Mortality is related both to damage category and time since damage(Figure 3.5). 

Severely damaged trees have experienced higher mortality than less damaged individuals. Stands 

that were sampled longer after disturbance(i.e.,the Valley and Ridge sites)exhibit higher 

mortality than those sampled in the growing season immediately following storm damage. 

My results demonstrate considerable interspecific variation in susceptibility to damage. 

Tocompare observed damage for major species to the ordinal damage classifications ofother 

studies,Icombined my seven damage categories into the following three classes:(1)none/minor 

-trees with little or no damage(damage category 1),(2)intermediate-trees with <50% canopy 

loss or with bent or tilted boles(damage categories 2,4,and 5),and(3)severe-trees with>50% 

canopy loss or with broken or toppled boles(damage categories 3,6,and 7)(Table 3.6). These 

classes reflect the patterns oftree mortality and damage shown in Figure 3.5. I also included in 

Table 3.6 a column with category3-7damagefor comparison to the results of Whitney and 

Johnson(1984),who conducted a study ofice storm damage in southwestern Virginia. Their 

"severely damaged"category includes trees with bent and tilted boles as well as those with heavy 

canopy damage,broken stems,or toppled boles(i.e.,categories3-7ofmy study). 

Percent mortality is positively related to the percent oftrees in the severe damage class(P 

<0.05,Figure 3.6)but does notshow a significant relationship to the alternative category3-7 

class. This indicates that the severe damage class defined by damage categories 3,6,and7is 

probably more appropriate for comparing susceptibility among species. 

It may be more useful to consider susceptibility oftrees to different types ofdamage, 

rather than simply to characterize the vulnerability ofa species to all damage types. Forexample, 

classifying the susceptibility ofeach species into two broad damage categories,canopy versus 

stem,elucidates interspecific patterns ofdamage not otherwise evident. Some species,such as 

yellow-poplar,typically experience canopy damage,whereas other species(e.g., black locust)are 

characterized by stem damage(Figure 3.7). Iomitted datafor the table mountain pine forestfrom 
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Figure 3.5. Percentoftrees in each damage class that were dead atthe time ofsampling in stands 
disturbed by the recentice storms:(A)the 1994ice storms in Virginia,(B)the 1998 ice storm in 
Virginia,and(C)the 1998 ice storm in New York. 
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Table 3.6. Interspecific differences in tree damage. Only species with data for>25 individuals 
are included,and the table mountain pine site is omitted from the analysis. 

Damage by category(%oftrees): 
Species Sample 

size None/minor Intermediate Severe Class 3-7 Mortality 

VIRGINIA 

Quercusprinus 326 25.3 40.3 34.4 43.1 18.7 

Carya spp. 89 23.6 37.1 39.3 60.7 20.2 

Quercus coccinea 50 10.5 47.4 42.1 47.4 42.0 

Acer rubrum 83 20.7 31.5 47.8 58.7 10.8 

Betula lenta 27 3.7 48.1 48.1 74.1 18.5 

Quercus rubra 79 22.5 25.0 52.5 58.8 46.8 

Oxydendrum arboreum 129 7.0 39.5 53.5 80.6 20.2 

Tsuga canadensis 60 20.0 20.0 60.0 68.3 41.7 

Quercus velutina 87 5.7 33.3 60.9 65.5 36.8 

Pinus rigida 30 12.8 17.9 69.2 71.8 76.7 

Liriodendron tulipifera 75 1.3 28.0 70.7 73.3 5.3 

Robinia pseudoacacia 27 11.1 7.4 81.5 88.9 55.6 

NEW YORK 

Ostrya virginiana 34 8.8 35.3 55.9 70.6 11.8 

Fagus grandifolia 128 8.6 34.4 57.0 71.1 6.3 

Acersaccharum 174 2.3 30.5 67.2 73.6 7.5 

Fraxinus spp. 40 0.0 17.5 82.5 87.5 7.5 

Betula alleghaniensis 30 6.7 10.0 83.3 86.7 6.7 
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Figure 3.6. Relationship ofmortality to percent of individuals severely damaged for eleven species
in the Virginia sites. Liriodendron tulipifera is excluded from the graph due to its extremely high
damage and low mortality. 
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Figure 3.7. Percentofindividuals ofcommon species exhibiting canopy damage and stem damage. 
Gray portions ofbars representcanopy damage(moderate or major),and black portions represent 
stem damage(bent,tilted,broken,ortoppled stems). 
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analyses ofinterspecific differences in damage characteristics. The stand was growing on a west-

facing slope that was apparently notexposed to as high alevel ofice accumulation as other sites 

(Lafon etal. 1999). Although pine stands on west-facing slopes sustained moderate ice storm 

damage,damage to hardwoods in these stands was minor. Thelow level ofhardwood damage 

relative to the damage sustained by individuals ofthe same species growing on other aspects 

implies that west-facing slopes were shelteredfrom the processes thatled to heavy disturbance on 

east- and southeastfacing slopes. Inclusion ofdatafrom this site probably would have caused 

misrepresentation ofthe relative susceptibility ofsome species to ice storm damage. 

Wood strength is one factor that may affect the susceptibility ofa tree to ice storm 

damage,but my results indicate that the relationship is not straightforward. Ofall trees,only 

toppled trees(category 7)exhibit a significant relationship between modulus ofrupture and 

percent damaged(P<0.01,Figure 3.8). 

Stronger relationships exist between DBH and damage(Figure 3:9). To construct these 

plots,Igrouped trees into twelveDBHclasses(Table 3.7)and calculated the percentofstems in 

each ofthese classes that sustained the given damage type. Significant relationships(P<0.01 or 

better)existfor all but tilted trees. 

Tree damage characteristics are also related to slope(Figure 3.10). These graphs are 

analogous to those in Figure 3.9. Slope was divided into seven classes(Table 3.7). Based on the 

slope ofthe site on which the tree was growing,Iassigned each tree to one ofthese seven classes. 

In addition to slope,soil properties may also affect damage characteristics. Figure 3.11 

presents acomparison ofdamage between Walker Mountain and Little Walker Mountain on sites 

ofsimilar slope angle(20°-29°). Despite similar slopes,bole breakage and toppling(damage 

categories6and 7)are more prevalent on Little Walker Mountain,where,according to the soil 

survey ofWythe County,Virginia,soils are generally thinner than on Walker Mountain(Gall and 

Edmonds 1992). I did not measure soil depth at my study sites. 
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Figure 3.11. Percent of trees in each damage class on Walker Mountain and Little Walker Mountain.
All trees were growing on sites with similar slope (20 - 29°).



Although individual species and sites are combined in the scatter plots,few major 

discrepancies are apparent when patterns are examined for individual species. For damage 

category 1 (little or no damage),sourwood{Oxydendrum arboreum)and table mountain pine 

exhibit significant positive relationships(P <0.05)between DBH and damage. For damage 

category6(broken boles),hickory has a significant positive relationship(F<0.05)between DBH 

and damage when the largesttwo diameter classes are notincluded in the analysis. Hickory also 

exhibits a significant positive relationship(P<0.05)between DBHand percent in damage 

category7(toppled trees),a trend which may be inconsistent with the relationship in Figure 3.9F. 

Results ofthe MLR provide a means to predictthe probability oftree damagefrom the 

combined influence ofseveral factors. MLRinvolves estimating the logitforeach category of 

the dependent variable(Johnston 1980;SPSS 1999). A logit is the natural log ofthe odds of 

being in one category compared to being in a baseline category. Assigning damage category4as 

the baseline category,Iobtained thefollowing equations for estimating logits for thefourdamage 

categories: 

ui=-1.650-0.314(DBH)+0.09155(SLOPE)+1.135(SUSCAN)+0.230(SUSSTEM) 

U2=0.200-1.225(DBH)+0.846(SLOPE)-0.04642(SUSCAN)+0.777(SUSSTEM) 

U3=-5.193+3.161(DBH)+0.830(SLOPE)-0.652(SUSCAN)+0.258(SUSSTEM) 

U4=0 

where Ui=estimated logitfor the damage category and the predictor variables are asshown in 

Table 3.1. Categories for the predictor variableDBH were chosen to reflect the relationships 

between stem diameter and tree damage shown in Figure 8. All variables were significant atP< 

0.0005,although notfor all equations. A c/i/-square analysis was notconducted,because it is not 

an appropriate measure ofmodel fitfor results such as these,in which some ofthe cells in the 
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contingency table have predicted values less than five(Griffith and Amrhein 1991). However, 

examination ofpredicted frequencies indicates that they match observations quite well. 

To estimate the logitfor a given tree,each binary variable would be assigned a value of 

zero or one(Table 3.1). After calculating the logitfor each damage category,according to the 

attributes ofthe tree,the following equation is used to determine the probability ofbeing in a 

given damage category: 

e"' 
^(«,)= 

*=1 

where P(ui)is the probability ofdamage category i andjis the numberofdamage categories 

(SPSS 1999). 

After obtaining these results,Irefined the MLR analysis to model tree damage 

probabilities in the most heavily disturbed forest patches separately from those in less disturbed 

patches. In dense forest stands,the fall ofone tree may strike neighboring trees,triggering their 

fall or breakage(Lafon etal. 1999)and creating multiple-tree gaps that altemate with less 

damaged patches where such multiple-tree events were not initiated(Figure 3.3). This stand-

level effect may reduce the utility ofa single MLR modelfor characterizing tree damage across 

both heavily damaged and less damaged patches. The purpose ofthe refined MLR analysis was 

to enhance modeling oftree damage probabilities by accounting for damage triggered by falling 

neighbors in heavily disturbed patches. Such impact-triggered damage would not be predictable 

from characteristics ofindividual trees alone. 

To identify heavily disturbed and less disturbed forest patches,Idivided each transect 

into 25-m segments and defined the segment as heavily disturbed if at least45% ofthe trees 

along the segment had sustained category4damage(tilting, breaking,or toppling). The45% 

threshold was chosen based on a histogram showing that45% represented a reasonable natural 

break in my data set that also retained a sufficient number ofsegments in both the heavily 

disturbed and less disturbed categories to permit statistical analysis. 
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The proportion oftotal transectlength occupied by heavily disturbed segments increases 

with increasing slope angle(Figure 3.12,P<0.001). MLR analysis for these heavily disturbed 

transects yielded the following equations for estimating logits, with damage category4as the 

baseline category: 

a 

ui=-2.633-0.569(DBH)+1.84(SUSCAN) 

U2=-0.007846-1.065(DBH)-0.212(SUSCAN) 

U3=-4.244+2.186(DBH)+0.449(SUSCAN) 

U4=0. 

Probability ofcategory4damage is lowerin less disturbed segments. Logits for these segments 

are calculated asfollows, with damage category4as the baseline category: 

u,=-0.639-0.355(DBH)+0.986(SUSCAN) 

U2=2.201-1.293(DBH)-0.357(SUSCAN) 

U3=-18.291+ 17.557(DBH)+0.408(SUSCAN) 

U4=0. 

The variables are significant atP<0.0005. Again,c/i/-square analyses vvere notconducted 

because ofsmall predicted valuesforsome cells ofthe contingency tables,but inspection ofthe 

results revealed that predicted frequencies generally match observations closely. Splitting the 

data into two groups necessitated the elimination oftwo variables,SLOPIE and SUSSTEM,that 

wereincluded in the original MLR equations. However,the effect ofslope can be accounted for 

by the relationship graphed in Figure 3.12. 

82 



y=0.0247X -0.2599 

=0.6249 

fi 0.3 

0.2 -
Q. 

0.1 -

0.0 

10 20 30 40 

Mean sibpie(degrees) 

Figure 3.12. Proportion oftotal transectlength ateach site occupied by heavily damaged segments, 
as afunction ofmean slopeofthe site. Each segmentis25m long,and aheavily damagedsegment 
is defined as one in which at least45%ofall trees were broken ortoppled. 
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Iexcluded the table mountain pine forestfrom the multinomial logistic regression 

analyses,because notenough data are available to conduct a detailed analysis oftree damage 

probabilities. Results presented in Table 3.8 reflect general patterns ofdamage in the stand. 

Discussion 

Forestdamagepatterns 

Allfourice storms were major events thatremoved substantial basal area or created large 

canopy gaps. Ice storm damage ofsimilar magnitude has been reported in the Appalachians,the 

Northeast,and the Midwest(Rhoades 1918;Downs 1938;Whitney and Johnson 1984;Bruederle 

and Steams 1985;Seischab et al. 1993). Dendrochronological and historical records suggest that 

similar events have occurred about2-4times during the past century on southeast-facing slopes 

ofthe Valley and Ridge province in southwestem Virginia(this dissertation Chapter 5). These 

events are a majorcomponentofthe disturbance regime in an area where other large 

disturbances,such as stand-replacing fires, are thought to be uncommon. 

Someforest types sustained greater basal area reductions than others,although canopy 

openness is high in all forest types. Yellow-poplar stands are particularly notablefor the 

tendency ofnearly all individuals to experience severe canopy loss without bending,tilting, 

breaking,or toppling ofboles. The straight bole,symmetricalshape,and relatively weak wood of 

a yellow-poplar tree allows the bole to stand erect while branches are stripped offby the weight 

ofice. Many ofthe damaged yellow-poplars will probably recover,permitting continued yellow-

poplar dominance. Whitney and Johnson(1984)documented low mortality of yellow-poplar the 

second growing season after an ice storm that inflicted major damage to mostindividuals ofthe 

species. Mylimited data on yellow-poplar trees damaged by the 1994storms indicates that25% 

oftrees with severe canopy damage died by 1997-98,but observations in additional stands 

suggestthat mortality may generally belower. 
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Major tree Percent in damage class Mortality 
group 1 2 3 4 5 6 7 (percent) 

Conifers 48.8 7.6 4 3.6 0 34.4 1.6 42.0 

Hardwoods 53.8 23.1 1.9 5.8 0 11.5 3.8 11.5 
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Basal area loss was also relatively low in the northern hardwood stands,despite major 

canopy loss. However,it is unlikely that all these species will respond as yellow-poplar. Many 

ofthe surviving,heavily damaged trees will probably succumb over the nextfew growing 

seasons. In fact,in the Valley and Ridgeforests, where I sampled several years after disturbance, 

nearly a third ofall trees with severe canopy damage are dead(Figure 3.5). Trees with broken or 

toppled boles exhibited higher mortality rates. Relatively few bent or tilted trees have died,but 

mortality will probably increase as competition for lightfrom dominantcanopy trees becomes 

more pronounced duringforest recovery. Additionally,bentand tilted trees may sustain heavy 

damagein future ice storms. 

Characterizations ofinterspecific variations in susceptibility to storm damage generally 

agree with other studies(Table 3.6,Figure 3.7). Forexample,hickories and chestnut oak are 

usually rated low in susceptibility,whereas pitch pine is highly susceptible(Whitney and Johnson 

1984;Seischab et al. 1993;Warrillow and Mou 1999). My results differ mostfrom others in the 

finding ofconsiderable ash and black locust damage,although Abell(1934)also reported heavy 

damage to black locustin the mountains ofwestern North Carolina. Reasonsfor these 

differences are not apparent. For black locust,the high degree ofdamage may reflect my 

sampling on steep slopes,where toppling is common. Black locust had a higher percentage of 

trees toppled(44.4%)than any other species. The species has strong wood and may be more 

resistant to damage in gently sloping terrain. 

My results also underscore the high susceptibility of yellow-poplar to ice storm damage. 

Some have reported major damage in this species(Carvell etal. 1957;Whitney and Johnson 

1984),but others consider it resistant(Lemon 1961;Warrillow and Mou 1999). These divergent 

findings may in part reflect the inadequacy ofa simple ordinal damage-classification scheme. 

Myresults show that nearly all yellow-poplar trees were damaged,but thatcanopy damage was 

predominant(Figure 3.7),as discussed above. This damage pattern may permit most yellow-
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poplars to survive ice storms despite heavy damage. The different ratings for the species also 

reflect different sampling schemes. To obtain reasonably comparable data for different species,I 

located all but one ofmy sampling sites in parts ofthe landscape that were exposed to heavy ice 

accumulation. The table mountain pine site, which Ianalyzed separately,is the exception. 

Whitney and Johnson(1984)also selected stands in such locations,which probably accountsfor 

the similarity oftheir results to mine. However,Warrillow and Mou(1999)sampled over 

different landscape positions,some of which sustained heavy damagefrom the 1994storms and 

others which did not. In the Valley and Ridge province of Virginia, yellow-poplar is largely 

confined to valley bottoms and lower slopes,but heavy damagefrom the 1994ice storms 

occurred farther up the slopes(Lafon et al. 1999). Sampling yellow-poplar stands on sites that 

were notexposed to heavy damage leads to the conclusion that yellow-poplar is less susceptible 

to ice damage than other species, when in fact it is more so. To provide a more appropriate 

characterization of yellow-poplar susceptibility,Isampled along the crest ofthe Blue Ridge 

escarpment,where yellow-poplar is an important species and where the 1998 ice storm caused 

major damage. 

Another dichotomy exists in opinions aboutthe relative susceptibility ofconifers as 

compared to hardwoods. Dyer(1983),Whitney and Johnson(1984),Boemeret al.(1986),and 

Warrillow and Mou(1999)found that conifers generally sustained heavier ice storm damagethan 

hardwoods in Appalachian forests. Studies in northern forests reported low to moderate damage 

in conifer species(Downs 1938;Carvell etal. 1957;Lemon 1961). These varied findings appear 

to reflect differences among different conifer species,rather than differences between hardwoods 

and conifers. Southern pine species are highly vulnerable to ice storm damage. The high 

wintertime surface area ofevergreen conifers permits heavy ice loads to accrete(Lemon 1961), 

which,combined with relatively weak wood,probably accounts for heavy damage in southern 

pines. My results indicate that southern pines are among the most susceptible trees. Pitch pine 
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(JPinus rigida)had the highest mortality ofany species in Table 3.6. Table 3.8 demonstrates that 

pines sustained relatively high levels ofdamage,even on a site sheltered from the heaviest ice 

accumulation. The resistance ofnorthern conifers,despite their evergreen habit,probably reflects 

their conicalforms,straight boles,flexible limbs,and other adaptations to heavy snow orice 

(Lemon 1961). Ifound moderate damage levels among hemlock,a speciesfor which there is 

little disagreement about susceptibility(Lemon 1961;Boemer et al. 1986;Seischab et al. 1993). 

Hemlock is probably best considered low or moderate in susceptibility to ice damage. Myfield 

observations in New York reveal that spruce and fir sustained little damage,although Idid not 

assess conifer damage quantitatively. White pine(Pinusstrobus)also appeared to be one ofthe 

most resistant species in New York,but in Virginiasome white pines suffered heavy limb loss 

(personal observation). Geographic differences in wood strength or other characteristics may 

make white pine more resistant to ice damagein the northern part ofits range than farther south. 

Despite an intuitive expectation that wood strength accounts for much ofthe interspecific 

variation in susceptibility to ice damage,my data provide little evidence for such relationships. 

The only significant relationship is for toppled trees, which probably indicates that strong trees 

resistant to breaking or bending are likely instead to be pulled down completely. Other 

researchers also report poor relationships oftree damage to modulus ofrupture(Lemon 1961; 

Bruederle and Steams 1985). Susceptibility ofa species to ice damage probably involves a 

complex suite ofattributes related both to wood strength and canopy architecture. Again,yellow-

poplar provides an example ofhow individual tree characteristics influence damage pattems-

weak wood, straight boles,symmetrical canopies,and rapid recovery rates allow individual trees 

to survive an ice storm by sacrificing much oftheir canopies. In contrast,some ofthe species 

characterized by stem damage experienced higher levels of mortality(e.g.,black locust,pitch 

pine;Figure 3.7,Table 3.6). Decay may also affect the susceptibility ofa species to damage 

(Seischab et al. 1993). Forexample,both scarlet oak and northem red oak sustained heavier 



damage than chestnut oak,despite their greater published wood strength(U.S.ForestProducts 

Laboratory 1974). Thelower resistance ofthese two oak species to heartwood decay(McQuilkin 

1990)may effectively reduce their average bole strengths. In addition,the red oaks are more 

susceptible than white oaks to the oak decline disease complex involving the rootfungus 

Armillaria mellea,which weakens roots and contributes to toppling during disturbances 

(Greenberg and McNab 1998). 

Stem diameter is a readily quantified tree attribute that is strongly related to damage 

(Figure 3.9). Generally,significant damage becomes morefrequent with increasing size,a result 

consistent with findings ofSeischab etal.(1993)and Rebertus et al.(1997). Dominantcanopy 

trees morefrequently sustain damage than smaller trees,butthe damage is less likely to cause 

immediate loss ofthese treesfrom the stand. Small trees are characterized by bending or 

breakage ofboles. Downs(1938)also reported high rates ofbending and breaking in small 

stems. Trees become more susceptible to toppling as they grow into medium diameter trees,and 

canopy damage is characteristic oflarger trees. Again,these results agree with those ofDowns 

(1938),whofound a positive relationship between stem diameter and canopy damage. These 

patterns probably reflect the increasing strength ofstems and root systems as trees mature. 

The tendency oftrees growing on hillslopes to lean downhill(Phipps 1974;Mills 1984) 

probably influences damage patterns. Few canopy-size individuals on steep slopes in my study 

areas have vertical boles. Leaning trees are probably unbalanced prior to an ice storm,which 

increases their susceptibility to damage,particularly toppling. Interspecific differences,such as 

wood strength and length oftap roots,undoubtedly affects vulnerability to toppling,but slope 

angle appears to exerta majorinfluence. Myresults show a strong positive relationship between 

slope angle above a threshold of20° and percentoftrees toppled by ice(Figure 3.IOC). Seischab 

et al.(1993)likewise demonstrated a positive correlation between slope angle and percent of 

trees toppled by a major ice storm in western New York. Generally,my results indicate that stem 
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damage(category4-7damage)becomesincreasingly common as slope angle increases,and that 

canopy damage is morecommon at sites having lower slope angles(Figure 3.10). 

Individual tree attributes,such as diameter and wood strength,are importantinfluences 

on damage patterns,butice storm disturbance is also a stand-level phenomenon,particularly in 

steeply sloping terrain. Tangled limbs and boles piled in damaged stands indicate thatfalling 

trees often triggered damage among neighboring trees that were approaching their own weight-

bearing thresholds(Lafon etal. 1999),an occurrence that becomes morecommon with increasing 

slope(Figure 3.12). The resulting disturbance pattern consists oflarge gaps alternating with less 

damaged sections(Figure 3.3) 

Boemer et al.(1986)found the damage resultingfrom the impact ofneighboring trees 

unpredictable. They analyzed trees with direct ice storm damage separately from those with 

secondary damage. They detected relationships between individual-tree parameters and directice 

damage butconcluded that secondary damage caused by the fall ofsurrounding trees was 

unpredictable. I also tried to determine whether damage to each individual was direct or 

secondary butfrequently found such distinctions impossible. Itcould notalways be assumed that 

limbs or boles on the bottom ofa debris pile had been broken or toppled by the fall ofoverlying 

trees. In fact,a tree on the bottom ofsuch a pile may actually have fallen first. Nearby trees 

upset by the impact ofthis falling tree may not have toppled until several minutes later, 

eventually falling on top ofthe tree that initially triggered the multiple-tree fall(Ken Orvis 

personal communication). Stand-scale effects may make prediction less precise,but my analyses 

elucidated strong relationships nonetheless. 

My results also suggest that soil depth may influence damage,although I did not sample 

soil depth myself. Bole breakage and toppling are morecommon on Little Walker Mountain than 

on Walker Mountain,where soils are generally deeper(Gall and Edmonds 1992). This pattern is 

consistent with the finding ofSeischab et al.(1993)that toppling was more prevalent on shallow, 
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sandy,or gravelly soils. The relationship oftoppling to soil depth is probably aconsequence of 

less supportive root systems in thin soils. Enhanced stem breakage in these sites may result when 

falling trees strike neighboring trees. Further exploration ofthis topic would be useful. 

Variations in toppling rates among different soils could have implications for both vegetation 

dynamics and erosion rates(Mills 1984). 

The multinomial logistic regression analyses reflect the combined influences ofmultiple 

factors on damage characteristics ofa tree. Additionaldamage sampling in disturbed stands 

would probably allow construction ofa more detailed model containing additional categories for 

the predictor and dependent variables. Nonetheless,significant relationships exist between the 

variables Ichose,and the predicted frequencies provide good matches with observations. The 

multivariate approach may prove more,usefulforsome applications than the simpler bivariate 

analyses. Incorporating these results into an individual-based forest-succession model will permit 

evaluation oflong-term consequences ofrepeated ice storm disturbance on forest dynamics(this 

dissertation Chapter6). 

Implicationsofthe ice stormsforlong-termforestdynamics 

Theimportance ofdisturbance in regulating species composition and diversity has been 

widely recognized in recent decades(Loucks 1970;Huston 1979,1994;Turner etal. 1997). 

Disturbance is thought to maintain species diversity,especially in mesic sites where competition 

for light is high,by reducing the abundance ofsuperior competitors and thereby preventing 

competitive exclusion(Connell 1978;Huston 1979;Sousa 1979;Pickett and White 1985;Smith 

and Huston 1989). Without disturbance,shade-tolerant species would ultimately dominate 

mesophytic forests,forming self-replacing standsfrom which other species are excluded. 

Although mostspecies grow best on mesic sites,competition in favorable sites displaces species 

distributions toward suboptimal conditions. The consequence is zonation in species abundance 

along moisture gradients(Huston 1994;Smith and Huston 1989). Zonation should become more 
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pronounced over the course ofsuccession,unless disturbances interfere. Zonation in tree species 

abundance is evidenton southern Appalachian landscapes(Whittaker 1956;McCormick and Platt 

1980),including my study area(Figure 3.4). The absence ofextreme dominance in my study 

sites(Figure 3.4),especially in the mature mesophytic forest,probably reflects the role ofpast 

natural or anthropogenic disturbances in preventing competitive exclusion. 

The presence ofspecies as seedlings in standsfrom which they are not present as larger 

trees indicates that the mostrecent ice storms mayfurther diminish the zonation pattern. Post-

disturbance seedling distributions are presumably closer to the"physiological niches"ofthe 

species,whereas canopy composition reflects"ecological niches." Both white pine and ash 

seedlings occur in the mesophytic ravine forests,and table mountain pine seedlings are present in 

oak forests on east-facing slopes(Table 3.5). Noneofthe three species,which exhibitlow to 

intermediate shade-tolerance,is currently presentin larger size classes ofthese forests(Table 

3.4). 

Ice storm disturbance probably has unique consequences forforest dynamicsin each of 

the forest types Isampled. In the mesophytic ravine forest on Little Walker Mountain, 

disturbance should delay competitive exclusion and allow continued existence ofshade-intolerant 

species. Maintenance of yellow-poplar and other shade-intolerant species in southern 

Appalachian mesophytic forests is attributed largely to periodic disturbance(Barden 1980; 

Lorimer 1980;Busing 1995). The heavy ice storm disturbance at the ravine site removed 

approximately halfthe basal area ofthe dominant,shade-tolerant eastern hemlock(Table 3.4)and 

will likely permitrecruitment ofintolerant speciesfrom the seedling and sapling levels(Table 

3.5). The presence of yellow-poplar,hickories,oaks,sweet birch,and black locust(Table 3.4)in 

the overstory suggests that the forest has been influenced previously by ice storms or other 

disturbances. Similarly,periodic ice storms in the Adirondacks probably allow the persistence of 

opportunistic,light-demanding species,such as black cherry{Prunusserotina)and bigtooth 

92 



aspen(Populus grandidentata),that would otherwise be excluded from late-successional 

communities dominated by sugar maple. 

Ice storm disturbance in the old-field yellow-poplarforests ofthe Blue Ridge may 

enhance yellow-poplar dominance. Whitney and Johnson(1984),who observed low mortality in 

ice-damaged yellow-poplar and abundant post-storm yellow-poplar reproduction,hypothesized 

that periodic ice storms might perpetuate the"pioneer" yellow-poplar community. Nearly pure 

stands of yellow-poplar are unusual in natural landscapes. They typically originate on abandoned 

farmland(Beck 1990)and therefore were probably scarce on presettlementlandscapes. Now that 

the stands are established,however,the rapid growth rates and high fecundity of yellow-poplar 

(Beck 1990)may indeed promote its continued dominance in stands affected periodically by ice 

storms or other majorcanopy disturbances. Afew other species,including red maple,northem 

red oak,ashes,and hickories,may also be favored by ice storm damage at my study sites(Table 

3.5). However,yellow-poplar generally grows more rapidly than other southern Appalachian 

species(Beck 1990)and appears to be the most likely beneficiary ofice storm disturbance. Both 

eastem hemlock(Tsuga canadensis)and Carolina hemlock(Tsuga caroliniana)are presenton the 

Blue Ridge and may eventually invade the stand,butexpansion ofthe introduced hemlock wooly 

adelgid(Adelgestsugae)throughout the region makes the continued,long-term presence ofeither 

species unlikely(SAMAB 1996). Seedlings ofthe exotic tree Ailanthus altissima are present 

(Table 5). This shade-intolerant species exhibits extremely fast growth(Miller 1990)that enables 

it to outcompete yellow-poplar on abandonedfarmland and form patches composed purely of 

Ailanthus(personal observation). However,Ailanthus trees are short-lived and do not attain the 

heights of yellow-poplar(Miller 1990),making it unlikely that the species will become a 

significant competitor in established yellow-poplar stands. 

Resultsfrom the oak-dominated forests ofthe Valley and Ridge indicate thatice storms 

may be a majorcomponentofdisturbance regimes in Appalachian oak forests. The relatively 
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high resistance ofoaks,particularly chestnut oak,to ice damage permitted slight increases in oak 

dominance,although the absolute abundance ofoaks decreased(Table 3.4,Figure 3.4). 

Additionally,the dominant oaks and hickories are presentin the seedling and sapling classes 

(Table 3.5)and among the understory trees that will probably fill many ofthe canopy openings. 

Diversity may be enhanced in oak forests if periodic canopy disturbances reduce the abundance 

ofchestnut oak and northern red oak sufficiently to prevent competitive exclusion ofother oaks, 

hickories,and black locust. 

Disturbance regimes characteristic ofupland oak forests are not well understood 

(Lorimer 1980;Runkle 1990). Some authors have suggested that past burning brought about the 

widespread oak dominance that characterizes Appalachian landscapes(Runkle 1990;Abrams 

1992;Nowacki and Abrams 1992;Bratton and Meier 1998;Delcourtand Delcourt 1998;Harrod 

et al. 1998). Reduced fire frequency on present landscapes may lead to successional replacement 

ofoaks by shade-tolerant species,such as red maple and sugar maple,that are more abundant 

than oaksin forest understories(Abrams 1992;Nowacki and Abrams 1992). My results show 

that red maple,in particular,is acommon understory tree in oak forests(Table 3.5). However, 

oak seedlings and saplings occur even morefrequently than those ofred maple. Given the sprout 

origins ofmany seedling-size individuals I recorded,the rapid growth rates ofoak sprouts and 

advance oak seedling reproduction(Johnson 1990;McQuilkin 1990;Rogers 1990;Sander 1990a, 

1990b),the high survival rates ofoak seedlings,and the increase in understory light levels 

following canopy disturbance,there is little reason to doubt that oaks will continue to dominate 

these forests. Whitney and Johnson(1984)found increased oak regeneration in southwestern 

Virginia oak forests following ice storm disturbance,and they concluded that oak dominance 

would be maintained. It appears that canopy disturbance by periodic ice storms may be a major 

factor in the maintenance ofoak-dominated forests,especially where fires occur infrequently. 
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Oaks are among the most valuable ofhardwood species,both in ecological and economic terms, 

and further research is merited on the role ofdisturbance in oak-forest dynamics. 

The table mountain pine forestIsampled is located on a topographic position sheltered 

from major ice storm disturbance(Lafon etal. 1999). Theimportance ofthe dominant species 

would otherwise likely have been reduced severely. Southem pines appear particularly 

vulnerable to ice damage,as evidenced by severe decline or complete loss oftable mountain and 

pitch pinesfrom oak-dominated stands exposed to heavier ice accumulation. Whitney and 

Johnson(1984)reported thatthree species ofsouthem pines-table mountain pine,pitch pine, 

and Virginia pine-suffered heavy losses during the 1979ice storm in westem Virginia. Except 

on extremely xeric sites, where table mountain pine mayform self-replacing populations, 

hardwoods are currently replacing table mountain pine in the southem Appalachians(Williams 

and Johnson 1990;Williams 1998). Williams(1998)proposed thatice storm disturbance 

promotes the conversion oftable mountain pine-pitch pine stands to oak dominance. Indeed,oak 

regeneration is abundant in the table mountain pine stand Isampled(Table 3.5). Periodic buming 

is the primary natural disturbance thatfavors table mountain pine dominance(Williams 1998). 

However,an increase in table mountain pine seedlingsfollowing heavy ice storm damage may be 

adequate to maintain the pre-storm composition on some xeric sites(Whitney and Johnson 1984). 

In my study area,table mountain pine seedlings invaded oak stands on the relatively dry, 

upper slopes ofeast-facing spursfollowing the 1994ice storms(Table 3.5). Nearby pine stands 

on the tops and westfaces ofthe spurs provided seed sources. Aslong as a seed source is 

available,heavy ice storm disturbance appears to create conditionsfavorablefor the maintenance 

oftable mountain pine on subxeric sitesfrom which it would otherwise be excluded. Mineral soil 

and thin litter, which are necessary for table mountain pine seedling survival(Williams and 

Johnson 1992),are presentin patches on the floor ofdisturbed forests. Availability ofmineral 

soil and high light levels,combined with slow recovery ofoak populations on subxeric sites, 
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should permit establishment and growth ofscattered table mountain pine individuals even where 

fire occurs infrequently. 

Topographic differences in ice storm disturbance may enhance beta diversity(Whittaker 

1975)on the forested landscape and contribute to such well-known vegetation pattems as aspect-

related differences in forestcomposition. Ifthe sameforest patches are subjected repeatedly to 

disturbance,they may develop distinctive characteristics that preserve the imprints ofdisturbance. 

Mesophytic forests exposed to periodic ice storm disturbance are probably characterized by 

higher species diversity than those on sheltered sites, where shade-tolerant species should 

strongly dominate. In oak-dominated forests,ice storms mayfavor maintenance ofoak 

populations,whereas red maple or other shade-tolerant species may replace oaks on sheltered 

sites. Ice storms may also contribute to the confinement oftable mountain pine-dominated stands 

to west-facing slopes. 

Disturbance boundaries associated with topography are often sharper than the 

topographic changes themselves. These sharp boundaries reflect locations in which thresholds of 

tree stress were exceeded. Such abrupt boundaries may accentuate topographic pattems in 

species composition and diversity. 

Conclusions 

Majorice storms represent significant canopy disturbances that haveimportant 

consequencesforforest dynamicsin eastern forests. Consistent with previous studies,my results 

demonstrate that a number offactors influence tree damage characteristics. Thesefactors include 

tree size,wood strength,canopy architecture,and site variables such as slope and soil depth. The 

use ofmultinomial logistic regression allowed meto modelthe combined influences ofseveral 

variables on tree damage. 

Discerning the role ofice storms in forestdynamics will require additional work to find 

sites characterized by varying ice storm frequency and to assess differences in vegetation 
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characteristics among those sites. Forest stand simulation models provide another useful way to 

evaluate long-term forest processes. Development ofa multivariate approach for estimating ice 

storm damage among individual trees is an importantcomponent necessary for modeling long-

term dynamics offorests affected by repeated ice storm disturbances. 

Ice storms are only one ofseveral disturbance agents thatimpact Appalachian forests. 

Small gaps created by individual tree mortality are thought to dominate disturbance regimes over 

much ofthe eastern hardwood region(Runkle 1990),butlarger disturbances,such as ice storms, 

hurricanes,strong thunderstorm winds,tornadoes,debris slides,fires,and insect outbreaks,also 

occur. In fact,these larger disturbances may have moreinfluence than frequent individual tree-

falls on forest dynamics in some parts ofthe Appalachians and Adirondacks. In southwestern 

Virginia,several majorice storms and the remnants ofHurricane Hugo have struck the same parts 

ofthe landscape over the past two decades. Air photo interpretation and field reconnaissance 

suggest that Hurricane Hugo damage was mostsevere on southeast-facing slopes,some ofthe 

same sites damaged by the subsequent ice storms. These sites may be repeatedly struck by ice 

storms and hurricanes. Easterly,southeasterly,or northeasterly winds are probably typical during 

ice storms(Konrad 1998;Lafon et al. 1999),which are usually associated with warm fronts(Gay 

and Davis 1993),contributing to heaviestice accumulation on slopesfacing these directions 

(Lafon et al. 1999). In north temperate regions,hurricane damage is greatest to the right ofthe 

storm track,where counterclockwiseflow around the cyclone is aligned with the direction of 

storm movement(Foster and Boose 1995). Slopesfacing east to southwest are therefore exposed 

to the highest winds(Foster 1988). 

Natural gap-forming disturbances are importantfor maintaining the presence ofshade-

intolerant species in eastern forests. Black locust,table mountain pine,white pine,yellow-poplar, 

oaks,and hickories, all ofwhich exhibit relatively low shade-tolerance,have become established 

in southwestern Virginia forests damaged heavily by the recentice storms,hurricane,or both. 
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The role ofthese disturbances may be especially significant in wilderness areas in which 

anthropogenic disturbances are restricted. In Kimberling Creek Wilderness Area,afew 

kilometers north ofmysampling sites, disturbance ofa mature oakforest by Hurricane Hugo and 

the subsequent ice storms has stimulated reproduction and rapid growth ofblack locust and other 

shade-intolerant species,including herbaceous plants,which would otherwise be scarce or absent. 

Feedback may existamong different types ofdisturbance. Glitzenstein and Harcombe 

(1988)speculated thattomado damage in southeastern Texas would increase the likelihood offire 

by supplyingflammable woody debris and causing increased growth offine live fuels in the 

understory. Bratton and Meier(1998)found that some ofthe mostsevere historic fires in the 

Chattooga River basin ofthe southern Blue Ridge occurred in forests disturbed by previous 

windstorms. Ice storms also supply large quantities ofwoody debris that probably increase the 

likelihood ofa major fire. Typically,fires in Appalachian hardwood forests are relatively light, 

burning litter and understory vegetation. The presence oftree limbs and boles would increase the 

magnitude ofa fire,ifignition occurs. Ice storm disturbance may also increase vulnerability to 

wind damage by opening the forest and exposing individual trees to higher winds. Further,ice 

storm damage provides entry sites for insects and diseases. Thus,in addition to their direct 

effects,ice storms likely initiate a range ofother mortality-causing disturbances that help 

maintain forest diversity. 
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Chapter4 

SpatialPatterns ofIce Storm Occurrence in the New River Valley of 
North Carolina,Virginia,and WestVirginia 

This chapter is very similar to a paper published in 1999in the New RiverSymposium 
Proceedings: 

Lafon,C.W. 1999. Spatial patterns ofice storm occurrence in the New River Valley. New River 
Symposium Proceedings,April15-16,1999,Boone,North Carolina. New River Gorge National 
River,Glen Jean,West Virginia. Pages68-87. 

Introduction 

Spatial variations in ice storm frequency or magnitude may contribute to differences in 

vegetation characteristics among locations with different ice storm climatologies. In this paper,I 

investigate spatial patterns in ice storm frequency in the New River Valley ofNorth Carolina, 

Virginia,and West Virginia. The New River drainage basin comprises alarge portion ofthe 

southern Appalachian region,and variations in ice storm climatology throughout the basin are 

representative ofpatterns across the broader region. Appalachian cold air damming(Richwien 

1980;Bell and Bosart 1988;Michaels 1991)is a particularly importantinfluence on ice storm 

climatology in the Appalachian region. Research ofMichaels(1991),Gay and Davis(1993),and 

Konrad(1998)indicates that the occurrence ofsleet and freezing rain is more frequentin the 

eastern Appalachians and western Piedmont,which are influenced by cold air damming,than in 

other nearby regions. 

My purpose is to use information reported by the National Climatic Data Center(NCDC) 

in its monthly Storm Data publication to estimate fine-scale patterns ofice stormfrequency and 

severity in the New River Valley. Several factors,including cold air damming and topographic 

structure, may contribute to spatial variations in ice storm frequency in the area. Unfortunately, 

few quantitative data aboutfreezing rain are collected at weather observation stations,and little is 

known about patterns ofice storm occurrence at fine spatial scales. Storm Data is one ofthe only 

sources ofinformation about ice storm occurrence outside ofmajor cities. 
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Study area 

My research is focused on the North Carolina,Virginia,and West Virginia counties situated 

partially or entirely within the New River drainage basin. I also include in my analyses all 

counties bordering these New River Valley counties(Figure 4.1). The study area is characterized 

by considerable topographic variation. The southeastern edge ofthe area (North Carolina 

counties ofCaldwell,Wilkes,and Surry,and Virginia counties ofPatrick,Franklin,and Bedford) 

is located on the gently rolling Piedmont province. Elevations are mostly around 300m above 

sea level. The Blue Ridge rises sharply above the Piedmont to elevations around 750-1000 m, 

and several peaks in the Blue Ridge exceed 1500 m. Four North Carolina counties(Avery, 

Watauga,Ashe,and Allegheny),both Tennessee counties,and three Virginia counties(Grayson, 

Carroll,and Floyd)are in the Blue Ridge. Portions ofadjacent counties are also in the Blue 

Ridge. All the remaining counties ofVirginia,exceptfor Buchanan County,are located primarily 

in the Ridge and Valley province. Pendleton County,West Virginia,is also in the Ridge and 

Valley. The Ridge and Valley province consists ofnumerous mountains and valleys oriented 

roughly parallel to one another. Elevations generally range between 600and 1400 m. The rest of 

the counties in the study area are located in the Appalachian Plateaus province,a region of 

dissected plateaus. Elevations are generally 300-1100m,with some areas reaching nearly 1500 

m. 

Methods 

Iused the monthly Storm Data reports to map pattems ofice storm frequency in the study 

area. Iconsulted the winter(October-April)issues ofStorm Data for each yearfrom 1986— 

1998 to identify ice storms in any county in the study area. The publication provides qualitative 

descriptions ofsignificant weather events occurring in each state. Foreach event.Storm Data 

lists the National Weather Service(NWS)forecastzones affected by the storm. From 1986 until 

late-1993,each state was divided into only afew forecastzones,with several counties per zone. I 
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recorded the occurrence ofeach ice storm for all counties in an affected zone,unless the 

description provided more detailed information aboutthe location ofthe storm. In fact,it was 

frequently possible to determine which individual counties in a forecastzone experienced an 

individual event. 

In late-1993,NWSredefined its forecastzones,creating aforecastzonefor each county in 

the study area. Thechange permits better spatial resolution ofice storm occurrence for the last 

five winters,beginning with an event that affected parts ofNorth Carolina and Virginia in 

December 1993. One consequence ofthe change in forecastzones is that it was necessary to 

divide Greenbrier County,West Virginia into two halvesfor data analysis. Prior to 1993,the 

eastem halfofthe county was in one forecastzone and the western halfin another. 

Iused the descriptions in Storm Data to classify each ice storm into one ofthree categories 

ofseverity-minor,moderate,or major. Unless significant tree or transrriission line damage was 

noted in a description,Iclassed the storm as minor. For storms in which tree or line damage 

occurred,Iclassified only storms causing major power disruptions or severe forest damage as 

major events. Otherwise,they were considered moderate storms. Use ofStorm Data to identify 

such variations in spatial patterns ofice storm occurrence requires adegree ofsubjective 

assessment. 

Storm Data lacks a Virginia reportfor Febraary 1994,when a majorice storm strack much 

ofthe study area. Iused a report compiled by Jones et al.(1997)from newspaper accounts to 

identify the Virginia counties affected by the storm during that month. 

Aftercompiling a record ofall ice storms identified by Storm Data,Isummed by county the 

number ofevents in each severity category. Ithen mapped spatial pattems offrequency for 

storms ofeach level ofseverity. 
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Results 

Thefrequency ofice storms exhibits pronounced spatial variation over relatively short 

distances for the 12.5 winters occurring January 1986-March 1998. Minor ice storms occurred 

mostfrequently in the northeastern section ofthe study area(Figure 4.2A),with the greatest 

number(fourteen)in Highland County,Virginia. The northwestern section ofthe study area 

experienced the lowest number ofstorms. For moderate storms,eastern counties again exhibit 

the highestnumber ofevents,but the maximum frequency is farther south,in the Blue Ridge 

counties ofFloyd and Carroll,Virginia(Figure4.2B). The pattern for major storms is relatively 

similar to that for moderate events(Figure 4.2C). 

When moderate and major storms are combined(Figure4.3A),the resultant pattern indicates 

that,during the period 1986-1998,storms ofat least moderate severity occurred mostfrequently 

in the east-central portion ofthe study area,with a maximum in Floyd and Carroll Counties. The 

highestfrequency ofall events(all three severity classes combined)was along the eastern edge of 

the study area,and the lowestfrequency was along the northwestern margin(Figure 4.3B). 

In an attempt to resolve spatial patterns atthe finest possible scale,Icreated another set of 

maps using data for the lastfive winters only,during which storm data were reported for 

individual counties. Asin Figure 4.2A,the patterns in Figure4.4A indicate that minorice storms 

occurred mostfrequently along the eastern edge ofthe study area and leastfrequently along the 

western edge. However,the Blue Ridge and Piedmont ofNorth Carolina are more conspicuous 

for high frequency than in Figure 4.2A. In addition,the pattern oflow ice storm frequency along 

the western margins ofthe study area is more pronounced. This latter pattern is particularly 

noticeable in southwest Virginia,where the western counties(Washington,Russell,and 

Buchanan)had previously been grouped in the sameforecastzones as counties to the east(e.g., 

Giles,Floyd,and Montgomery). 
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The pattern ofmoderate and major storms(Figure4.4B)is similar to that mapped previously 

(Figure4.3A). Highestfrequency ofthese events occurs in the east-central portion ofthe study 

area and extends southward into North Carolina along the Blue Ridge. The Virginia Blue Ridge 

(Floyd and Carroll Counties)experienced the greatest number ofevents. When ice storms ofall 

three severity levels are combined for the last five winters,a striking pattern emerges,with high 

frequency in the east and low frequency in the west(Figure4.4C). The east-central portion ofthe 

region,in particular,exhibits a high frequency. 

Discussion 

The mostuseful maps are those that depict total number ofice storms(Figures4.3B and 

4.4C)and those that portray the combined number of moderate and major events(Figures4.3A 

and 4.4B). Theformer maps(total number ofstorms)demonstrate an eastto west gradientin 

freezing rain frequency,a pattern almost certainly influenced by cold air damming. Otherfactors 

may also contribute to the pattern. Forexample,elevations are generally loweron the western 

edge ofthe study area than in the central and eastern portions,and during some storms these 

elevational differences may promote rain in the westand freezing rain in the east. Another 

consideration is thatsnow occurred in West Virginia during several ofthe events that produced 

freezing rain farther east,indicating that the surface cold layer was deeperin the westthan the 

east during those events. Resolution ofall factors responsible for the observed pattems would 

require detailed analyses ofmeteorological conditions during each storm. 

The maps ofmoderate and major stormscombined are the mostimportant results ofthis 

research. These storms cause the mostsevere forest disturbance,power outages,and travel 

hazards. Also,Storm Dato likely contains more complete reportsfor these storms than for minor 

events that attract less attention. The same mechanisms discussed above,particularly cold air 

damming,are likely responsible for the pattems ofmoderate and major storms. However,fine-

scale variation.within the region affected by cold air damming indicates that several other factors 
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also influence the spatial distribution ofsignificant icing. High frequency along the Blue Ridge 

(especially Floyd and Carroll Counties)suggests that elevation may be an important determinant 

ofthe location ofheavy ice accumulation. Mostpublished information aboutice storms indicates 

thatice accumulation is usually heavier and occurs more often in high elevations ofthe 

Appalachians than in adjacent valleys(Abell 1934;Carvell etal. 1957;Bennett 1959;Williams 

1960;Konrad 1998). The Blue Ridge pattern may reflect the role ofboth low temperatures and 

orographic precipitation enhancement at high elevations. 

In some cases,the storm record for an individual state is missingfrom the monthly Storm 

Data report. Some ofthe mapped patterns may be exaggerated or obscured as a result ofthese 

missing records. Ofthe four states in my study area,records are mostcomplete for North 

Carolina and least complete for West Virginia. Fewerrecords are missingfor recent years than 

for the earlier years. To assess the possibility that variations in information completeness 

influences the mapped patterns,I identified cases in which a monthly report is missingfrom one 

state and an ice storm occurred in adjacent parts ofa neighboring state. It appearsfrom this 

examination that missing records do not significantly affect the patternsIhave mapped. One 

moderate-intensity event occurred in North Carolina during December 1989,for which a Virginia 

report is missing,and two minor events occurred in Tennessee during this month. It appears that 

the inclusion ofthese eventsfor Virginia would only augmentthe pattern ofhigh ice storm 

frequency already identified for Virginia. Two minor events in Virginia during January and 

March 1989 may have affected southeastern West Virginia,for which data on both months £ire 

missing. Including these events would probably identify a sharper distinction in minor event 

frequency between eastern and central West Virginia. 

Subjectivity involved in interpreting the information reported in Storm Data undoubtedly 

results in some errors. It was difficult to define county-level spatial extentsfor some events. 

Additionally,it was often necessary to classify a single storm as a minor eventin some counties 
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and a moderate eventin others,or as a moderate eventin some and a major storm in others. All 

such decisions could produce inaccuracies. However,the orderly patterns ofmapped ice storm 

frequency and their agreement with mechanisms known to influence freezing rain occurrence 

suggest that the maps provide reasonably accurate portrayals ofice storm occurrence patterns. 

A final problem affecting the identified patterns is that the length ofrecord may be too short 

to provide definite conclusions about spatial patterns. The entire data record covers only 12.5 

winters,and county-level reports have been issued for only five ofthose winters. The general 

pattemsIhave mapped,particularly the east to west gradient,probably agreefavorably with long-

term patterns in ice storm frequency. However,some ofthe finer-scale pattems,such as the high 

frequency in Floyd and Carroll counties,may not persist overlonger time intervals. Additional 

research,perhaps employing extensive newspaper reports,would be necessary to identify spatial 

pattems for a longer period. 

Conclusions 

Understanding spatial variations in ice storm recurrence may provide insights about pattems 

offorest composition and diversity across the New River Valley. This paper uses qualitative 

descriptionsfound in Storm Data to identify pattems ofice storm frequency and severity over a 

region for which few quantitative data exist. Results suggest strongly that cold air damming 

exerts an important degree ofcontrol on ice storm climatology in the study area. The maps 

indicate thatfreezing rain occurs morefrequently in the eastem halfofthe study area than in the 

westem half. Finer-scale variations within this general pattem probably reflect the role ofother 

factors,such as elevational differences in temperature and precipitation. It would be useful to 

extend this analysis to longer time intervals,ifpossible,and to larger geographic regions. 
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Chapter5 

Using Dendrochronology to Identify Ice Storm Eventsin Oak Forests of 
Southwestern Virginia 

This chapter is based on a paper written by Charles Lafon and JamesSpeer and reviewed for 
possible publication in thejournal Climate Research. A revised version ofthis paper will be 
resubmitted to Climate Research: 

Lafon,C.W.and Speer,J.H. Using dendrochronology to identify ice storm events in oakforests 
ofsouthwestern Virginia. 

My use of"we"in this chapter refers to my co-author and myself. My primary contributions to 
this paperinclude(1)working with Speer to develop the project,(2)co-directing thefieldwork, 
(3)preparing and measuring samples,(4)most ofthe data analysis,and(5)mostofthe writing. 
Speer's main contributions were(1)conceiving the project,(2)co-directing the fieldwork,(3) 
guiding mein the use ofdendrochronological techniques,and(4)assisting with data analysis and 
writing. 

Introduction 

Vegetation disturbances have important consequences for species composition and 

diversity(Loucks 1970;Huston 1994). In the forests ofeastern North America,majorice storms 

produce heavy amounts ofrain thatfreeze on tree surfaces,breaking limbs,bending or breaking 

boles,and toppling trees over broad areas(Whitney and Johnson 1984;Seischab etal. 1993). 

Canopy tree losses on the order of50% are common in heavily damaged stands(Downs 1938; 

Seischab etal. 1993;Lafon etal. 1999). Where they occurfrequently,ice storms representone 

ofthe most significant agents offorest disturbance. Ice storms also disrupt traffic,damage utility 

lines,and cause other economic losses. Recent major ice storms in the southeastern and 

northeastern United States contributed to a numberofdeaths and caused several billion dollars in 

damage(Lottand Sittel 1994;Lott et al. 1998). 

Thefrequency and severity ofice storms vary spatially at several scales. Globally,ice 

storms occur mostfrequently in eastern North America,where conditions arefavorablefor the 

extreme air mass contrasts necessary forfreezing rain to occur(Bennett 1959). Freezing rain 

typically results when warm,moist air is advected over a subfreezing surface layer,creating an 
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inversion(Stewart and King 1987;Gay and Davis 1993;Rauber et al. 1994). Ifthe temperature 

above the inversion is above freezing,rain fallsfrom this warm layer and then becomes 

supercooled as it travels through the underlying cold air. Generally,freezing rain occurs where 

the cold layer is not deep enough to permit raindrops to freeze before striking the surface. The 

supercooled drops freeze on impactto form alayer ofice(glaze)on trees,roads,utility lines,and 

other surfaces(Ahrens 1991;Gay and Davis 1993). In clouds with few ice nuclei,a supercooled 

warm rain process may also producefreezing rain in the absence ofan inversion(Huffman and 

Norman 1988). 

Within North America,the midwestem and northeastern United States generally 

experience the highestfrequencies offreezing rain(Bennett 1959;Eagleman 1983). The eastem 

Appalachian Mountains and the western Piedmont are also subject to frequentice storms,a 

consequence ofAppalachian cold air damming(Bennett 1959;Gay and Davis 1993;Konrad 

1998). Cold air damming involves the establishment ofa shallow dome ofcold sui;face air over 

the eastem Appalachians and the Piedmont. This condition arises when cold airfrom a surface 

anticyclone situated over the Northeastflows toward the southwestand becomes trapped against 

the eastem slopes ofthe mountains(Richwien 1980;Bell and Bosart 1988). Cold advection, 

upslope flow,and evaporative cooling may help maintain the presence ofthe cold surface layer 

(Forbes eta/.1987). When air temperatures in the surface dome are below freezing,rain falling 

through this subfreezing airfrom a warmer layer above becomes supercooled and freezes on 

impact with surface objects(Michaels 1991). 

Pattems ofice storm damage often exhibit pronounced topographic influences in hilly or 

mountainous terrain. In eastem North America,slopes facing east,north,northeast,or southeast 

appear especially susceptible to heavy ice accumulations(Rhoades 1918;Downs 1938;Spaulding 

and Bratton 1946;Whitney and Johnson 1984;Seischab et al. 1993;Lafon et at. 1999). These 

are typically the windward aspects during an ice storm. The aspect-related differences in ice 
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accretion may resultfrom topographic effects on precipitation intensity on windward slopes 

(Sharon 1980;Poreh and Mechrez 1984;Smith 1989;Lafon etal 1999)orfrom influences of 

wind on twig surface temperatures and raindrop fall velocities(Lafon etal. 1999). In the 

Appalachian Mountains,elevational zonation in glaze damage is also common. Mostevidence 

suggests that ridgetops are subject to more frequent ice storms or more severe ice storm damage 

than adjacentlowlands(Abell 1934;Carvell et al 1957;Bennett 1959;Williams 1960;Anthes 

1976;Nicholas and Zedaker 1989;Konrad 1998). Vertical temperature profile is probably the 

primary influence on elevational patterns ofice accretion. Below-freezing temperatures may 

existimmediately below the inversion while temperatures above and/or below thatlayer are 

slightly abovefreezing,a condition thatfavors accretion ofthe supercooled drops at particular 

elevations,e.g.,on the ridges but notin the valleys,or vice versa. Orographic effects on 

precipitation intensity may also influence elevational patterns ofice storm damage. 

Despite observations oftopographic variations in ice storm damage,little work has been 

conducted to quantify fine-scale spatial pattems in ice storm frequency or severity. A dearth of 

pertinent climatic data hampers efforts to estimate these fine-scale pattems. First-order National 

Weather Service(NWS)stations report weather type hourly,making it possible to identify the 

occurrence and duration offreezing rain events but not their magnitude. Gay and Davis(1993) 

used datafrom first-order stations to map pattems offreezing rain and sleetfrequency in the 

southeastem U.S. However,first-order weather station records do not permit quantitative 

assessments ofthefrequency ofmajor,forest-damaging events,because ice accretion is not 

reported. Further,first-order stations are too sparsely distributed to permit resolution of 

topographic variations in ice storm frequency. Konrad(1998)used daily climatie data collected 

at cooperative weather stations to estimate pattems ofice storm frequency at a relatively fine 

spatial scale in the Appalachians. Cooperative stations form a denser network than the first-order 

stations,but Konrad's technique still does not provide a way to identify fine-scale topographic 
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variations in the frequency ofice storm disturbance. Record-length constraints also limit the 

usefulness ofinstrumental climatic data. Climate records at most stations are only afew decades 

long,butrecurrence-interval analysesfor relatively infrequent events like major ice storms 

require longer data chronologies. Descriptive accounts,such as newspaper articles, provide 

longerrecords but do notfurnish sufficiently detailed information for reconstructing long-term 

histories ofice storm disturbance at fine spatial scales. 

We report here the results ofa preliminary analysis designed to determine whether it is 

possible to distinguish a tree-ring signal resultingfrom ice storm disturbance in Appalachian 

hardwood forests. Discerning such a tree-ring signal would permitresearchers to reconstruct the 

history ofice storm events that have affected aforest stand and to characterize fine-scale spatial 

variations in ice storm climatology. Tree-ring analysis,or dendrochronology,involves matching 

ring-width patterns between trees to develop a chronology offactors affecting tree growth. 

Dendrochronology provides a means to study pattems ofclimate at finer spatial scales than other 

records permit(Phipps 1982). Dendrochronology is usefulfor extending temporal records of 

rainfall and temperature variations,droughts,forest fires,insect defoliations,and other events 

(Stable et al. 1985;Baisan and Swetnam 1990;Swetnam and Betancourt 1990;Graumlich 1993; 

Swetnam and Lynch 1993;Speer etal. in press). Dendrochronology is also commonly used in 

studies offire history,because it is possible to date fire scars on trees that survive a blaze and to 

identify even-aged cohorts ofearly-successional trees that colonize after afire. Fine-scale spatial 

pattems offire extent and fire frequency can be inferred by sampling trees growing on different 

topographic positions or dispersed throughouta watershed(Amo 1976;Rommeand Knight 1981; 

Baisan and Swetnam 1990). 

Afew researchers have investigated relationships between ice storm occurrence and tree-

ring width in conifers. Travis etal.(1989)and Travis and Meentemeyer(1991)included ice 

storms in regression models they developed to predict ring width in loblolly pine(Pinustaeda) 
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and shortleaf pine{P.echinata)in Georgia and South Carolina. The reduced growth resulting 

from ice damage accounted for 10-19% ofring-width variance in addition to the25-39% 

explained by standard temperature and precipitation variables. Travis and Meentemeyer(1991) 

concluded thatice storm damage reduces radial growth only during the growing season 

immediately following the storm. This result may in part reflect the fact that trees showing no 

structural damagefrom ice were selected for the study. In contrast,Belanger etal.(1996) 

reported that loblolly pine damaged by a 1983ice storm in Georgia still exhibited slower radial 

growth than adjacent undamaged trees when they studied the trees five years later. Felin and 

Rivest(1983)showed thatice storm damage contributed to reduced ring widthsfor several years 

in black spruce(JPicea mariana)and balsam fir{Abies balsamea)in Quebec. 

No previous research has been published specifically on the effects ofice storm 

disturbance on tree rings in hardwood species,but dendrochronology has been used to identify 

majorcanopy disturbance events in hardwood forests from the periods ofabruptly increased 

radial growth thatfollow(Lorimer 1980; Lorimer and Frelich 1989). Such growth patterns 

generally indicate release ofunderstory treesfrom competition with canopy individuals killed or 

damaged by a disturbance. Remaining canopy trees may also exhibitincreased growth following 

the loss ofneighboring competitors,although their response is not as dramatic as that of 

understory trees(Lorimer and Frelich 1989). 

We hypothesized that,as in conifers following ice storm damage,and hardwoods 

following canopy disturbance,canopy damage to hardwood species by ice storms would produce 

marked changes in radial growth. To investigate this possibility,weconducted a 

dendrochronological study ofchestnutoak{Quercusprinus)and black oak{Q.velutina)attwo 

sites in southwestern Virginia where major ice storms had occurred atknown dates in recent 

years. These species are abundantover a wide range oftopographic positions in upland forests of 

114 



the Appalachian Mountains,and we hoped they could prove usefulfor studies ofice storm 

history. 

Study area 

Two stands were selected,both on mountain slopes in southwestern Virginia. Three 

recentice storms caused majorforest disturbance in this area. Thefirst ofthese occurred on 20-

21 January 1979. The othertwo occurred in 1994,one on 10-11 February and the other on 1-3 

March. Data reported by NCDC(1979a,1979b,1994a,1994c)imply thatice accreted to depths 

of2.5cm or more during all three events. Widespread forest damage occurred and was most 

severe on east- and southeast-facing slopes(Whitney and Johnson 1984,Lafon etal. 1999). A 

full discussion ofthe meteorological events that produced the storms can befound in Lafon etal. 

(1999). 

One study site is located on the southeast side ofGap Mountain,Montgomery County, 

Virginia,near the eastern end ofthe mountain at an elevation between 790-825 m(2600-2700 

ft.)(Figure 5.1). Whitney and Johnson(1984)described disturbance in this stand following the 

1979ice storm. The storms of 1994 also affected the stand. Field observation ofdowned boles 

indicates that the mostsevere damagefrom the 1979storm occurred atalower elevation than the 

mostsevere 1994damage. Wefocused on the portion ofthe stand affected by the 1979event. 

Our second study site is about60kmsouthwest ofthe first one,on the southeast side of 

Walker Mountain,Bland County,Virginia,atan elevation between 850-915m(2800-3000ft.) 

(Figure 5.1). Disturbance at this site was described by Lafon etal.(1999)after the forest was 

damaged by the ice storms of1994. Both the Gap Mountain and Walker Mountain sites are 

located in the Jefferson National Forest. 
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Figure 5.1. Location of the Gap Mountain and Walker Mountain study sites in southwestern Virginia.



Methods 

Wecored fifteen canopy trees at each ofthe two study sites during September 1998. 

Swedish increment borers were used to collecttwo cores at breast heightfrom opposite sides of 

each tree. We also cut cross-sectionsfrom five downed trees at each site,using a chain saw. The 

zones of 1994ice storm damage were evidentfrom recently toppled boles and relatively fresh 

canopy damage. AtGap Mountain,the presence oftoppled,decaying boles marked thezone in 

which heavy storm damage occurred in 1979. Trees were selected for sampling within the zones 

of major disturbance on the basis oftree age. Wesampled older trees,regardless ofdamage 

level,to obtain the longest possible records. 

We mounted the cores on standard wooden core mounts and then sanded the cores and 

cross-sections with progressively finer sandpaper(up to 400-grit)to obtain asmooth surface on 

which each ring is distinct. Weconstructed skeleton plots(Stokes and Smiley 1968)for ten trees 

at each site to develop a master chronology for the site. Significant marker ringsfrom the master 

chronology were used to crossdate the remaining specimens. This approach permits 

identification offalse or missing rings in a specimen and ensures correct dating ofevery ring. 

We measured the ringsfrom each pair ofcores andfrom two radial transects on each 

cross-section using a Velmex measuring stage accurate to 0.02 mm. Wethen ran theCOFECHA 

program(Holmes 1986)on our results to verify and refine our chronology. COFECHA generates 

a master chronologyfrom the measured ring widths ofall samples,correlating each series with 

the master chronology and identifying potential dating problems. Wethen used the ARSTAN 

program(Cook and Holmes 1986)to standardize the individual series using afifty-year cubic 

smoothing spline,producing standardized growth chronologies. ARSTAN matches asmoothing 

spline to each core and then divides the measured ring width by the splined value, yielding a 

chronology with normalized variance and a mean ofone. This technique removes age-related 

growth trends and long-period variation due to climate,permitting meaningful comparisons 
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among trees ofdifferent ages and growth rates. Use ofa fifty-year smoothing spline retains50% 

ofthe variance over afifty-year period and99% ofthe variance over sixteen years,removing 

long-term trends while retaining virtually all annual-to decadal-scale variation. Based on 

reported effects ofice storm damage on conifer ring-widths(Felin and Rivest 1983;Belanger et 

al. 1996),we anticipated that any ice storm signal would be primarily subdecadal,so that afifty-

year spline would be appropriate. We also used ARSTAN to average the paired chronologies 

from each tree into a single chronology. 

In order to make any signal related to ice storms more visible,wefirst removed from our 

data sets as much ofthe noise related to background climate as possible. It would be ideal to 

sample trees growingin moist bottomland sites,because these trees exhibit minimalresponse to 

climatic variation(Fritts 1976). However,mountain slopes such as our study sites typically 

possess shallow,dry soils. Trees growing on such sites exhibit significant interannual ring-width 

variation due to changes in moisture availability(Fritts 1976). Weemployed stepwise regression 

to develop climate-response models,onefor each tree chronology,ofthe ring-width variability 

associated with climate(methodology after Fritts 1976). In their study ofice storm effects on tree 

growth in southern pines,Travis and Meentemeyer(1991)also used stepwise regression to 

accountfor the climate signal,using as independent variables monthly temperature and 

precipitation. 

This approach is similar to insect-outbreak analysis in which chronologiesfrom non-host 

tree species are used to subtract the climate signalfrom host species and thereby clarify the 

influences ofinsect defoliation on ring width(Swetnam etal 1985;Swetnam^dLynch 1993). 

Wechose to create a unique climate-response modelfor each tree,instead ofapplying the same 

modelfor all trees,because individual trees vary in their responses to climate(Phipps 1982). 

Weused ring-width index generated with ARSTAN as the dependent variable for each of 

our climate-response models. Preliminary analysis revealed thatPalmer Drought Severity Index 
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(PDSI),which integrates effects oftemperature and precipitation on evapotranspiration,was a 

more satisfactory predictor ofring width in oaks than were simple temperature and precipitation 

(see Appendix).Independent variables for stepwise regression were monthly PDSIvaluesfor 

NOAA's Virginia Climate Division5region(NCDC 1999)for fifteen months prior to September 

ofthe year ofringformation. Ourstudy sites are located at relatively high elevations in the 

eastem part ofVirginia Climate Division 6,and ring-width indices show a closer relationship to 

PDSIvaluesfrom Division5immediately to the northeast(Figure 5.2). PDSIis frequently used 

in dendrochronology and is often strongly correlated with tree-ring indices in eastern North 

America(Stable et al. 1985;Jenkins and Pallardy 1995). Significance levels for variable entry 

and retention were set to 0.05 and 0.10 respectively. 

Wecreated climate-response modelsfrom climate data for the period 1930-1978. 

Weather records indicate that this period wasrelatively free ofmajorice storm disturbances that 

might create growth patterns unrelated toPDSI. The climate response models for Gap Mountain 

generally satisfied regression assumptions. However,skewed error distributions forsome ofthe 

Walker Mountain series necessitated the creation ofnew climate-response models for that site, 

based on the years 1936-1978 only. 

Ring-width index exhibited a significant relationship(P<0.05)with PDSIin most trees 

(Table 5.1). Ring-width index is mostcommonly related toPDSIin July ofthe year ofring 

formation. Other growing season months(May or June)were also significant contributors in 

several cases. Adjusted adjusted by sample size and the number ofvariables in the model) 

is reported because simple R^tends to overestimate the performance ofthe regression model 

(SPSS 1999). 

The climate-response models generally explained 15-40% ofthe variance in ring-width 

indices. This is typical ofclimate reconstmctions in the eastem U.S.(Travis et al. 1989;Travis 

and Meentemeyer 1991;Grissino-Mayer and Butler 1993),where radial growth is less tightly tied 
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Figure 5.2. National Climatic Data Center climate divisions for Virginia. The black squares in 
division6indicate the locations ofthe two study sites. 
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Table 5.1. Results ofregression analysis. The dependent variable is standardized ring width for 
each tree. The independent variables are monthlyPDSIvalues. Variables ending in"py" 

Adjusted 
Tree Regression equation r2 Significance 

Gap Mountain-chestnutoak 
A y=0.901+0.08688jul-0.05071apr 0.260 0.000 
B y=0.998+0.09038jan-0.07213nov_py 0.222 0.001 

C y= 1.011+0.02832jul-0.05945jul py+0.04063aug_py 0.243 0.001 
D y=0.982+0.03436jul 0.275 0.000 
E y=0.952+0.04107jul 0.182 0.001 

F y=0.987+0.05214jun ;0.222 0.000 
G no model 

H y=0.990+0.0306ljul 0.172 0.002 
I y=0.967+0.0788ljul-0.03906nov 0.243 0.001 
J no model 

K y=0.982+0.05680jul-0.03368mar 0.442 0.000 

Gap Mountain-black oak 
L y= 1.048+0.06428jul 0.184 0.001 
M y=0.991+0.04264jul 0.152 0.003 
N y=0.987+0.04165jul+0.07532aug_py —0.05426jul_py 0.453 0.000 
0 no model 

P y= 1.033+0.02665jan 0.066 0.041 

Q y= 1.077+0.05097jul 0.165 0.004 
R y= 1.061 +0.03392dec_py 0.092 0.019 
S no model 

T y;= 1.022+0.09434aug_py-0.07116jul_py 0.171 0.008 

Walker Mountain-chestnutoak 
A y= 1.000+0.05776jun 0.178 0.003 
B y=.996+0.02540may 0.081 0.036 
C no model 

D y=.991+0.02879jul 0.257 0.000 
E y= 1.021 +0.02717aug_py 0.102 0.021 

F y=0.977+0.05050jul 0.417 0.000 
G no model 

H no model 

I y=0.996+0.05520jul 0.283 0.000 
J y=0.999+0.04180jul 0.352 0.000 
K no model 

Walker Mountain-black oak 
L y= 1.018+0.05043jun 0.197 0.002 
M y=0.984+0.05749oct_py 0.313 0.000 

N no model 

0 y= 1.006+0.04795may+0.03814sep_py 0.326 0.000 
P no model 

Q no model 

R y=0.983+0.03124jan+0.02772sep_py 0.352 0.000 
S y=0.977+0.06496nov_py+0.04313jun 0.440 0.000 
T y= 1.020+0.04494iul 0.192 0.002 
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to moisture availability than in the more arid western U.S.(Phipps 1982). Our results imply that 

moisture availability during a critical period ofseveral weeks in late spring to early summer 

strongly influences radial growth at our sites. JulyPDSIgenerally provides the best 

representation ofthis influence; however,the varied responses ofindividual trees indicates that 

the critical period spans more than one month and may varyfrom year to year. 

We used the models to predict climate ring-width response indicesfor all yearsfrom 

1896-1998. Subtracting the predicted indicesfrom the observed ARSTAN valuesfor each tree 

yielded a"climate-free"chronology whose variability is relatively disassociated from background 

climate and therefore more clearly signals otherfactors that affect ring width. 

To allow identification ofearlier ice storms,in addition to those of1979 and 1994,we 

compiled a list ofsignificant ice storms that may have affected our study sites during the period 

covered by our chronologies. We obtained information on these stormsfrom the National 

Climatic Data Center(NCDC)publication Storm Data and Unusual WeatherPhenomena. This 

monthly publication and its predecessors provide qualitative state-by-state descriptions of major 

weather events,including ice storms,back to 1914. We noted records ofice storms or heavy,wet 

snowstorms that caused damage to trees or utility lines. In some months,the storm record for an 

individual state is missingfrom the Storm Data report. For monthsin which the Virginia report 

is missing we checked reportsforsurrounding states to identify ice storms that may have affected 

our study area. Similarinformation was obtained for the pre-1914 period from monthly weather 

descriptions published in Monthly WeatherReview. We verified the occurrence ofall storms by 

searching for storm descriptions on the appropriate dates in TheRoanoke[Virginia]Timesand 

WorldNews. Qualitative descriptions,particularly the sketchy reports ofearly years,are often 

inadequate for determining spatial extentofstorm damage,but werecorded all events that may 

have affected our study sites. 
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Results 

Tree-ring analysis revealed a bipartite ice storm signal. The climate-free ring-width 

indices are graphed in Figures 5.3 and 5.4. In some trees,radial growth declined following ice 

storm damage. Other trees experienced increased growth.Tree-ring series at either Gap 

Mountain or Walker Mountain ending before 1998 arefrom cross-sections cutfrom trees toppled 

by one ofthe ice storms. Also,remnants ofHurricane Hugo downed at least one ofour sample 

trees in 1989(chronology P,Figure 5.4). 

Some chestnutoak chronologies(especially chronologies B,C,and H,Figure 5.3)from 

the Gap Mountain site record decreased growth for 1979,the year ofa majorice storm, but long 

suppressions are notevidentin this species. Several chestnut oaks exhibitincreased growth for a 

few years after the 1979ice storm. The 1979storm is not recorded,at least as a major event,at 

Walker Mountain(Figure 5.4). Decreases and increases in radial growth following the 1994 

storms are evident among chestnut oak at both study sites, particularly Walker Mountain. 

Among the black oaks,two at Gap Mountain had decade-long growth suppressions 

beginning in 1979(chronologiesLand R,Figure 5.3),and several experienced decreased growth 

during the year ofthe storm. The 1994storms triggered growth decreases and increases in 

several trees(Figures 5.3 and 5.4),butthe 1994signal is not as pronounced as thatfor the 1979 

event. Black oak shows a stronger signal than chestnutoak for the 1994storms at Gap Mountain 

(Figure 5.3). However,at Walker Mountain black oak records a weakersignal ofthe 1994storms 

than chestnutoak(Figure 5.4). Visual inspection ofour samples clearly reveals these suppression 

and release pattems in many ofthe cores and cross-sections we obtained. 

To objectively quantify the dual pattern ofsuppression and release that appeared to 

constitute the ice storm signal in our results,we calculated trends ofdecrease and increase in the 

climate-free ring-width indices by comparingthe index for each year to the mean for the previous 

five years. We arbitrarily defined a significant decrease as onein which climate-free ring-width 
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Figure 5.3. Climate-free chronologies for chestnut oak (top) and black oak (bottom) at the Gap 
Mountain site. 
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Figure 5.4. Climate-free chronologies for chestnut oak (top) and black oak (bottom) at the Walker 
Mountain site. 
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index declines at least40%,and a significant increase as an enlargement ofat least50% over the 

mean for the previous five years. These thresholds capture the signals ofthe 1979 and 1994ice 

storms but exclude mostofthe noise during the same period that is not associated with known ice 

storms. Figure 5.5 graphs the percentoftrees experiencing significant growth increase and 

decrease each year. Suppressions and releases associated with the 1979and 1994ice storms 

show clearly. 

Climatic records indicate that several other ice storms and heavy snowstorms occurred in 

the vicinity ofthe study sites during the years covered by our tree-ring chronologies(Table 5.2). 

The graphs in Figure 5.5,which encompass the period covered by ten or more parallel 

chronologies,show responses to severalknown events. Smallsample size precludes 

interpretation ofthe suppression and release patterns in the early years ofthe Gap Mountain 

chronologies. It appears that the January 1918 and November 1920ice storms are clearly 

recorded in the Walker Mountain and Gap Mountain chronologies,respectively. Other events, 

such as a 1911 snowstorm orice storm,the 1934snowstorm,or the 1984ice storm correspond to 

possible signals as well. There are no indications that the major ice storms of 1978 or 1998 

affected either site.The tree-ring chronologies do record afew possible signals not associated 

with known events in Table 5.2,for example the suppression patterns of1925, 1943, and 1972 

(Figure 5.5). 

Comparing theknown ice storm events in Table 5.2 with Figures 5.3 — 5.5 suggests that 

in many trees,suppression begins during the growing season immediatelyfollowing disturbance, 

whereas the initiation ofrelease frequently lags the disturbance by a year or more. This pattern 

my constitute an additional diagnostic toolfor identifying ice storms in tree-ring chronologies. 

Occurrence ofthe major ice storms is also reflected in patterns ofbetween-tree ring-

width variance(Figure 5.6). Increased variance following an ice storm is a consequence of 

differential response oftrees to the disturbance. The 1921 and 1979signals are especially clear 
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Figure 5.5. Percent of trees exhibiting significant growth decrease or increase each year for (A)
Gap Mountain and (B) Walker Mountain. These chronologies cover the period with at least ten
trees available. Years of major ice storms known to affect the stands are labeled (1979 and 1994).
Also labeled are possible signals of earlier major ice storms (1918 and 1921).



Table 5.2. Record ofice storms occurring during the period spanned by tree-ring chronologies 
(1901-1998). The year assigned to each eventis the first growing season represented after the 
storm occurred. Sources ofinformation are abbreviated asfollow:MWR=Monthly Weather 
Review,RT=The Roanoke Timesand WorldNews,SD=Storm Data and Unusual Weather 
Phenomena or predecessor. 
Year Remarks 
1906 Ice damage to orchards in VA and NCin January 1906,butdamage may have been restricted to 

the Piedmont(MWR). 

1911 Four inches ofsleet in Wytheville on March 7,1911(MWR). Heavysnow in Roanoke,but 
melted rapidly as it fell and only accumulated 2inches(RT). 

1918 Heavy"sleet"storms throughout VA on Jan. 11-15,1918 and Jan.27-30,1918(SD). RT 
reports mostofSoutheast suffered from sleet or glaze,but no information specific to western 
VA. 

1920 Several moderate ice storms in VA in Jan. 1920(SD). 

1921 A major ice storm in western VA on Nov.14-16, 1920(SD,MWR). Signal may partially 
reflect Jan. 1920event. 

1932 Heavysnow on Mar.8,1932damaged telegraph lines, mostly north and east ofRoanoke(SD, 
RT). 

1934 Heavy snow in SW VA on Feb.25-26, 1934,accompanied by sleet,freezing rain,and 
thunderstorms,caused timber and power line damage(SD,RT). 

1962 Wetsnow on Oct.20,1961 damaged trees and powerlines in parts ofSW VA(SD). Notso 
heavy at our study sites(RT). 

1969 Moderate to major ice storm on Jan.20-21,1969caused considerable damage to trees and 
utility lines at high elevations. Rain atlow elevations,snow in Shenandoah Valley(SD). 

1971 Heavy snow on April 6-7,1971 damaged trees and powerlines in western VA(SD),butRT 
does not mention line damage. 

1974 Heavy snow Dec.10, 1973 damaged power lines,mostly near Rich Creek(SD,RT). 

1975 Heavy snow,sleet,rain,and wind damaged trees and powerlines in western VA on Dec 1-2, 
1974. Mostdamage apparently east ofour sites,toward Roanoke(SD,RT). 

1978 Major ice storm in western VA on Mar.27,1978. Heavy damage was restricted to elevations 
above915 m(3000ft.)(SD,RT). 

1979 Major ice storm on Jan.20-21,1979(SD,RT). 

1984 Major ice storm on Dec.21-22,1983 in western, northern,and central VA. Much power line 
damage in Roanoke vicinity,less to the west(SD,RT). Wetsnow on Feb.23,1984 damaged 
trees and power lines near Bluefield(SD,RT). 

1994 Major ice storms on Feb. 10-11,1994and Mar.1-3,1994(SD,RT). 

1998 Majorice storm on Feb.4-6,1998 caused heavy forestdamage above 850m(2800ft.)in 
western VA,mainly east ofour study sites(SD,RT). 
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for Gap Mountain,and the 1994event is readily evident in the Walker Mountain graph. Chestnut 

oak variance seems to show the ice storm signal more clearly than black oak variance. 

To reconstruct a record ofice storms prior to the availability ofPDSIor other climate 

data,it would be necessary to identify periods ofrelease and suppression from the unmodified 

ring-width indices(ARSTAN values),rather than from climate-free ring-width indices. The 

graphs in Figure 5.7 were created using the same thresholds ofgrowth decrease orincrease used 

previously,but without subtracting the climate signal. The patterns are noisier than those 

presented in Figure 5.5,but majorice storm events are nonetheless discernible. 

Discussion 

Climate-response models 

Climate subtraction clarifies the ice storm signal and should be used when climate data 

are available. However,climate subtraction does not appear necessary for distinguishing major 

ice storms. It should befeasible,then,to establish a history ofice storms prior to availability of 

climatic data. For analyzing extremely dry sites(e.g.,ridgetops)where the climate signal may 

obscure any ice storm signal,it may be useful to create a tree-ring based climate reconstruction 

from other sites expected to be less prone to ice damage. Nash etal(1975)employed such an 

approach,using a regional climate reconstruction to adjustfor climate in their study ofair 

pollution effects on tree growth neara pollution source. However,it may not be necessary to 

perform a complete climate reconstruction. Identification ofextreme drought periods,which 

could be confused with suppressions related to ice storms,mightbe sufficient. 

The ice storm signal 

The ice storm signal consists ofopposing patterns. First,severely damaged trees lose 

much ofthe support structure for leaves,causing a sharp decline in radial growth,which remains 

low for several years. These results are similar to those reported for pines in the Appalachian 

Piedmont(Belanger etal. 1996)and for spruce and fir in Quebec(Felin and Rivest 1983). 
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Figure 5.7. Percent of trees exhibiting significant growth decrease or increase each year for (A)
Gap Mountain and (B) Walker Mountain chronologies based on tree-ring series without the climate
signal subtracted. The chronologies cover the period with at least ten trees available. Years of
major ice storms known to affect the stands are labeled (1979 and 1994). Also labeled are possible
signals of earlier major ice storms (1918 and 1921) and a snowstorm (1934).



Second,many trees,even some with moderate damage,experience increased radial growth 

following an ice storm. This signal is a response to release from competition with neighboring 

trees that were damaged or removed. The degree ofcanopy damage caused by the 1979and 1994 

ice storms created dramatic increases in light availability. Thesetwo conflicting responses,one 

toward suppression and onetoward release,probably offset each other in some damaged trees and 

weaken the ice storm signal. Forexample,at Walker Mountain,the 1994ice storms broke out 

approximately halfthe canopy oftree R,but tree rings provide little evidence ofthe damage 

(Figure 5.4). 

As a modelfor using our growth reduction and increase thresholds to distinguish ice 

stormsfrom other events in tree-ring chronologies,we arbitrarily defined three criteria for 

selecting potential ice storm years;(1)the growth-reduction threshold is exceeded in at least 10% 

oftrees during the first year ofa suppression,(2)evidence ofgrowth reduction continues for at 

leasttwo consecutive years,and(3)the growth-increase threshold is exceeded by at least5%of 

trees within two years ofthe beginning ofa suppression in other trees. These criteria provided 

good matches with known majorice storms. Ignoring the pattern at the beginning ofthe 

chronology,only the years 1921,1979,and 1994 are selected as potential ice storm years at Gap 

Mountain. Similarly,only 1918 and 1994 meetthe criteria in the Walker Mountain chronologies. 

Allfour years correspond with majorice storms reported in Table 5.2. 

The above method does notdescribe duration ofa suppression or release. This is because 

it compares each ring-width index with the mean width for the previousfive years,and five years 

into a suppression(or release)would compare a ring only with other suppressed(or released) 

rings. The graphs in Figure 5.8 convey the duration ofthe five signals identified above. These 

graphs reflect the following criteria. First,for each "ice storm" year,we identified the number of 

years that a tree exceeding the growth-reduction threshold(40% decline)maintained a>20% 

reduction relative to the five years preceding the initial year ofsuppression. Second,to capture 
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Figure 5.8. Percent of trees at (A) Gap Mountain and (B) Walker Mountain whose growth exceeded
thresholds for decrease or increase in climate-free ring-width index relative to the five years prior
to the identified ice storms, which are labeled. Thresholds required for maintaining a release or
suppression are half as high as those required to initiate one.



lagged suppressions,we identified reductions of>40% beginning the year after a storm year and 

as before identified length oftime that growth was reduced by>20%. Third,for each >50% 

growth increase occurring within two years ofthe beginning ofthe suppression,we determined 

the period in which>25% increase was maintained,relative to the five pre-release years. Where 

a suppression or release continued until the next ice storm,the end ofthe signal was truncated. 

When these same criteria are applied for selecting potential ice storm years without subtracting 

the climate signal,the same five years are identified, with the addition of 1934for Walker 

Mountain. The 1934 signal corresponds with a heavy snowstorm(Table 5.2). 

The dual signal has not been reported in dendrochronological studies ofice storms in 

conifers. However,it is probably common among hardwoods,which respond rapidly to reduced 

competition. Thresholds ofgrowth increase and decrease appear particularly usefulfor 

identifying ice storm occurrences. However,the thresholds we used may not be appropriate for 

all species and study sites. Trees growing in highly productive stands,for example,may show 

stronger release pattems and more rapid rates ofrecoveryfrom injury. Nonetheless,it is likely 

that a similar set ofcriteria could be developed to distinguish ice stormsfrom other events,which 

would create different ratios ofsuppressed to released trees. Windstorms,for example,may 

trigger release but rarely suppression, whereas drought probably reduces growth ofall trees. 

The widespread,heavy canopy damage characteristic ofsevere ice storm disturbance 

does not appearcommon in wind-damaged forests,exceptin the case ofextreme winds 

associated with tomadoes and the most powerful hurricanes(Reilly 1991;Whigham et al. 1991). 

Hurricane damage is reported to produce a dual tree-ring signal,similar to ice storms,in coastal 

sites that experience winds strong enough to strip limbsfrom trees(Doyle and Gorham 1996; 

Reams and Van Deusen 1996). However,in inland forests such wind speeds rarely occur,and 

severe canopy damage is much less common than uprooting(Foster 1988;Greenberg and McNab 

1998)so that growth release appears to be the predominant tree-ring signal(Merrens and Peart 
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1992). Catastrophic disturbance resultingfrom downbursts or other severe thunderstorm winds is 

typically in theform oftoppling,bending,or snapping(Dunn et al. 1983;USFS 1999;Peter 

Fischer personal communication). Bentor snapped trees that recoverfrom wind damage may 

exhibit a period ofsuppression following the storm,but release is likely to be the predominant 

signal in such a stand. Literature on tornado disturbance is limited,but it is clear that a variety of 

damage types,including crown damage,can result(Held and Winstead 1976;Glitzenstein and 

Harcombe 1988). Severe canopy damage only occurs locally,and in any case,tornadoes are 

infrequent in the Appalachians(Kelly et al. 1978;Eagleman 1983;Leathers 1993). Further, 

spatial patterns ofice storm disturbance across a landscape differfrom those caused by 

windstorms. An ice storm typically affects specific elevation zones over a broad area, whereas 

tornadoes and downbursts are local rather than regional and devastate long,straight,narrow 

corridors offorest oriented west-to-east,southwest-to-northeast,or northwest-to-southeast 

(Glitzenstein and Harcombe 1988;Wilkinson 1993;Peter Fischer personal communication). 

These differences in disturbance pattern should permit researchers to distinguish between the two 

disturbance types. Clearly,the influence of wind on Appalachian forests merits further research. 

It would be instructive to conduct a dendrochronological study in an Appalachian oak forest 

affected by a major windstorm to characterize the signal produced by such an event. 

Wetsnow can accumulate heavily on tree limbs and may produce an "ice storm"signalin 

Appalachian forests. Forest damage resulting from a February 4,1998snowstorm resembled 

moderate ice storm damage in forests on the Cumberland Plateau ofTennessee(Lafon personal 

observation). The storm chronology presented in Table5.2includes several such events,but the 

clearest ice storm signals(1918,1921, 1979, and 1994)all appear to be associated with majorice 

storms. 

Severe droughtcan substantially reduce growth,but droughts are limited in duration. 

The typical drought signal in our oak cores consists ofa single narrow ring,rather than several 
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consecutive narrow rings such as those associated with ice storm damage. Nonetheless,a drought 

signal may last up to five years(Lorimer and Frelich 1989). Subtracting the climate signal 

diminishes the drought signal,making it unlikely that a drought would be confused with an ice 

storm. Under unusualcircumstances,a drought signal could conceivably be mistaken for an ice 

storm signal in the absence ofclimate reconstruction. Forexample,a droughtlasting several 

years,combined with a major windstorm,might produce a dual signal ofsuppression and release. 

However,the landscape pattern ofa drought-windstorm combination would undoubtedly be 

different than that ofan ice storm. 

One consideration is that the signature ofice storm disturbance may change over time 

within a forest stand,as trees mature and change in susceptibility to particular types ofice 

damage. Trees become more susceptible to canopy damage as they age(Downs 1938;this 

dissertation Chapter 3). Nonetheless,sufficient numbers oftrees were damaged by the 1918 and 

1920events to generate suppression patterns despite the younger tree ages. Many ofthe trees, at 

10-30cm in diameterin 1920,were large enough to be damaged by ice storms. Young trees are 

especially susceptible to bending and breaking(Downs 1938;this dissertation Chapter 3),and 

those that survive such an event may experience years ofreduced radial growth. Young tree 

canopies are also damaged when larger trees fall on them. 

Canopy and understory trees respond differently to enhanced light levels after a 

disturbance. Radial growth ofunderstory trees that were previously suppressed by deep shade 

often increases by 100% or more,butcanopy trees respond less dramatically(Lorimer and 

Frelich 1989). This may help explain differences between the 1979 and 1994signals at Gap 

Mountain. The 1979 storm damaged many trees,but typically the growth declines persisted for 

only a year ortwo,after which substantial growth increases occurred(Figure 5.3). Chestnut oaks 

exhibited particularly strong responses. This pattern suggests thatgrowth in many ofthe sampled 

trees was suppressed by shadefrom taller individuals prior to the 1979 storm. By 1994,the 
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smaller trees had gained canopy positions and were hence more vulnerable to damage and less 

responsive to increased light. Differences in response to the 1979 and 1994storms probably also 

reflect spatial variations in damage severity. The 1994storm caused more damage at elevations 

slightly above our sampling site, which was in the zone ofsevere damagefrom the 1979storm. 

Despite variations in the signal produced by the different storms,all the majorstorm signals were 

similarenough to be distinguished from other ring-width patterns,indicating that comparable and 

identifiable ice storm signals are produced at different stand ages. 

Directionsforfuture research 

Our results suggest that dendrochronology merits attention as a techniquefor studying 

fine-scale spatial variations in ice storm damage and for extending the length ofthe ice storm 

record. This study also points toward directions for additional work. First,response to 

disturbance varies greatly between trees-from long suppressions,to little change in growth,to 

major release-and this complex signal is more difficult to interpret than a simpler one,such as 

uniform suppression. Collecting a greater number ofsamples per study site would help solve this 

problem and would also help to overcome noise associated with unrelated events that affect 

individual trees but notthe entire stand. Second,it appears thatsome species are better recorders 

ofice storm disturbance than others. Several additional oak species,as well as pignut hickory 

{fZarya glabra),red maple{Acer rubrum),and yellow-poplar(JLiriodendron tulipifera)are widely 

distributed in Appalachian hardwood forests and may be useful in research on ice storm 

climatology. Variations in response among stands ofdifferent ages and productivity levels also 

merit attention. 

OurGap Mountain chronologies record clear signals of major ice storms during three 

winters-1920-21,1979,and 1994-the last of which had two events. Walker Mountain forests 

were apparently affected by a 1918event,for which climatic records are sketchy,and by the 1994 

storms. Our dendrochronologicalevidence and the independentstorm records imply thatice 
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storm frequency varied temporally over the twentieth century. Neither source indicates that a 

major ice storm occurred in this region between the early 1920s and the late 1960s,and it appears 

that a remarkably high number of majorice storms occurred during the last twenty years. These 

results differfrom those ofTravis and Meentemeyer(1991),who described several"major"or 

"severe"ice storms on the South Carolina and GeorgiaPiedmontduring the mid-twentieth 

century. Additional sampling is needed to determine whether other ice storms or heavy 

snowstorms are recorded in our study area. In particular,it would be useful to locate older trees 

that may provide records ofice storms occurring during or prior to the early 1900s and to 

establish chronologies for stands growing on sites ofdifferent elevation,aspect,and slope. 

Summary 

Major ice storms cause widespread forest disturbance and disrupt human society. Studies 

offorest disturbance indicate thatice storm severity varies among topographic positions. 

Windward slopes and high elevations may be particularly prone to ice storm damage. 

Instmmental climatic data are not suitable for estimating these fine-scale patterns,but ice storms 

produce a tree-ring signal thatshows promisefor analyzing fine-scale spatial variations and for 

extending the length ofthe ice storm record. Previous dendrochronological studies ofice storm 

effects on coniferous species demonstrated that canopy damagefrom ice storms contributes to 

reduced ring width following the event. In this study wefound a dual signal in chestnut oak and 

black oak thatconsists ofgrowth decreases and increasesfollowing an ice storm. Growth 

reductions resultfrom canopy damage,and growth increases reflect the response oftrees to 

reduced competition with other individuals that have been broken or killed. 

The dual signal differentiates ice storm damagefrom othertypes ofdisturbance in 

Appalachian forests. Like many tree-ring signals in eastern forests,the signal is relatively subtle. 

However,the results ofthis study demonstrate thatthe occurrence ofmajorice storms can be 

identified quantitatively using thresholds ofring-width decrease and increase. Changes in ring-
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width variance also show promise as a toolfor recognizing the occurrence ofice storms. 

Increased variancefollowing an ice storm reflects the varied response ofdifferent trees to the 

event. Moreinvestigation is needed to determine whether other species are more suitable for ice 

storm research and to documenthow the ice storm signal differs amongforests ofdifferent ages 

and productivity levels. Successful resolution ofthese issues will enhance study offine-scale 

spatial variations in the climatology of majorice storms. 
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Chapter6 

ModelingInfluences ofIce Storm Disturbance on ForestDynamicsin an 
Appalachian Landscape 

Introduction 

Majorice storms are an important agentofforest disturbance in eastern North America. 

Ice storm disturbance occurs when heavy loads offreezing rain accumulate on trees,bending, 

breaking,or toppling them(Downs 1938;Whitney and Johnson 1984;this dissertation Chapter 

3). Ice storms typically affectforests over a broad area, with heavy damage confined to specific 

elevation zones or aspects(Ashe 1918;Downs 1938;Whitney and Johnson 1984;Seischab et al. 

1993;Lafon etal. 1999). Ice storm disturbance is more intense than the small-gap creation that 

dominates disturbance regimes in much ofthe central hardwood forest. Tree mortality and 

canopy loss on the order of50% are typical in heavily disturbed forests(Downs 1938,Seischab et 

al. 1993,Lafon et al. 1999;this dissertation Chapter 3). Several investigations ofice storm 

damage have been conducted following major events(Downs 1938;McKellar 1942;Siccama et 

al. 1976;Whitney and Johnson 1984;Bruederle and Steams 1985;Boemer et al. 1986;Seischab 

etal. 1993;Rebertus et al. 1997;Warrillow and Mou 1999;this dissertation Chapter 3),but little 

is known about their long-term consequencesfor tree species composition and diversity. In this 

chapter,1 use an individual-based stand simulation model to assess implications ofperiodic ice 

storm disturbance forforest dynamics along a topographic moisture gradientin a southern 

Appalachian landscape. 

Appalachian forests are characterized by striking topographic pattems oftree species 

composition and diversity. Mesophytic species,including yellow-poplar(Liriodendron 

tullplfera), magnolias(Magnolia spp.),sugar maple(Acersaccharum),and eastern hemlock 

(Tsuga canadensis)are concentrated in valley floors,on concave slopes,and on north-facing 

ravine slopes(Whittaker 1956;Hack and Goodlett 1960;Quarterman eial. 1972). Oaks 
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(Quercus)dominate broad side-slope zones,and southern pines{Pinus)are restricted to convex 

"noses,"ridgetops,and recently disturbed sites. Whittaker(1956)analyzed the distribution of 

tree species along a topographic moisture gradient in the GreatSmoky Mountains ofTennessee 

and North Carolina.His study portrayed a unique spatial distribution for each species,with 

abundance peaking atsome point along the gradient. Typically,the entire distribution ofa 

species is restricted to a portion ofthe moisture gradient,resulting in compositionalzonation 

along the gradient. Whittaker concluded thatthe distribution ofspecies independently,rather 

than as parts ofspecies associations,supported the individualistic concept ofGleason(1926). 

Most species grow best on sites with abundant resources,despite observed zonation 

patterns(Huston 1994). The observed patterns suggest thatcompetitive displacementtoward 

suboptimalconditions is a major control on species distributions(Smith and Huston 1989;Huston 

1994). Smith and Huston(1989)employed an individual-based modelofforest succession to 

show that such distribution patterns could resultfrom competition for lightamong a suite of 

hypothetical species with different levels oftolerance to shade and drought. Their work was 

based on the hypothesis that species whose rapid growth,high fecundity,orlarge size provide 

superior competitive abilities at high resource levels exhibit characteristics that preclude such 

responses atlower levels. Conversely,species tolerant oflow resource levels are incapable of 

rapid growth when resource levels are increased. An additional constraint on the hypothetical 

species ofSmith and Huston was that those with attributes permitting tolerance oflow lightcould 

not tolerate drought,and vice versa. Consequences ofthese physiological tradeoffs include 

competitive displacementofslow-growing,drought-tolerant species toward the xeric end ofthe 

moisture gradient,and dominance by shade-tolerant species during late-succession in mesic sites. 

Further,species distributions along the moisture gradient become increasingly confined over the 

course ofsuccession as competition becomes more pronounced toward mesic sites. The work of 
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Smith and Huston(1989)and Huston(1994)represents an elaboration ofthe dynamic 

equilibrium model ofHuston(1979). 

Smith and Huston(1989)and Huston(1994)predicted that disturbances disrupt the 

approach to competitive exclusion during plant succession,reducing the degree ofspecies 

zonation along gradients,permitting reproduction ofshade-intolerant species in old stands,and 

promoting higher species diversity in mesic sites. However,disturbance may also reduce 

diversity,particularly in less productive stands,ifthe disturbance rate or magnitude is so high that 

populations ofsome species do notrecover between disturbances(Huston 1979). 

My research applies the theoreticalframework and individual-based modeling approach 

ofSmith and Huston(1989)to understanding spatial distributions and temporal dynamics of 

actual species across southem Appalachian landscapes affected by ice storm disturbance. 

Individual-based models have been used primarily to evaluate the role ofsmall gaps resulting 

from single-tree mortality,although they have also been employed to assess larger disturbances 

such as hurricanes in Puerto Rico(Doyle 1981)and removal ofall mature American chestnut 

(Castanea dentatd)trees by blight in eastern Tennessee(Shugart and West 1977). A primary 

difference between my work and most other applications ofindividual-based models is that it 

seeks to predict successional patterns for multiple sites across a varied landscape,rather than fora 

single homogeneous site. 

Description ofthe model 

The work reported here employsFORICE,a descendantoftheJABOWA and FORET 

models(Botkin et al. 1972;Shugart and West 1977). TheFORET model ofShugartand West 

(1977)simulates the birth,growth,and death ofindividual trees on a 1/12 ha plot. Pastor and 

Post(1985)enhanced the ability ofthe modelto simulate ecosystem functions by adding 

subroutines that simulate the dynamics and effects on tree growth oflitter return and 

decomposition,nitrogen-cycling,and soil-water balance. They have used their model version 

142 



(LEAKAGES)to predict possible changes in carbon and nitrogen cycles,as well asforest species 

composition,resultingfrom climate change in northeastern Minnesota(Postand Pastor 1996). 

Huston(1994)made additional modifications to LINKAGES to simulate disturbance, 

atmospheric nitrogen deposition,and the influences ofhumidity,wind,and insolation on soil 

moisture. Ifurther modified the model to simulate ice storm dynamics and also altered the way 

the model handles temperature and moisture constraints. I call my version ofthe modelFORICE. 

Following are changesI have made in various model subroutines,discussed in the order in which 

the subroutines are called. The program is written in FORTRAN and is available for public use. 

Subroutine TEMPE 

This subroutine calculates growing season degree days,based on monthly temperatures 

during the growing season. The model previously simulated monthly temperaturesfrom monthly 

temperature means and standard deviations supplied by the user,but it now reads actual monthly 

temperaturesfrom the file TEMP.DAT,recycling the data until all years ofthe simulation are 

complete. This modification results in a more realistic representation ofthe effects ofclimatic 

variability, which may notfollow a normal distribution. 

SubroutineMOIST 

This subroutine calculates the proportion ofthe growing season during which moisture is 

insufficientfor tree growth(defined as -15 bars). Asin TEMPE,Ihave changed the model to 

read actual monthly precipitation totals from the file PPT.DAT,instead ofestimating itfrom 

means and standard deviations. Reading in actual climate data increased the proportion ofthe 

growing season with drought by up to an order ofmagnitude,which in part reflects the combined 

effects ofsimultaneous anomalies in temperature and precipitation. An additional change to this 
I 

subroutine simulates the effect oftopography in redistributing moisture across thelandscape. The 

user inputs the topographic index ofthe watershed modelTOPMODEL(Beven and Kirkby 1979; 

Quinn et al. 1995)for the site,and MOIST alters waterinput accordingly. This is accomplished 
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by calculating a precipitation multiplier based on the relationship found by Garten etal.(1994) 

between topographic index and soil moisture percent at Walker Branch Watershed,Tennessee. 

MOIST uses this multiplier to enhance monthly precipitation for all sites with topographic index 

exceeding 5.0, which includes all sites downslope ofridgetops. Valley bottoms receive the 

greatest moisture augmentations. This simple approach does not account'for the complex 

variations in soil attributes,such as depth and transmissivity,and water runoffcharacteristics 

throughouta watershed,but such data are nottypically available. Use of,a hydrologic model, 

such asTOPMODEL(Beven and Kirkby 1979),to accountfor topographic effects on soil 

moisture would provide more appropriate estimates in watershedsfor which sufficient 

parameterizations are available. 

A final modification to subroutine MOIST is that it no longer initializes soil water 

contentto field capacity(FC)each January. This alteration permits a drought to continue 

uninterrupted between consecutive years. 

Subroutine GMULT 

Subroutine GMULTcomputes multipliers used in subroutines BIRTH and GROW to 

reduce the performance ofeach tree according to factors(e.g.,temperature or moisture)that limit 

growth. My first modification changes the influence oftemperature on tree growth. Previously, 

growth ofeach species was permitted to occur only within a minimum and maximum number of 

annual growing degree days,with a peak ofoptimum growth halfway between the maximum and 

minimum. This parabolic function was based on observed influences ofinstantaneous 

temperature on tree growth(Fitter and Hay 1981;Botkin 1993)but does not accurately describe 

the relationship between growth and heatsum over a growing season(Schenk 1996;Loehle 

1998). Loehle(1998)demonstrated that,in fact,maximum sapling height growth rates for 

species in eastern North America typically increase above a minimum number ofgrowing degree 

days and ultimately level off. Loehle(1998)argued that southem range limits ofnorth temperate 
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species are not determined by high temperatures but by competition from faster-growing species 

whose growth is unencumbered by adaptations to cold. Based on the work ofLoehle,Icreated an 

asymptotic function to calculate the degree day growth multiplier,selected arbitrarily so that tree 

growth is 0.95 ofoptimum when the minimum growing degree day requirement ofa species is 

exceeded by 1000(Figure 6.1). 

My second modification to GMULTis the inclusion ofacrowding growth factor that 

reduces growth as the plot becomes more densely stocked. Each tree species is assigned to one of 

three categories to simulate the species' effect on relative stocking(Figure 6.2),an indicator of 

stand density(Stout et al. 1987;Colbert and Sheehan 1995). The relationships depicted in Figure 

6.2reflect thatsome species(e.g.,oaks),have larger crowns,given the same stem diameter,than 

others(e.g., yellow-poplar). The proportional contributions ofall trees in the plot are summed to 

estimate relative stocking,orRSTOCK,on the plot. RSTOCKis then used to calculate a 

crowding growth multiplier(CROWDGF)used in subroutines GROW and BIRTH to diminish 

rates ofgrowth and seedling establishment. IchoseCROWDGF arbitrarily so that growth is 

reduced to 0.75 ofoptimum when the plot is stocked at 100%(Figure 6.3). Busing(1991)and 

Colbertand Sheehan(1995)employed similar approaches to simulate effects ofcrowdingin 

Appalachian forests. In their modelofthe effects ofgypsy moth(Lymantria dispar)defoliation 

in Allegheny hardwood forests,Colbert and Sheehan(1995)also reduced growth to 0.75 at 100% 

stocking. 

SubroutineICEDIST 

SubroutineICEDIST assigns each tree to an ice damage category during an ice storm 

year. Ice storm years are selected randomly in the main program,and all plots are affected by 

each ice storm. The user selects mean ice storm recurrence interval via the variableZFREQ in 

the inputfile INPUT.DAT. ZFREQ is the reciprocal ofthe mean recurrence interval. 
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Figure 6.1. Function used to calculate growing degree day growth multiplier(DEGDGF),based 
on the minimum annual growing degree days tolerated by the species. All species have a curve of 
the same shape. Thefunction shown isfor aspecies thatrequires atleast 1000growing degree days 
per year. 

146 



a> 03 

(j^ a^ 

W r> 

-= CD 
3 

g\®
■\te5 dlass 

20 30 40 50 

DBH (cm) 

Figure 6.2. Functions to calculate the effect of each tree on relative stocking. Each species is 
assigned to one of the three classes. The three different classes reflect that trees of some species
have larger crowns, given the same stem diameter, than others. 
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Figure 6.3. Ftmction used to calculate crowding growth multiplier(CROWDGF)based on relative 
stocking ofthe stand. 
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ICEDIST simulates the fine-scale patchiness in damage severity that characterizes ice 

storm disturbance(this dissertation Chapters2and 3). In an ice-damaged stand,large, multiple-

tree gaps are interspersed with less damaged patches. These large gaps apparently form when a 

falling tree strikes neighboring ice-laden trees,triggering additional breakage and toppling(Lafon 

et al. 1999). According to results ofa regression analysis reported in Chapter3ofthis 

dissertation(Figure 3.11),the proportion ofstand area occupied by such heavily damaged patches 

increases with increasing slope angle. To reflect this relationship,ICEDISTrandomly assigns 

plots to severely damaged patches or less damaged patches during each ice storm year,with 

probability ofbeing in a severely damaged patch increasing with slope. 

ICEDIST uses tree attributes to assign each tree to one offour categories ofice storm 

damage:(1)little or no damage(up to 15%canopy loss),(2)canopy damage(greater than 15% 

canopy loss),(3)bentstem,or(4)broken or toppled bole(i.e.,tree is killed immediately). The 

probability ofatree being in each category is based on its diameter and the susceptibility ofthe 

species to canopy damage. The relationship is modeled according to results ofmultinomial 

logistic regression analysis reported in Chapter 3. First,stem diameter is assigned to one oftwo 

categories. Ifdiameter is less than 30cm,IDIAM= 1,elseIDIAM=0. Each species is 

classified as exhibiting low or high susceptibility to canopy damage(value of1 or0,respectively, 

for variableISUSCAN). Logitsfor the four damage categories are estimated via equations of 

Chapter 3. For plots in heavily damaged patches,the following equations apply: 

UA=-2.633-0.569*IDIAM+1.84*ISUSCAN(I) 

UB=-0.007846-1.065*IDIAM-0.212*ISUSCAN(I) 

UC=-4.244+2.186*IDIAM+0.449*ISUSCAN(I) 

UD=0. 
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Probability ofcategory4damage is lower in less damaged patches. Logitsfor these plots are 

calculated asfollows: 

UA=-0.639-0.355*IDIAM+0.986*ISUSCAN(I) 

UB=2.201-1.293*IDIAM-0.357*ISUSCAN(I) 

UC=-18.291+17.557*IDIAM+0.408*ISUSCAN(I) 

UD=0. 

Each logit is used to estimate probability ofa particular category ofdamage: 

PROBSUM=EXP(UA)+EXP(UB)+EXP(UC)+EXP(UD) 

PROBl =EXP(UA)/PROBSUM 

PROB2=EXP(UB)/PROBSUM 

PROB3=EXP(UC)/PROBSUM 

wherePROBl,PR0B2,andPR0B3are the probabilities ofcategory 1,2,and 3damage, 

respectively. It is unnecessary to calculate the probability ofcategory4damage,as this would be 

redundant. 

Damage to southern pines is modeled differently. Based primarily on results ofWhitney 

and Johnson(1984)thatshow exceptionally heavy damage to southern pines,these species are 

assigned to a unique stem damage susceptibility class. The probabilities ofthe first three 

categories ofdamage for southern pines are 

150 



PR0B1=0.200 

PR0B2=0.040 

PR0B3=0.010 

leaving the probability ofcategory4damage at0.75. 

FORICE also provides the option to simulate less severe damage on xeric sites where 

southern pine dominance is typical. Pine-dominated stands on west-facing slopes may be 

sheltered topographically from heavy ice accretion(Williams and Johnson 1990;Lafon etal. 

1999). Trees on sheltered sites,for which less ice-damage data are available,are assigned the 

following probabilities,based on damage patterns in a table mountain pine(Pinuspungens)stand 

on a west-facing slope(this dissertation Chapter 3): 

For southern pines, 

PR0B1=0.488 

PR0B2=0.116 

PR0B3=0.036. 

For all other species, 

PROBl =0.538 

PR0B2=0.250 

PR0B3=0.058. 
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Based on these probabilities,the damage type(IDAMAGE(J))for each tree J is selected 

randomly. Canopy damage and killing are performed in subroutines BIRTH and KILL. 

However,trees in category3are"bent"in ICEDIST. Bending involves the reduction ofcanopy 

height to.50ofthe height predicted from stem diameter. Benttrees recover by an increment of 

.02per year,and this height multiplier is stored in array BENT(J). BENT(J)is incremented until 

its value reaches 1.0,simulating the possibility that ifa benttree can persistlong enough in the 

subcanopy level it may eventually send a new shootinto the canopy. Currently,the model allows 

all species to recoverin this manner,although little is known aboutthe long-term effects of 

bending on trees ofany species. 

Subroutine BIRTH 

Subroutine BIRTH adds new seedlings and saplings to the plot,based on species 

fecundity and environmental conditions(e.g.,light availability). The first part ofBIRTH 

calculates leafbiomass through all levels ofthe canopy to determine light availability(proportion 

offull sunlight)at the forestfloor. Ice storm damage increases light availability by removing 

foliage biomass EUid killing trees. During an ice storm year,trees in damage category 1 (little or 

no damage)sustain random foliage biomass loss between 0.0and 0.15(i.e.,loss ofup to 15% of 

foliage biomass). Category2(canopy-damaged)trees lose random proportions offoliage 

biomass greaterthan 0.15. Category 3(bent)trees,although reduced in height,lose none oftheir 

canopy biomass. The entire canopy ofeach category4(killed)tree is removed before light 

availability is calculated. The proportion offoliage biomass remaining after ice storm damage is 

stored in array CANPCT(K). 

Canopy recovery occurs in the yearsfollowing an ice storm. The rate ofcanopy recovery 

varies according to damage level. Tree-ring analysis ofseveral black oak{Quercus velutina)and 

chestnutoak{Q.prinus)trees damaged by ice storms reveal that the ratio ofpost-storm to pre-

storm radial increment(hereafter"relative diameterincrement")increases line£u-ly following an 
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ice storm,until recovery is complete(Figure 6.4). Tree-ring chronologies used in this analysis 

arefrom the study reported in Chapter5. Only chronologies showing long periods ofpost-storm 

suppression were used to estimate recovery rates,thus avoiding an overestimate due to the 

confounding effect ofreduced competition from neighboring trees. 

About5%ofpre-storm ring width is added to relative diameter iiicrement during each 

year ofrecovery. The rate ofrecovery in radial increment does not appear to be related to initial 

canopy damage,nor does it change as the canopy recovers. However,my data suggest that the 

absolute size ofthe ring width varies by canopy damage level. The trees used in the 

dendrochronological analysis were classified as having severe canopy damage(remaining canopy 

<0.5 original canopy)or moderate canopy damage(remaining canopy>0.5 but<0.85 original 

canopy). Following an ice storm,relative diameter incrementis approximately 0.2in severely 

damaged trees and about0.45 in moderately damaged trees. Igraphed relative diameter 

incrementin relation to remnantcanopy proportion(Figure 6.5),assuming the trees had remnant 

canopy amounts at the midpoint oftheir damage categories(i.e.,0.25 and 0.675for severely and 

moderately damaged trees,respectively). Switching the axes to makecanopy percentafunction 

ofrelative diameter increment yields the graph in Figure 6.6. 

Iused the relationship shown in Figure 6.6 to model annual canopy recovery. Fora 

heavily damaged tree,represented by the steeper slope on the left ofthe graph,0.085 is added 

yearly to the remaining canopy ofa heavily damaged tree. Once canopy biomass has recovered 

to 0.675 its potential biomass,annual canopy increment slows to about0J03. Thisfunction 

implies greater carbon allocation to canopy recovery,relative to diameter growth,in the most 

heavily damaged trees. 

The modelofcanopy recovery used here is based on datafrom only afew damaged trees. 

Additional dendrochronological analyses,incorporating more species,are needed to clarify rates 

ofcanopy and diameter recovery and their variation among species. Currently,BIRTH uses the 
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Figure 6.4. Recovery ofrelative diameterincrementfor a black oak(Quercus velutind)damaged 
by an ice storm in 1979. 
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Figure 6.5. Relationship between canopy damage and relative diameterincrement,based on results 
oftree-ring analysis. Initially, relative diameterincrementfor trees with severe canopy damage is 
about0.2,and thatfor trees with moderate canopy damage is about0.45. 
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Figure 6.6. Same relationship as shown in Figure 6.5,with axes switched to make intactcanopy 
proportion afunction ofrelative diameterincrement. 
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G parameter ofeach species,relative to that ofblack and chestnut oak,to simulate interspecific 

differences in recovery rates. G,which is assigned in file INPUT.DAT,is used in subroutine 

GROW to regulate how rapidly a tree achieves most ofits growth. Larger values ofthis 

parameter result in more rapid growth at a young age(Botkin 1993). BIRTH divides G by245, 

the average G value for black oak and chestnut oak,and multiplies this proportion by annual 

canopy increment. This produces more rapid recovery for fast-growing species like yellow-

poplar,a result consistent with field observations. 

Subroutine GROW 

This subroutine calculates annual diameter incrementfor each tree by reducing optimal 

growth according to resource availability. First,GROW estimates available light,based on the 

leafbiomass oftaller trees. An available light growth multiplier(ALGF)is calculated to simulate 

the effect oflight availability on tree growth. GROWchooses different multipliers for species in 

different shade-tolerance classes. The original version ofLINKAGES employed two shade-

tolerance classes(Pastor and Post 1985),and Huston and Smith(1987)increased the number to 

three(tolerant,medium,and intolerant). Ihave increased the number to five,where 1=very 

tolerant,2=tolerant,3=medium,4=intolerant,and5=very intolerant. Species were assigned 

to tolerance classes based on Baker(1949)and Bumsand Honkala(1990). The new ALGF 

functions are graphed in Figure 6.7A. 

Iassign small trees(those with stem diameter no more than5cm)different light 

multipliers than larger trees ofthe same species to simulate the higher shade tolerance ofyoung 

trees(Daniel etal. 1979). Thefunctionsfor these trees are shown in Figure 6.7B. The bottom 

curve ofFigure6.7A has been removed and a new function added at the top,hence a small tree of 

a given tolerance class is assigned the next higher ALGFfunction than would be used foralarger 

tree ofthe same class. A new species parameter,ITOLSEED,has been added to the model to 

determine which ALGFfunction to usefor small trees. Seedling shade-tolerance ofafew species 
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Figure 6.7. Functions used to calculate available light growth multiplier(ALGF)for each tree, 
according to its shade-tolerance rating. Each species was assigned to one ofthe five shade-tolerance 
classes. The growth-responsefor each class is shown for(A)large trees(DBH>5cm)and(B) 
seedlings(DBH<5cm). 
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has been adjusted more than one level above that oflarger individuals. Forexample,mockemut 

hickory is shade-tolerant as a seedling(ITOLSEED=2)but becomesintolerant as it matures 

(ITOL=4)to reflect the tolerance rating ofSmith(1990). Seedling ALGFfunctions are also 

used in subroutine BIRTH to reduce the numberofseedlings that are recruited. 

Next,a canopy damage growth factorCANDAMGFis calculated to simulate reduced 

diameter growth in trees sustaining canopy damage during an ice storm. CANDAMGFis defined 

according to the functions graphed in Figure 6.5. Like the other growth multipliers, 

CANDAMGFhas a value rangingfrom0to 1. Trees that were bent during an ice storm(damage 

category 3)have fully intact canopies,but their growth may be reduced by increased shading 

from taller trees. To model this effect,the heightofeach tree is multiplied by BENT(J),which 

was calculated in subroutine ICEDIST. 

To determine diameter incrementfora tree,GROWfirst calculates its potential diameter 

increment(DNCMAX),based on its current diameter and species-specific growth parameters. 

Next,the minimum growth multiplier is chosen from among the multipliers for available light, 

soil moisture,soil nitrogen,and growing degree days. This minimum is itself multiplied by 

CROWDGFand CANDAMGFbefore being multiplied byDNCMAXto calculate realized 

diameterincrement(DINC). 

Ihave altered some ofthe species-specific parameters that affect growth rates. First,I 

changed parameterG to reflect information on height growth reported in Bumsand Honkala 

(1990). Previously,all species had growth curves ofthe same shape,so that with optimal 

conditions a tree reached two-thirds its maximum size at halfits maximum age(Botkin etal. 

1972). Defining all tree growth curves by the same shape was an arbitrary decision govemed by 

alack ofdata for differentiating species(Botkin 1993). Indeed,information on maximum 

growth-rates is still limited,and Iused the approach ofBotkin etal.(1972)to estimate Gfora 

few species with particularly sketchy data and for several species ofminorimportance in 
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southwestern Virginia. White pine(Pinus strobus)presents an unusual case because its growth 

rate is exceptionally high,but seedling growth is slow for the first8-10years(Wendel and 

Smith 1990). Iaccounted for this pattern by using G=60to calculate growth of white pine 

seedlings less than 10 years old. For older trees,G=450. 

Iused distribution patterns reported by Whittaker(1956)for tree,species ofthe Great 

Smoky Mountains to calculate new drought tolerance values for all species. VariableD3 

represents the proportion ofthe growing season that a species can withstand drought and is used 

in calculating SMGF(I)for each species. Previously,Pastor and Post(1985)had estimated this 

parameterfrom geographic ranges ofspecies. Using temperature and precipitation data for 

Gatlinburg,Tennessee,adjacent to the GreatSmoky Mountains,Iran FORICEfor several points 

along the Whittaker moisture gradient and calculated the mean proportion ofgrowing season 

drought days estimated by subroutine MOISTfor each point(Table 6.1). 

Ichose the points shown in Table 6.1 because their appropriate location on the moisture 

gradient could be determined with relative certainty. Each point was given a representative soil 

moisture capacity,slope,aspect,and topographic index. Iobtained soil moisture capacity 

estimatesfrom the soil survey ofBlount County,Tennessee(Elder etal. 1959). Icreated an 

ARC/INFO AMLprogram to calculate the topographic index ofSeven and Kirkby(1979)from 

30m Digital Elevation Models(DEMs)ofthe GreatSmoky Mountains. The algorithm permits 

multipleflow direction from each grid cell and uses sub-grid cell interpolation to estimate contour 

length(Quinn etal. 1995). 

My results using Gatlinburg climate data demonstrated astrong relationship characterized 

by exponentially increasing drought with distance along the gradient graphed by Whittaker. I 

fitted a logistic curve to the drought data,arbitrarily assigning an upper limit of0.9(Figure 6.8). 

The relationship is significant atP<0.0005,with =0.93. Iused this relationship to estimate 

drought tolerance for each major species whose distribution and abundance was graphed along 
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Table 6.1. Simulated site and soil parameters along the GreatSmoky Mountains moisture 
gradient. 

Soil parameters 
Distance Predicted 

along Topo- growing- Field Wilting 
Topographic gradient Slope graphic season Depth capacity point 

position (mm)^ (degrees) index drought (cm) (cm/cm) (cm/cm) Soil series 
Upper slope to 54.5 0 5.00 0.401 30 0.370 0.270 Ramsey 
ridge transition 

Upper slope, 52.0 27 5.60 0.315 30 0.370 0.270 Ramsey 
south-facing 

Lower slope, 41.6 22 6.25 0.091 45 0.370 0.270 Ramsey 
north-facing 

Sheltered slope, 32.6 22 6.25 0.006 90 0.370 0.220 Allen/ 

south-facing Jefferson 

upper end 

Sheltered slope, 19.0 11 7.50 0.002 100 0.370 0.200 Allen/ 

south-facing Jefferson 

lower end 

Shallow cove 13.5 1 11.75 0.004 100 0.370 0.200 Hamhlen/ 

Barhourville 

'Distance along the moisture gradient as graphed by Whittaker(1956). 
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Figure 6.8. Proportion of growing season with unfavorable moisture conditions, as a function of 
distance along the moisture gradient graphed by Whittaker (1956). Black squares represent points
along the gradient for which drought was modeled. The line shows the logistic function fitted to 
those points. 
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the moisture gradient(Whittaker 1956). I defined the drought-tolerance(D3)ofeach species 

according to modeled drought at the estimated upper limit ofthe distribution ofeach species on 

the moisture gradient. The only exceptions to this method are thatIincreased D3for pignut 

hickory{Carya glabra)to a value equal to that ofchestnut oak,and raised drought-tolerance of 

mockemuthickory{Carya tomentosa)proportionately. Whittaker(1956)found pignut hickory 

on moderately dry sites in the Smokies,but the species occurs on some ofthe most xeric sites in 

the Valley and Ridge ofsouthwestern Virginia(McCormick and Platt 1980). 

Iused climate datafrom Mt.LeConte,a high peak in the Smokies,to parameterize 

drought-tolerancefor three species abundant only at high elevations-red spruce{Picea riibens), 

American beech{Fagus grandifolia),and yellow buckeye{Aesculus octandra). High-elevation 

sites are moister,and only the driest ridgetops showed unfavorable moisture levels for any 

portion ofthe growing season. Drought-tolerance estimatesfor high-elevation species were 

interpolated linearlyfrom distance along the gradient. 

Subroutine KILL 

Subroutine KILL kills trees by age-dependent mortality and supplies litter to subroutine 

DECOMP,where it is decomposed. Leaflitter is supplied annually,according to the biomass of 

leaves on trees in the plot and to the foliage retention time(array FRT(I))ofeach species 1. FRT 

is one yearfor deciduous species and greater than one yearfor evergreen trees. Huston(1994) 

added a disturbance algorithm that kills trees at random intervals,according to disturbance 

intensity and frequency probabilities defined by the user. Iadded logging disturbance that 

removes all trees overa given size in all plots the same year. The purpose is to simulate logging 

that occurred in eastem forests during the late 1800s and early 1900s. Extensive timber harvest 

contributed to changes in species composition and other attributes(Fosteretal. 1992;Foster etal. 

1998;Fuller etal. 1998). A stand developing on alogged site would differfrom one established 

on bare soil because advance regeneration would be present,favoring species that mightnot 
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occurin old agricultural fields,and because soil organic matter and nutrient levels would be 

greater. 

When atree dies,all the biomass ofthe tree,including foliage,is returned as litter. Litter 

decomposition occurs overa period years,based such factors as litter quality,soil water-holding 

capacity,and climate(Pastor and Post 1985). Annualfoliage production(FOLW)is multiplied 

by FRT(I)to determine the number ofyears offoliage production to return. To accountfor the 

fact that a killed tree may have had canopy damagefrom a recentice storm and would therefore 

return less foliage than an undamaged tree,foliage return is multiplied by CANPCT(K),the 

proportion ofcanopy that is intact. The resultant equation is 

FOLW=FOLW*FRT(I)*CANPCT(K). 

This equation is not appropriate for trees killed outright during an ice storm(category4 

trees), which would occur during the leaf-offseason ofdeciduous trees. For ice-killed trees, 

FOLW is multiplied by FRT(I)-1,so that a deciduous tree returns no foliage and an evergreen 

returns the production ofone year less than FRT(I). The equation for ice-killed trees,then,is 

FOLW=FOLW*FOLRET*CANPCTPY(K) 

WhereFOLRET=FRT(I)-1. CANPCTPY(K)is the proportion ofcanopy intact the previous 

year. This value is used because an evergreen tree killed during the winter by an ice storm would 

possess only the proportion ofcanopy that was present during the previous growing season. 

Annualleaflitter retum from trees damaged,but not killed,by an ice storm is also 

simulated. Leafretum for the current year is reduced according to the amountofcanopy that was 

lost in the storm(i.e.,is multiplied by CANPCT). Further, winter foliage ofevergreen trees 
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sustaining canopy loss the previous winter is also returned,according to the proportion ofcanopy 

that wasremoved. 

ApplyingFORICE 

Iused the model to simulate temporal and spatial patterns offorest,dynamicsfor a 

landscape in the Valley and Ridge province ofsouthwestern Virginia(Figure 6.9),in the vicinity 

ofice storm damage sampling sites reported in Chapter3ofthis dissertation. Walker Mountain 

and Little Walker Mountain dominate topography in this landscape(Figure 6.10). Iused the 

ARC/INFO AML described above to calculate topographic index for each 30-m cell in the DEM. 

Iused the topographic index to stratify the landscape into five topographic classes,including 

ridgetops,three slope positions,and valleys(Table 6.2). I modeled the three slope positions for 

both north-facing and south-facing slopes. Ridgetops and valleys were modeled as level sites. 

Simulated soils represent soils characteristic ofthese topographic positions(Gall and Edmonds 

1992). The proportion ofthe growing season characterized by drought conditions increases in 

increments ofapproximately 0.1 between each modeled site type(Table 6.2). Temperature and 

precipitation data for Wytheville,Virginia were obtained from NCDC(1995). A longer climate 

record exists for Wytheville than for most other sites in southwestern Virginia and may provide a 

reasonably good representation ofclimatic conditions over several southwestern Virginia 

counties. Ofcourse,altitudinal variations limit the suitability ofany single station for describing 

climate overthe region. Table 6.3 lists species parameters used in the model. 

Foreach topographic position,Isimulated three differenttypes ofcanopy disturbance,in 

addition to age-related tree mortality,during a700-year longrun for 10plots. First,random,low-

frequency disturbance(e.g.,thunderstorm winds)was simulated by causing mortality of 

approximately50% ofall trees between 10and 300cmDBH at an averagefrequency ofonce 

every 200 years. Second,logging in year300killed all trees with DBH at least 15cm. Third,I 

modeled each site with ice storm disturbance and without. Ice storms occurred at a mean rate of 
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Figure 6.9. Valley and Ridge landscape of southwestern Virginia for which forest dynamics were
simulated. Small rectangle northwest of Wytheville indicates the location of the specific landscape
modeled. Climate data for Wytheville were used in the simulations.
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Table 6.2. Input data for the site typesfor which simulations were conducted. 
Soil parameters 

Topo Growing Field Wilting 
Topographic Aspect Slope graphic season Depth capacity point Soil 

position (degrees) (degrees) index drought (cm) (cm/cm) (cm/cm) series 

Ridgetop None(0) 0 4.5 0.717 30 0.370 0.285 Weikert 

Upper slope South(180) 20 5.0 0.584 45 0.370 0.280 Weikert 

North(0) 20 "5.0 0.474 45 0.370 0.280 Weikert 

Mid-slope South(180) 30 5.5 0.423 70 0.370 0.304 Berks 

North(0) 30 5.5 0.296 70 0.370 0304 Berks 

Lower slope South(180) 25 6.63 0.206 100 0.370 0.295 Berks 

North(0) 25 6.63 0.117 100 0.370 0.295 Berks 

Valley None(0) 0 10.0 0.000 160 0.370 0.184 Gullion 

Ravine East(90) 35 7.5 0.052 100 0.370 0.270 Tran 

sition^ 

'Soil is transitional between Berks and Gullion. 
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three times per century. This frequency agrees with evidencefrom tree-ring chronologies and 

historic records for parts ofsouthwestern Virginia(Chapter5),including a site on Walker 

Mountain north ofWytheville. FORICEchooses ice storm years randomly,based on mean 

frequency,and simulates ice storm disturbance during the same yearsfor all plots in the run. I 

accounted for fire on dry sites by reducing white pine and red maple reproduction to 1% and 10% 

ofoptimum,respectively,on ridgetops,upper slopes,and middle slopes. Both species are easily 

damaged by fire,and frequent burning may completely eliminate white pine(Wendel and Smith 

1990). Although myfocus is not on fire ecology,this crude measure was necessary to prevent 

white pine and red maplefrom so dominating successional pattems on dry sites that oak and 

southem pine dominance were prevented. Burning affected xeric sites in the Appalachians in the 

past(Welch 1999),probably contributing to the commonly observed pattems ofpine and oak 

dominance(Harrod et al. 1998). Harrod et al.(1998)concluded that withoutfire,species 

composition ofstands on dry slopes and ridgetops currently dominated by southem pines and 

oaks would shift toward white pine,red maple(Acer rubruni),black gumi(Nyssa sylvatica),and 

eastem hemlock. 

I also conducted four simulations to model unique conditions on specific sites. First,to 

reflect tree damage pattems in xeric southem pine-oak sites on topographic positions sheltered 

from heavy ice accretion,I modeled the three most xeric site types with the sheltered-site option 

described above in the discussion ofsubroutine ICEDIST. West-facing slopes typically occupied 

by these forests appear less prone to heavy ice accumulation than east-facing slopes(Williams 

and Johnson 1990;Lafon etal. 1999),but pines can sustain moderate damage levels nonetheless 

(Chapter 3). Second,to simulate stand dynamics on unbumed dry sites,I modeled south-facing 

upper and middle slopes with optimal levels of white pine and red maple reproduction. Third,I 

ran the modelfor a mesic site on the steep,east-facing slope ofa ravineforcomparison to forest 

conditions in a similar site sampled as part ofthe field study reported in Chapter 3. Fourth,I 
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simulated ice storm disturbance in valley sites at alower average frequeilcy of 100 years to 

simulate the possibility that valleys are less frequently affected by majorice storms than adjacent 

mountain slopes at higher elevations(Lafon etal. 1999). 

Iobtained ForestInventory and Analysis(FIA)plot data for several counties in western 

Virginiafrom the U.S.Forest Service web site(www.srsfia.usfs.msstate.edu/wo/wofia.htm)for 

comparison with model results(Figure 6.11). All the counties appearto be affected by ice storms 

at relatively high frequencies(Lafon 1999). I selected only stands at least75 years old. 

Maximum ages were around 130 years. Based on topographic characteristics,each plot was 

considered either exposed to or sheltered from major ice accumulations. Criteria for exposed 

plots included(1)slope at least35%,or approximately 20°,and(2)aspect at least45° but no 

more than 180°. All other plots were classed as sheltered. 

Results 

Simulated temporaldynamicsalong the topographic moisture gradient 

Graphs shown in this section indicate predicted temporal trends in species composition 

and richnessfor the post-logging period(years300-700). Resultsfor no-ice simulations are 

plotted on the left,and those for with-ice simulations are shown on the right. Results are graphed 

at 25-year intervals. Also,to demonstrate immediate effects ofthe disturbances,results are also 

shown for each ice storm year and each year preceding an ice storm. 

FORICE predicts dominance by southem pines,primarily table rnountain pine and pitch 

pine {Pinus rigida),on dry ridgetops and upper south-facing slopes(Figures6.12and 6.13). 

However,oaks sustain less ice damage and are more abundantthan pines on south-facing upper 

slopes influenced by ice storms(Figure 6.13B)..In the most xeric sites,species richness is low, 

and ice storms reduce richness further(Figures6.12C,D). 

Forests ofchestnut oak,pignut hickory,and a mix ofother oaks are predicted to dominate 

moderately xeric sites on north-facing upperslopes and south-facing mid-slope sites(Figures 
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Figure 6.12. Simulated temporal dynamics offorests on ridgetops:(A,B),species composition, 
(C,D)species richness. No-ice simulations are graphed on the left,and with-ice simulations on 
the right. Vertical lines indicate years in which ice storm disturbance was simulated. 
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Figure 6.13. Simulated temporaldjmamics offorests on south-facing upper slopes:(A,B)species 
composition,(C,D)species richness. No-ice simulations are graphed on the left,and with-ice 
simidations onthe right. Vertical lines indicate yearsin which ice storm disturbance wassimulated. 
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6.14 and 6.15). These species ultimately exclude southern pines,but periodic ice storm 

disturbances permit maintenance ofpines in low numbers. Species richness is relatively high and 

appears to be enhanced by ice storm disturbance. 

Black locust(Robiniapseudoacacia)dominates early-successional assemblages on north-

facing mid-slope sites butis rapidly excluded(Figure 6.16). The species appears periodically in 

low numbersfollowing ice storm disturbance in older stands. Chestnut oak,northern red oak 

(Quercus rubra),and pignut hickory are the dominant species,and ice storms contribute to more 

equitable abundance and slightly higher species richness. 

On south-facing lower slopes,black locust and yellow-poplar share dominance in early 

succession but are rapidly excluded by northern red oak and hemlock without ice storm 

disturbance(Figure 6.17A). Periodic ice storms preclude hemlock dominance,permitting shared 

dominance by northern red oak and chestnut oak,and they favor the appearance of yellow-poplar 

and locust atlow levels in older stands. Ice storms enhance species richness considerably(Figure 

6.17C,D). 

A similar succession of yellow-poplar to hemlock occurs on the more mesic north-facing 

lower slopes in the absence ofice storms,except that a northern red oak stage does not occur 

(Figure 6.18A). Ice storms prevent competitive exclusion ofother species by hemlock(Figure 

6.18B). They permitlong-term maintenance ofseveral species,including chestnut oak,yellow-

poplar,and cucumber magnolia(Magnolia acumlnata),contributing to much higher species 

richness(Figure 6.18C,D). 

Yellow-poplar is highly abundantin mesic valley sites. However,sugar maple 

competition is too intense forlong-term maintenance of yellow-poplar,even when ice storms 

occur(Figure 6.19). Ice storms do permitthe existence ofsome species,such as cucumber 

magnolia,that would not otherwise persist,thus enhancing species richness. 
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Figure 6.14. Simulated temporal dynamics offorests on north-facing upper slopes:(A,B)species 
composition,(C,D)species richness. No-ice simulations are graphed on the left,and with-ice 
simulationsonthe right. Verticallines indicate yearsin which ice storm disturbance wassimulated. 
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Figure 6.15. Simulated temporaldynamics offorests on south-facing middle slopes:(A,B)species 
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Specialsimulationsforspecific sites 

Simulations ofmoderate ice storm damage on xeric sites sheltered from heavy ice 

accumulation yield patterns intermediate between those resultingfrom the no-ice and heavy-ice 

simulations(Figure 6.20). On south-facing upper slopes,pines and oaks share dominance evenly 

(Figure 6.20C),whereas pines are more abundantthan oaks withoutice disturbance(Figure 

6.13A)and oaks are more abundant on sites exposed to heavy ice accumulation(Figure 6.1SB). 

On north-facing upper slopes,sheltered sites do not exhibitlong-term maintenance ofpine and 

locust(Figure 6.20E),as occurs at exposed sites(Figure 6.14B). 

In the absence offire, southern pine dominance on xeric,south-facing upper slopes 

eventually shifts to white pine dominance,and southern pines may eventually be excluded 

(Figure 6.21A). Ice storms contribute to more rapid loss ofsouthern pine dominance(Figure 

6.21B). However,they also prevent excessive dominance by white pine and may allow long-term 

persistence ofsouthern pines at moderate levels. Species richness is high in ice-damaged stands 

(Figure 6.21D). On moderately dry,south-facing middle slopes,white pine dominates fora 

period(Figure 6.22A)but declines as the trees age,with composition shifting to oak and hickory. 

Ice storms preventextreme white pine dominance but permit its reproduction and maintenance in 

the stands overlonger periods(Figure 6.22B),contributing to high species richness(Figure 

6.22D). White pine never becomes a dominant species in unlogged stands on these same sub-

xeric sites,regardless ofice storm disturbance(Figure 6.23). However,ice storms promotelow 

levels ofwhite pine occurrence in these stands(Figure 6.23B). 

Mesic ravine slopes provide excellent conditionsfor growth of yellow-poplar. Without 

periodic disturbance,however,the species is not maintained,and dominance shifts to hemlock 

(Figure 6.24). Ice storms contribute to exceptionally high species richness. Atthe highly mesic 

valley sites,less frequentice storms do notenhance richness substantially(Figure 6.25B). More 
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frequent ice storm disturbance is necessary for the maintenance ofeven moderate richness levels 

(Figure 6.19D). 

Spatialpatternsofabundance and diversity 

Species distribution pattems presented in Figure6.26A-D are analogous to those of 

Whittaker(1956)and Smith and Huston(1989). Figure 6.26 provides snapshots ofspecies 

composition and richness along the entire moisture gradient attwo points in succession. These 

graphs are based on standard model runs and do notinclude the special cases described in the 

previous section. Graphs on the left portray pattems at 100 years,and those on the rightshow 

conditions at400 years. The top four graphs provide relative basal area calculated from the 

summed basal area ofa species over all plots divided by the total for all species over all plots. 

The younger stands(Figure6.26A,C)are characterized by pine-dominance on the dry end and 

yellow-poplar dominance on the mesic extreme,with chestnut oak and northern red oak relatively 

important over the middle ofthe gradient. The primary difference between the no-ice and with-

ice simulations at this age is that yellow-poplar dominance is less pronounced in the disturbed 

sites, permitting greaterimportance ofchestnut oak and northem red oak in mesic sites. 

Additionally,peaks ofdominance appear to be shifted slightly toward the xeric end ofthe 

gradient. 

Withoutice storm disturbance,yellow-poplar is absentfrom the entire gradient by400 

years(Figure 6.26B). The gradient is divided more finely into distinctzones ofpronounced 

dominance than was the case at 100 years. Stands exposed to ice storm damage,however,do not 

display conspicuous zonation pattems(Figure6.26D),except at the extreme ends ofthe gradient. 

Species richness exhibits aunimodal distribution along the moisture gradient at 100 years 

(Figure6.26E)and generally shows slightly higher levels in stands undisturbed by ice storms. At 

400 years,richness peaks near the xeric end ofthe gradient and declines toward the mesic end 
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(Figure 6.26F). The decline is less pronounced in ice-disturbed stands than in undisturbed 

forests. 

Modeled patterns ofcomposition and richness along the moisture gradientcan be mapped 

readily to an actual landscape,using aDEM. Asan example.Figure 6.27A showslocations of 

modeled forests with a mesophytic composition. The green zonesshow grid cells with 

topographic index exceeding 6.5,for which modeling results indicate species composition would 

include hemlock,yellow-poplar,sugar maple,northern red oak,beech,and other mesophytic and 

semi-mesophytic species(Figures 6.17-6.19,6.24-6.25). The magentazonesin Figure6.27B 

indicates locations ofmesophytic forests that may be exposed to periodic heavy ice storm 

disturbance. Specifically,these are steeply sloping sites(at least 15°)with a southerly to 

northeasterly exposure(aspect between 45°and 180°). High tree species richness is likely in 

parts ofthe landscape identified in this map. 

FIA plots 

Graphs in Figure 6.28 indicate species distributions along a gradient ofincreasing Site 

Index(SI). Due to small sample size,all plots with SI>80 were assigned a value of90,the 

approximate median value. Additionally,there were only three plots with SI=30,butthese were 

graphed separately nonetheless. The most significant patterns evidentfrom these graphs include 

predominance ofsouthern pines in the least productive sites,dominance ofchestnut oak over a 

broad portion ofthe gradient,and increasing importance of yellow-poplar toward productive 

stands. Mean richness increases with increasing productivity and exhibits similar levels in both 

exposed and sheltered stands. 
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Discussion 

Generalpatterns ofsuccession andzonation-without-ice simulations 

The modeling approach employed here produced temporal and spatial pattems in forest 

composition and diversity that are typicalforthe southern Appalachians and consistent with 

predictions ofthe dynamic equilibrium model(Huston 1979,1994). Simulated temporal 

dynamics include minimal successional change on dry ridgetop sites,black locust dominance in 

early succession followed by rapid mid-successional locust decline and oak dominance over sub-

xeric to sub-mesic sites,and succession of yellow-poplar to hemlock or sugar maple dominance 

in mesic locations. These pattems are common on Appalachian landscapes(Whittaker 1956; 

Crownover 1983;Clebsch and Busing 1989). 

Species richness rises rapidly in early succession at all sites and then levels offor 

declines. Field studies ofsecondary forest succession in the eastern United States demonstrate 

similar pattems ofincreasing richness in early succession followed by gradual decline as shade-

intolerant species are eliminated(Hibbs 1983;Sakai and Sulak 1985;Clebsch and Busing 1989). 

Model results suggest that fine-scale gap dynamics may be sufficient to rnaintain moderate 

richness levels in actual stands. 

An examination ofsimulated successional trends underscores the pervasive influence of 

anthropogenic disturbance in southem Appalachian forests. Forexample,modeling results 

suggest that the nearly pure stands of yellow-poplar that often characterize early succession in 

mesic sites(Clebsch and Busing 1989;Beck 1990;Busing 1995)are largely a product ofhuman 

land clearing(Figures 6.17-6.19). This shade-intolerant species is not typically dominantin 

olderforests. Likewise,white pine and black locust are especially common in early-successional 

forests developing on formerly cleared land(Figures 6.16 and 6.22;Clebsch and Busing 1989; 

Huntley 1990;Wendeland Smith 1990). 
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Predicted spatial patterns along the moisture gradientinclude pine dominance on xeric 

ridgetops,oak stands over a broad range ofsub-xeric to sub-mesic sites, yellow-poplar/hemlock 

on lower slopes,and yellow-poplar/sugar maple in valley bottoms(Figure 6.26). In the oak zone, 

the peak in chestnut oak dominance occurs at more xeric sites than thatfor northern red oak. 

These patterns reflect quite accurately the typical compositional variations across Appalachian 

landscapes(Whittaker 1956;Hack and Goodlett 1960;Stephenson 1974;Clebsch and Busing 

1989;Figure 6.28;this dissertation Chapter 3). Succession to white pine on unbumed xeric sites 

is also typical(Harrod etal. 1998). Variationsfrom commonly observed patterns in the region 

include a virtual absence ofsweet birch {Betula lenta), yellow birch(Betula alleghaniensis),and 

basswood(Jilia)from mesic sites. The extremely high basal area of yellow-poplar at the most 

mesic sites(Figures 6.18,6.19,6.24)is probably unrealistic. In addition, yellow-poplar is much 

more abundant on the modeled mesic ravine slope than in the actual ravine site discussed in 

Chapter3ofthis dissertation(Table 3.4). This discrepancy may reflect a need for better 

parameterization of yellow-poplar in the model or the possibility that heavy browsing by 

herbivores such as white-tailed deer(Odocoileus virginianus)has reduced yellow-poplar seedling 

levels severely in the actual ravine site. It is also likely that my field study site is not as mesic as 

the modeled one. Indeed,my field results are similar to simulation results for the slightly less 

mesic north-facing lower slope(Figure 6.18),particularly when ice storm disturbance is 

simulated. The northem red oak-hemlock dominance and presence ofchestnut oak,yellow-

poplar,and cucumber magnolia resemble the composition ofthe stand Isampled(this dissertation 

Chapter 3,Table 3.4). 

These simulated spatial pattems indicate that vegetation zonation similar to that predicted 

by Smith and Huston(1989)for hypothetical species constrained by adaptations to drought and 

shade can be reproduced for actual species. Consistency between modeled and actual 

distributions along the moisture gradient suggest that the proposed tradeoffs in growth-rate, 
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shade-tolerance,and drought-tolerance exert majorcontrol over patterns ofspecies distribution on 

the landscape. Increased zonation in older forests(Figure 6.26B)also agrees with predictions of 

Smith and Huston. In addition,the attainment ofrealistic compositional patterns withoutthe use 

ofa parabolic growing degree day function supports the hypothesis that cold-adapted species are 

excluded from warmer climates by their slow growth rates and their inability to compete 

successfully with more rapidly growing species of warmer climates(Loehle 1998). 

Spatial patterns in species composition are associated with variations in species richness. 

The unimodal relationship ofrichness to moisture availability in 100-year old forests(Figure 

6.26E)matches observed patterns ofplantspecies richness along moisture gradients(Dix and 

Smeins 1967;Kutiel and Danin 1987)and agrees with the predicted consequences ofintense 

competition in productive stands and slow growth rates in unproductive sites(Huston 1979). 

Declining species richness along the moisture gradient at older sites also agrees with the dynamic 

equilibrium model,which predicts thatlow competition in unproductive stands leads to high 

diversity levels,given sufficient timefor a numberofspecies to become established and grow to 

larger sizes. 

Predicted influencesofice storm disturbance 

The predicted influence ofice storms is least pronounced at xeric sites, where the species 

present are drought-resistant and relatively intolerantto shade. The mostimportanteffect ofice 

storms in some xeric sites(but notthe mostextremely xeric)may be the conversion ofpine 

stands to greater oak dominance(Figure 6.13B),as suggested by Williams(1998). This effect 

would probably be more pronounced ifthe modelincluded the ericaceous shrabs Kalmia and 

Vaccinium,which often form relatively dense understory cover on xeric sites and may compete 

with pine seedlingsfor light. Conversely,ice storms appear to favor modestlevels ofpine 

regeneration in sub-xeric sites,contributing to broader distributions for the species even iftheir 

dominance is reduced by ice storms. Ice storms appear to contribute to greaterimportance of 
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oaks,particularly chestnut oak and northern red oak,over broad portions ofthe landscape(Figure 

6.26C,D versus26A,B). These results suggest thatice storms may be importantcomponents of 

disturbance regimes in some upland oak forests,for which disturbance dynamics are poorly 

understood(Lorimer 1980;Runkle 1990). Generally,ice storm disturbance appears to have its 

most significant consequences in mesic sites, where the dominance ofshade-tolerant species is 

reduced,permitting the maintenance ofshade-intolerant trees that would otherwise be excluded. 

Some ofthe shade-intolerant species typical ofthese sites,such as yellow-poplar,require 

relatively large gaps to maintain a presence in old-growth stands(Runkle 1990;Busing 1995). 

Ice storms provide large, multiple-tree gaps,particularly on steep sites(e.g.,ravine slopes)where 

toppling and stem-breakage are common. 

By disrupting competitive relationships,ice storms contribute to increased species 

richness in old-growth forests(Figure 6.26). Increased richness in mesic sites is consistent with 

predictions ofthe dynamic equilibrium model. According to the model,higher disturbance levels 

are required to maintain diversity in productive stands than in less productive ones. Although 

richness declines toward mesic sites,even in ice-damaged stands,the decline is more gradualthan 

in undisturbed forests(Figure 6.26F). Prior to major anthropogenic disturbance,ice storms and 

other large canopy disturbances(e.g., hurricanes)were probably importantforthe maintenance of 

several shade-intolerant species,such as black locust and yellow-poplar,on Appalachian 

landscapes. These events will undoubtedly have an important role in the dynamics of maturing 

forest vegetation of wilderness areas and national parks,where anthropogenic disturbances are 

restricted. An important contrast to the tendency forice storms to increase species richness is that 

lower diversity results when ice storms are simulated on the most xeric sites(Figure 6.12D), 

reflecting the inability ofsome species to recover between successive disturbances in these less 

productive stands(Huston 1979). 
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Zonation is also reduced in old-growth forests(Figure 6.26D),particularly over middle 

portions ofthe gradient,a result that agrees with the dynamic equilibrium model. Hemlock 

dominance is dramatically lowerin disturbed stands,permitting greater importance ofoaks and 

pignut hickory toward the mesic end ofthe gradient. Thezone ofchestnut oak is not affected as 

severely as the hemlockzone,relative to undisturbed stands,indicating thatthe same disturbance 

regime can produce differing influences along the gradient. Both chestnut oak and hemlock are 

relatively resistant to ice storm damage,butthe slow-growing,shade-tolerant hemlock occupies a 

mesiczone where severalfaster-growing species recover rapidly following disturbance. The 

result is more equitable abundance levels among species and the maintenance ofhigher species 

richness. Chestnut oak dominates in a more xeric zone where interspecific differences in growth 

rates are less pronounced. 

Implicationsofice stormsforlandscape-scaleforestpatterns 

Modeling results indicate thatin sections ofthe Appalachians where ice storms are a 

dominantelement ofthe disturbance regime,highest species richness may occur on mesic,east-

facing ravine slopes(Figure 6.24D). These sites provide adequate resources for growth of 

numerous species,and their steep slopes contribute to large patches ofsevere damage. Adjacent 

valley sites are characterized by much lower diversity,aconsequence ofboth high moisture 

levels and lowerlevels ofice storm disturbance. Even ifice storms affect valleys asfrequently as 

slopes,their effects on vegetation are less severe because forests on gentle slopes are not as prone 

to severe toppling and stem breakage. Relatively xeric upperslope sites are also predicted to 

have some ofthe most diverse forests on the landscape,a result ofless intense competition at 

these unproductive sites. 

Fine-scale topographic patchiness in ice storm disturbance may contribute to high beta 

diversity(Whittaker 1975)between those patches exposed to repeated heavy disturbance and 

those where ice storm disturbance rarely occurs. According to model predictions,especially 
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pronounced compositional differences are expected between ice-prone and sheltered sites nearthe 

mesic end ofthe moisture gradient(Figures 6.17; 6.18; 6.26B,D). A periodically disturbed forest 

on a mesic southeast-facing site may consist ofa diverse oak-hemlock-hickory assemblage. A 

nearby stand growing on a site with a similar moisture regime but that is sheltered from frequent 

ice storm disturbance may be characterized by strong hemlock dominance. Thus,ice storms may 

be partly responsible for such classic vegetation patterns as north-slope versus south-slope 

compositional differences that are usually attributed to differences in moisture regimes. 

Modeling results suggest that differences between sites characterized by differing ice 

storm climatologies may become more conspicuous as stands mature(Figure 6.26). The 100 year 

old stands exhibit less differences in zonation and richness patterns between the no-ice and with-

ice scenarios than do the400 year old stands. 

Conclusions 

This research indicates thatindividual-based forest succession models can simulate 

temporal and spatial patterns offorest composition and diversity that generally agree with 

observed pattems. This modeling approach also yields predictions that are consistent with 

theories ofvegetation dynamics. Further,the specific model used here,FORICE,shows promise 

for contributing to a better understanding ofthe role ofmajor ice storms as forest disturbances. 

FORICE results suggest thatice storm damagefunctions as an intermediate-level disturbance that 

promotes increased diversity over most ofthe moisture gradient. However,the effects ofice 

storm disturbance vary among sites. One reason for this variability is that physical damage levels 

are greater on steep slopes than on more gentle slopes and amongsome species than others. 

Another reason is that differeriflevels offorest productivity result in v^ationsin recovery rates 

among stands,a premise ofthe dynamic equilibrium modelofHuston(1979). On the most xeric 

sites,ice storm damage may be too severe to be classified as an "intermediate"disturbance, 

whereas on the mesic valley sites a heavier level ofdamage would be needed to boost species 
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richness to high levels. High species richness resultingfrom especially severe damage on steep 

ravine slopes reflects the higher magnitude ofdisturbance necessary to produce"intermediate-

level"damage in productive stands. 

A number ofproblems exist in thefunctioning ofthe model,and these need to be 

addressed in order to provide a better research tool. The mostimportant need is for more 

adequate information on the parameters ofeach species. Different handling ofsprout growth,as 

opposed to seedling growth,is another need. Sprouts should grow more rapidly than seedlings. 

Regeneration by sprouting is especially importantin Appalachian hardwood forests,and 

incorporating differential growth rates into the modelcould lead to better evaluations ofthe 

ecological roles ofice storms and other damaging agents. Adding understory herbs and shrubs, 

such as Rubus,Kalmia,and Vaccinium,as well as a full complementofnative tree species would 

simulate more realistic conditions. Field observations indicate that heavy understory growth 

stimulated by canopy disturbance may have importantconsequencesforforest dynamics, 

particularly in mesic sites where the abundance ofshade-intolerant species may be reduced 

considerably by ground-level shading. Additional data on recovery ofcanopy biomass and 

diameterincrement would permita more accurate assessmentofthe influence ofice storms. 

Finally,enhanced understanding ofclimatological patterns at several spatial scales,particularly 

between topographic positions, would be usefulfor simulating moisture and temperature levels 

across acomplex landscape. Better knowledge ofvariations in ice storm climatology at these 

same spatial scales is also necessary for further advances in modeling the effects ofthis type of 

disturbance. Ecosystem modeling,combined with field study and climate modeling,sheds light 

on the role ofmajor natural disturbances. Modeling also provides a means to evaluate forest 

responses to climatic change under regimes ofincreasing or decreasing disturbance frequencies. 
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Chapter7 

Conclusions 

This study illuminates patterns and consequences ofmajorfreezing rain events in 

forested landscapes ofthe Appalachian Mountains. Relatively little previous work has been 

conducted to understand the role ofice storms in disturbance regimes ofeastern North American 

forests,despite their significant ecological and economic effects. To characterize their role 

adequately requires a consideration ofpatterns and processes that occur at widely contrasting 

spatial scales. For example,the nature and consequences ofice storm disturbance are affected by 

damage characteristics and physiology ofindividual plants,topographic variations in soil 

moisture availability and ice accumulation,and atmospheric processes operating atsynoptic and 

even global scales. A variety oftechniques are necessary for understanding ice storms and their 

influences on vegetation. Li this study,field damage sampling,analysis ofmeteorological data, 

interpretation ofhistoric storm records,tree-ring analysis,and computer simulations offorest 

dynamics were all employed to gain insights into the role ofice storms. Results ofthe various 

analyses shed new light on a majorcomponentofnatural disturbance regimes in the Appalachians 

and demonstrate the potential utility ofthese methodsforfurther research on ice storms and other 

types ofdisturbance. 

The work reported here,combined with other research on ice storms,suggests that 

patterns ofice storm disturbance and the responses offorests to these disturbances are predictable 

over several spatial scales. Ata global scale,ice storms are primarily a phenomenon ofeastem 

North America. Within this region,the northeastern and midwestem United States appears to be 

affected mostfrequently. Sections ofthe Appalachians and Piedmont affected by cold air 

danumng also experiencefrequentice storms. Available data suggest that within a given 

landscape in the Appalachians,east-facing slopes are most prone to heavy ice accumulation. This 

topographic pattern could resultfrom several processes enhancingice accumulation on windward 
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slopes. Ice storm disturbance is typically confined to a relatively narrow elevation range but may 

occur within that range across a region hundreds ofsquare kilometers in area. Higherelevations 

may be affected morefrequently than lower slopes and valleys. Dendrochronological results and 

historic storm data imply that southeast-facing slopes in parts ofsouthwestern Virginia have been 

affected by two to four major ice storms over the last century. 

Slope angle influences the level ofdisturbance occurring within a forested landscape. 

Trees growing on steep slopes are more likely to be toppled than those on gentler slopes. High 

toppling rates on steep sites contribute to large, multiple-tree gaps,because falling trees strike 

neighbors and trigger additional damage. Soil depth may also influence disturbance patterns, 

with trees on thin soils more prone to toppling than those rooted in deeper soils. 

Tree species vary in their susceptibility to ice storm damage. Some species possess 

attributes that make them particularly vulnerable to canopy damage. Forexample,the weak 

wood and straight boles ofyellow-poplar trees makelimb breakage likely. Conversely,the strong 

limbs ofsome oaks,hickories,and black locustincrease their resistance to breakage but make 

them more vulnerable to uprooting during a majorice storm. Other characteristics ofindividual 

trees also influence susceptibility to certain types ofdamage. Tree size,in particular,exerts a 

strong influence on damage characteristics. Small trees are typically bent or broken,whereas 

larger trees often sustain canopy damage. Toppling is mostcommon among medium-sized 

individuals. 

Modeling results suggest thatice storms have several consequences for tree species 

composition and richness in forested landscapes ofthe southern Appalachians. In the most xeric 

sites,ice storm damage is effectively a more severe disturbance than in mesic sites, because low 

forest productivity impedes recovery between ice storms. Repeated ice storm disturbance in xeric 

sites may reduce species richness relative to richness in similar,butless ice-prone,sites. Overa 

broad sub-xeric to sub-mesic zone,ice storms appear to contribute to slightly higher species 

203 



richness and tofavor oak dominance. This result may indicate a particularly important role for 

ice storm disturbance in oak-forest dynamics. Forest sampling reported in Chapter3confirms 

that oak regeneration in ice-damaged stands is generally more widespread than thatfor any other 

species. On mesic sites,where shade-tolerant species typically dominate old-growth forests,ice 

storm disturbance may enhance species richness substantially by permitting the maintenance of 

shade-intolerant species like yellow-poplar. My results suggestthat this effect is especially 

important on steep,east-facing ravine slopes,where mesic conditions prevail and where ice storm 

damage is mostsevere. Ice storm frequency and magnitude are probably too low to enhance 

species richness considerably in highly productive valley-bottom stands. 

Ice storm disturbance appears similarto hurricane disturbance in intensity and scale. 

Both types ofevents cause disturbances intermediate in intensity between single-tree mortality 

and the complete canopy removal associated with tornadoes,downbursts,catastrophic 

geomorphic events,or severe fires. Ice storms and hurricanes typically affect broader areas ofthe 

landscape and occur much more frequently than some ofthe more catastrophic events. However, 

whereas hurricanes create discrete canopy gaps with some trees remaining inside(Greenberg and 

McNab 1998),ice storm disturbance is bettercharacterized as variable thinning oflarge patches 

offorest. Effects ofthese two disturbance agents on forest composition and diversity may be 

similar. However,oaks are among the species most resistant to ice damage but are most 

vulnerable to hurricane damage(Greenberg and McNab 1998). Ifnotfollowed by abundant oak 

regeneration,hurricanes may be less favorable than ice stormsfor oak dominance. 

Spatial patterns ofice storm and hurricane disturbance exhibitsome similarities. Both 

appear to occur morecommonly in eastern parts ofthe Appalachian region,aconsequence of 

cold air dammingfor ice storm climatology and ofproximity to the Atlantic coastfor hurricane 

climatology. They also commonly affect similar topographic positions(southeast-facing slopes). 

However,each also disturbs forests shelteredfrom the other. In southwestern Virginia,for 
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example,Hurricane Hugo and the 1994 ice storms disturbed forests on the broad southeast-facing 

sides ofmajor ridges. However,little or no hurricane damage is evident on the east-facing slopes 

ofspurs and ravines,where heavy ice damage occurred. 

Some disturbance patterns associated with fire may also be similar to those ofice storms. 

Forexample,both types ofdisturbance cause less damage to oaks than other species and appear 

to favor oak regeneration and dominance. However,fires differ in that they often cause heavier 

understory loss than canopy disturbance. Spatial patterns offire and ice storm frequency may 

have some similarities,particularly in the Blue Ridge ofNorth Carolina, where both types of 

disturbances occur relatively frequently. Major geomorphic disturbances are more catastrophic 

than ice storm disturbances but affect smaller areas. Atbroad spatial scales,zones ofhigh ice 

storm and flood/debris slide frequency overlap. Both occur mostfrequently in the Blue Ridge 

and parts ofthe Ridge and Valley,and both cause more severe forest damage in steeply sloping 

terrain. Atfiner scales,the two types ofdisturbance may typically affect different parts ofthe 

landscape(e.g.,floodplains versus slopes). 

Likewise,beavers disturb only valley floor and adjacentlower slope forests,stands where 

ice storm damage is apt to be less severe relative to that occurring on nearby mountain slopes. 

Spatial patterns ofinsect and pathogen occurrence probably reflect those ofice storms and other 

disturbances. Tree injury renders the trees less resistant to insect orfungal attack. 

Based on the current state ofknowledge,it is reasonable to conjecture that disturbance 

frequencies and intensities are much higher in some parts ofthe Appalachian region than in other 

sections. The Blue Ridge and some sections ofthe Valley and Ridge appear to have particularly 

high disturbance rates. Ice storms,hurricanes,floods,debris slides and possibly fires all reach 

their maximumfrequencies in this area(this dissertation Chapter 1). East-to-west vegetation 

differences probably reflect variations in disturbancefrequency and magnitude across the region. 

Forexample,the more widespread oak dominance over the Blue Ridge and Valley and Ridge 

205 



than in the Appalachian Plateaus(Braun 1950)may result in partfrom differences in disturbance 

regimes. 

Intermediate-intensity disturbances(i.e.,ice storms and hurricanes)appear to occur quite 

frequently in eastern parts ofthe Appalachian region. In fact,these events probably occur 

frequently enough to function as the primary agents ofdisturbance in parts ofthe Blue Ridge and 

Valley and Ridge,particularly on steep southeast-facing slopes. More catastrophic events may 

occur too infrequently to have major influences on vegetation dynamics,and frequent small gap 

creation may not be intense enough to produce significant changes during the intervals between 

ice or hurricane damage. Determining the relative importance ofice storms versus hurricanes 

would require a study ofthe long-term climatology ofthese events. Ice storms are probably more 

significant in stands growing on sites sheltered from hurricane winds. Such sites include east-

facing ravine slopes and east-facing slopes ofspurs that are not located near the top ofa major 

ridge. 

Feedbacks amongthe various disturbances probably amplify the effects ofindividual 

disturbance events. Forexample,ice storm damage increases the likelihood ofinsect or disease 

outbreaks,which in turn increase susceptibility to damagefrom subsequentice storms or 

windstorms. All these disturbances contribute to heavierfuel loads,enhancing the likelihood of 

severe fire. 

Much additional work will be necessary to provide athorough understanding ofice 

storms and their ecological consequences. Ice storm climatology remains largely unexplored in a 

quantitative manner,particularly atfine spatial scales. Landscape climatological modeling using 

a physiographic approach similar to that used by Orvis(1992)to predict patterns ofconvective 

precipitation in Arizona may help resolve topographic variations in ice storm climatology in the 

Appalachians. The dendrochronological results reported in this dissertation indicate thatfurther 
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tree-ring analyses using additional speciesfrom more sites could provide alonger record offine-

scale patterns than any other available source. 

Difficulties encountered in attempting to decipherfine-scale variations in ice storm 

climatology underscore a need for more detailed data collection over a dense network ofweather 

stations. This need is particularly acute in the topographically diverse Appalachian region,where 

meteorological recordsfrom afew first-order weather stations located in valleys may not 

adequately represent conditions at higher elevations. A need also exists for research to assess the 

likelihood that changes in ice storm frequency may resultfrom alterations in global climate. 

Additional field sampling in damaged stands would be helpfulfor interpreting patterns of 

damage within stands. Although several field studies,including mine,have been conducted to 

quantify and characterize forest damage resultingfrom majorice storms,additional data would 

permit refinement ofthe multivariate approach Ihave employed to predict damage probabilities. 

Ice storm damage resultingfrom storms that occurred in the Northeast,Virginia,and the Great 

Smoky Mountains during 1998 is still reasonably fresh and provides good opportunities for 

additional study. Incorporating results ofmorefield sampling would enhance the ability of 

FORICEto simulate the disturbance patterns unique to ice storms. Including better simulations 

ofother types ofdisturbances and ecological processes,such as fire, hurricanes,human land-use 

imprints,and topographic variations in precipitation and soil moisture,would also enhance the 

utility ofFORICE. Finally,field sampling ofvegetation in stands with known ice storm histories 

is needed to evaluate predictions ofFORICEand ofthe dynamic equilibrium model(Huston 

1979). 
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Originally,Speer and Iused temperature and precipitation data,rather than Palmer 

Drought Severity Index(PDSI)to build the climate-response modelsfor the tree-ring analysis 

(Chapter5). We obtained monthly temperature averages and precipitation totalsfrom four 

cooperative weather observation stations near our Gap Mountain and Walker Mountain study 

sites. Specifically, we used datafrom the Virginia stations ofBurkes Garden,Blacksburg,and 

Rocky Mountand from the North Carolina station ofMount Airy. Wecombined the monthly 

values into seasonal values(Table A.l)and used stepwise regression to relate these variables to 

ring-width index. Significance level for entry ofan independent variable was0.20,and 

significance level for a variable to remain in the model was set at0.30. It was necessary to use 

these significance levels,rather than the more rigorous levels of0.05 and 0.10 used in Chapter5, 

to obtain regression models for most ofthe tree-ring series. The resultant climate-response 

models are reported in Table A.2. Note that we calculated values,rather than adjusted The 

adjusted values reported in Chapter5provide a more accurate assessment of modelfit than 

standard values. Standard overestimates the performance ofthe regression model. 

We abandoned these results after finding that ring-width index was related more strongly 

toPDSIthan to simple temperature and precipitation. Indeed,we obtained significant 

relationships between ring-width index and PDSIfor most ofthe trees when using the0.05 and 

0.10 significance levels(Chapter 5). 
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Table A.l. Seasonal temperature and precipitation variables included in the original climate 
response models. 
Variable Variable definition 

gs_ppt Growing-season precipitation-total precipitation for March through August ofthe 
year ofring formation 

lw_ppt Late-winter precipitation-total precipitation for January through February ofthe 
year ofringformation 

ew_ppt Early-winter precipitation-total precipitation for November through December of 
the year previous to ring formation 

py_ppt Previous-year precipitation-total precipitation for January through October ofthe 
year previous to ring formation 

gs_tmp Growing-season temperature-average monthly temperature for March through 
August ofthe year ofringformation 

lw_tmp Late-winter temperature-average monthly temperaturefor January through 
February ofthe year ofring formation 

ew_tmp Early-winter temperature-average monthly temperature for Novemberthrough 
December ofthe year previous to ring formation 

py_tmp Previous-year temperature-average monthly temperature for January through 
October ofthe year previous to ring formation 
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Table A.2. Results ofregression analysis using seasonal precipitation and temperature as 
independent variables. These are defined in Table A.l. The dependent variable is standardized 
ring width for each tree. 
Tree 

Gap Mountain-chestnutoak 
A y=-3.587+0.208gs_tmp+0.0123gs_ppt+0.0388ew_tmp-0.012ew_ppt+ 0.437 

0.00336py_ppt 
B y=-1.477+0.00487ew_ppt+0.0725py_tmp+0.0688gs_tmp+0.00404gs_ppt 0.171 
C y=0.652+0.00487gs_ppt+0.0369ew_tmp-0.00641w_ppt 0.241 
D y=0.478+0.0059gs_ppt+0.0319ew_tmp 0.328 
E y=-1.378+0.00866gs_ppt+0.231Iw_tmp+0.0968gs_tmp+0.035ew_tmp 0.447 
F y=0.479+0.00743gs_ppt+0.01921w_tmp 0.170 
G y=-0.425+0.0833gs_tmp 0.062 
H y=-0.854+0.00549gs_ppt+0.0582py_tmp+0.0448gs_tmp 0.216 
I y=-1.526+0.145gs_ppt+0.0941gs_tmp 0.300 
J y=-0.366+0.05411w_tmp+0.00467gs_ppt+0.0804py_tmp-0.00781w_ppt 0.355 
K y=1.709+0.00773gs_ppt-0.092py_tmp 0.413 

Gap Mountain-black oak 
L y=-2.187+0.0123gs_ppt+0.00565py_ppt+0.116gs_tmp 0.290 
M y=1.654+0.00883gs_ppt-0.09py_tmp-0.0121w_ppt+0.0347ew_tmp 0.380 
N y=0.212+0.00939gs_ppt-0.011w_ppt+0.00354py_ppt 0.326 
0 y=0.925-0.01llw_ppt+0.00401gs_ppt 0.143 
P y= 1.150+0.0329Iw_tmp-0.01llw_ppt 0.160 

Q y=0.156+0.00707gs_ppt-0.0351w_tmp+0.0408ew_tmp+0.00315py_ppt 0.234 
R y=0.802+0.00704gs_ppt-0.01llw_ppt 0.146 
S y=-0.946+0.098gs_tmp+0.00366py_ppt 0.107 
T y=5.166-0.0191w_ppt-0.135gs_tmp-0.127py_tinp+0.03391w_tmp 0.348 

Walker Mountain-chestnutoak 
A y=0.932+0.0341w_tmp 0.092 
B y= 1.417+0.0042gs_ppt+0.0158Iw_tmp-0.044gs_tmp 0.157 
C y=0.521+0.00765gs_ppt 0.275 
D y=0.141+0.0181w_tmp+0.0048gs_ppt+0.0408py_tmp 0.303 
E y=0.658+0.00677gs_ppt-0.0076ew_ppt+0.0166Iw_tmp 0.224 
F y=-2.404+0.0122gs_ppt+0.117py_tmp+0.0476ew_tmp+0.0561gs_tmp 0.515 
G y=0.519+0.00543gs_ppt+0.00761w_ppt 0.137 
H y=0.518+0.03951w_tmp+0.0647py_tmp 0.185 
I y=-0.823+0.0916py_tmp+0.00721gs_ppt+0.0339ew_tmp+0.0183Iw_tmp 0.285 
J y=0.295+0.00768gs_ppt+0.01951w_tmp+0.00191py_ppt 0.425 
K y=0.505+0.00515gs_ppt+0.0339ew_tmp 0.115 

Walker Mountain-black oak 

L y=0.562+0.00524gs_ppt+0.01821w_tmp+0.00543ew_ppt 0.156 
M y=0.397+0.0035py_ppt+0.00401gs_ppt 0.087 
N y=2.771-0.103gs_tmp-0.024ew_tmp 0.135 
0 y=2.055+0.0497Iw_tmp-0.071gs_tmp 0.166 
P y= 1.336-0.042gs_tmp+0.00189py_ppt+0.00281gs_ppt 0.116 

Q y=1.182+0.00748ew_ppt-0.0034py_ppt+0.01861w_tnip 0.203 
R y=0.502+0.0065lgs_ppt+0.0057ew_ppt 0.152 
S y=0.701+0.3551w_tmp+0.00598gs_ppt-0.008llw_ppt 0.157 
T y=0.396+0.00987gs_ppt 0.223 
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