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Spread of beech bark disease in the eastern 
United States and its relationship to regional 
forest composition 

Randall S. Morin, Andrew M. Liebhold, Patrick C. Tobin, Kurt W. Gottschalk, and 
Eugene Luzader 

Abstract: Beech bark disease (BBD) is an insect-fungus complex involving the beech scale insect (Cryptococcus fagisuga 
Lind.) and one of two canker fungi. Beech scale was introduced to Halifax, Nova Scotia around 1890, presumably with 
the fungus Neonectria coccinea var. faginata Lohm. The disease has subsequently spread through a large portion of the 
range of beech. We used historical maps of the extent of the advancing BBD front (defined by presence of scale insects) 
in North America to estimate its rate of spread as 14.7 + 0.9 kmlyear. This estimate did not account for stochastic 
"jumps" by the scale insects to several disjunct locations; therefore, this rate is a conservative estimate. Comparison of 
the year of scale colonization with beech density did not suggest a relationship between the scale spread rate and beech 
density. Our analyses also indicated that BBD has invaded less than 30% of regions where beech is present, but it has in- 
vaded most of the regions where beech is a dominant component of stands. Despite regional increases in beech mortality 
following invasion, considerable amounts of live beech remain in invaded areas. Moreover, the volume of beech has in- 
creased in most areas, though generally at lower rates than that observed for associated tree species. 

RCsurnC : La maladie corticale du hCtre est le risultat d'une association entre un insecte et un champignon impliquant la 
cochenille du hCtre (Cryptococcus fagisuga Lind.) et un ou deux champignons qui causent un chancre. La cochenille du 
httre a it6 introduite vers 1890 i Halifax, en ~ouvelle-~cosse,  vraisemblablement accompagnee du champignon Neonec- 
tria coccinea var. faginata Lohm. La maladie s'est par la suite ripandue dans une grande partie de l'aire naturelle du 
h6tre. Nous avons utilisi de vieilles cartes qui retracent l'avance du front de la maladie corticale du hztre (dCterminC par 
la prisence de la cochenille) en AmCrique du Nord pour estimer son taux de progression B 14,7 + 0,9 kmlan. Cette estima- 
tion n'a pas tenu compte des << bonds >> aliatoires de la cochenille vers plusieurs endroits isolis. Par consiquent, il s'agit 
d'une estimation conservatrice. Une comparaison entre l'annie de la colonisation par la cochenille et la densiti du h6tre 
n'a pas montri qu'il y avait une relation entre le taux de progression de la cochenille et la densiti du hztre. Nos analyses 
indiquent Cgalement que la maladie corticale du hetre a envahi moins de 30 % des rigions oii le hetre est prisent mais 
elle a envahi la plupart des rigions oii le hztre est une composante dominante des peuplements. MalgrC des augmentations 
rigionales de la mortalit6 du h6tre i la suite d'une invasion, des hCtres vivants sont toujours prisents en grande quantiti 
dans les zones qui ont it6 envahies. De plus, le volume de hCtre a augment6 dans la plupart des regions quoique ginirale- 
ment B une taux plus faible que ce qui a CtC observe chez les espkces qui y sont associCes. 

[Traduit par la Ridaction] 

Introduction animal interactions (Parker et al. 1999; Mack et al. 2000; 
Mooney and Cleland 2001). While there have been many at- 

Invasions by nonindigenous species are one of the most tempts to measure the impacts of nonindigenous species in 
important threats to the stability and productivity of forest specific locations (e.g.3 Kegg 1973; Fosbroke and Hicks 
ecosystems around the world (Liebhold et al. 1995; Vitousek 1989; Davidson et al. 1999), few estimates exist of the im- 
et al. 1996; Pimentel et al. 2000). Over the last century, for- pacts that these invasions have over large landscapes (cf. pi- 
ests of eastern North America have suffered effects by well- mentel 2002) despite the importance of evaluating the 
known disturbance agents such as chestnut blight, gypsy impacts of invaders across their entire range (Parker et al. 
moth, hemlock woolly adelgid, and beech bark disease 1999)- 
(BBD) (Mattson 1997). These biological invasions are Beech bark disease, also known as beech scale Neonectria 
known to result in a multitude of community level direct canker, is an insect-fungus complex involving the beech 
and indirect effects, including changes in plant species rich- scale insect (Cryptococcus fagisuga Lind.) and the exotic 
ness, community structure, vegetation dynamics, and plant- canker fungus Neonectria coccinea var. faginata Lohm. or 
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the native Neonectria galligena Bres. (Rossman and Sa- 
muels 1999). The disease kills or injures American beech 
(Fagus grandifolia Ehrh.) when these fungi invade bark al- 
tered by the feeding activity of the beech scale insects. 
Sometime around 1890 the beech scale was accidentally in- 
troduced to Halifax, Nova Scotia from Europe. Although 
Halifax is the only documented port of entry, there may 
have been other introductions in areas near Boston, Massa- 
chusetts, and New York City (Houston 1994). It has since 
spread continuously into the New England states, New 
York, Pennsylvania, and West Virginia (Manion 1991) and 
several discontinuous "jumps" have transported it into 
North Carolina, Tennessee, and Michigan. Three phases of 
BBD are generally recognized: (1) the "advancing front", 
which corresponds to areas recently invaded by scale popu- 
lations; (2) the "killing front", which represents areas where 
fungal invasion has occurred (typically 3-5 years after the 
scale insects appear, but sometimes as long as 20 years) 
and tree mortality begins; and (3) the "aftermath forest", 
which are areas where the disease is endemic (Shigo 1972; 
Houston 1994). 

Neonectria fungi invade the inner living bark and 
cambium, which may ultimately lead to death, though trees 
may survive for decades (Mize and Lea 1979; Houston 
1994). The disease is capable of killing trees as small as 
10 cm DBH, but its effects are most intense in trees 25 cm 
DBH and larger (Mize and Lea 1979; Jones and Raynal 
1987). In the aftermath zone, a second scale species, Xylo- 
cocculus betulae, sometimes attacks beech resulting in stem 
deformation, or further infection by Nectria spp. While 
some trees survive infections for several decades, one effect 
of the accumulation of cankers is reduced growth (Gavin 
and Peart 1993; Gove and Houston 1996). The long-term ef- 
fect of BBD on forest composition is not clear. It appears 
that in some stands, the advent of BBD results in significant 
decreases in the proportion of beech but in other stands, 
beech is able to persist because of its often prolific regener- 
ation through sprouts and seedlings (Houston 1975; Twery 
and Patterson 1984; Runkle 1990; Houston 2001). 

Although several studies have documented the impacts of 
BBD at specific sites (Mize and Lea 1979; Jones and Raynal 
1987; Gavin and Peart 1993; Gove and Houston 1996), there 
have been no attempts to evaluate its regional impact as it 
has invaded North America. In this study, we quantified the 
historical rate of spread of the advancing BBD front and 
showed that its range expansion was characterized by con- 
tinuous radial expansion, with occasionally disjunct, stochas- 
tic jumps in spread. We also used regionally sampled forest 
inventory data to show that BBD has not resulted in the 
elimination of beech from invaded areas, though regional 
rates of beech volume increase appeared slightly lower than 
those for other tree species associated with beech. Finally, 
we used our estimate of the rate of beech scale range expan- 
sion to predict its future distribution in North America, and 
to characterize how BBD may affect the composition of for- 
ests not yet invaded. 

Methods 

Estimation of spread 
The historical rate of spread of beech scale was estimated 

from maps depicting the distribution of the advancing dis- 
ease front as defined by the presence of beech scale. The ex- 
pansion of the beech scale's range in the USA and Canada 
from 19 1 1 to 1990 was extracted from a published map 
(Houston et al. 1979; Houston 1994) that depicted the scale 
front in 1911, 1926, 1935, 1945, 1950, 1960, 1975, and 
1990 (Fig. 1). Each boundary was digitized in vector format 
using a GIs. The boundary of beech scale distribution in the 
USA in 2003 was derived from county-level records com- 
piled by the USDA Forest Service, Forest Health Protection 
(Newtown Square, Pennsylvania and Atlanta, Georgia). We 
also digitized the approximate scale boundary in Canada for 
2003 based upon other descriptions (Natural Resources Can- 
ada 2000; Hopkin and Scarr 2003). Data from both Canada 
and the USA were not based upon systematic surveys, and 
therefore there may be slight inconsistencies among years 
and regions in how scale populations were detected. Although 
these error sources may affect estimates of spread over short 
periods, the effect should be negligible on spread estimated 
from many years of data. Nevertheless, the extent of beech 
scale in Canada in 2003 was excluded from our estimation 
of spread rates, because a single summary of the scale 
front in this area was not available. Furthermore, by 2003, 
the scale front appeared to be very close to or coincident 
with the northern extent of beech (Fig. 1) and range satu- 
ration could introduce bias into estimates of spread. 

Historical boundaries of the scale extent were used to es- 
timate the rate of spread of the advancing front using a 
method similar to that described by Tobin et al. (2007). A 
GIs was used to locate reference points at 20 km intervals 
along each boundary, and then the distance from each point 
to Halifax was measured. The median distance was then 
computed from all points on each boundary. We then used 
linear regression (PROC GLM, SAS Institute Inc. 2004) to 
estimate the linear model of these median distances as a 
function of the year that the boundary was recorded. The ra- 
dial rate of spread was estimated by the slope of this linear 
model. The existence of geographically disjunct populations 
(identified here as areas that became infested when they 
were not spatially continuous with the main infested area) 
was evident in the historical spread of the beech scale 
(Fig. I), but boundaries from these disjunct populations 
were not used to estimate the spread rate. 

The estimated spread rate was applied to the 2003 scale 
insect distribution to generate a map representing predicted 
spread through 2025. These predictions of future spread 
were slightly conservative, because they assumed that there 
would not be any future "jumps" of the scale to form dis- 
junct populations. The map of future spread was overlaid 
with USA county boundaries to generate predicted years of 
future (and past) scale establishment for each county. 

Forest composition data 
The USDA Forest Service has conducted surveys of over- 

story forest composition in the eastern USA as part of the 
Forest Inventory and Analysis (FIA) program since the 
1940s (cf. www.fia.fs.fed.us). These surveys are conducted 
by sampling randomized plots in each state (typically one 
per 2428 ha) for overstory forest composition. These surveys 
have historically been collected approximately every 
10 years in each state. 
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Fig. 1. Map of historical (191 1-2003) spread of the beech scale in the USA and Canada. Boundaries of scale distributions from 191 1 to 
1990 are from Houston (1994). The scale boundary in the USA in 2003 is based upon county-level records assembled by USDA Forest 
Service Forest Health Protection. The 2003 boundary in Canada is based upon data published by Natural Resources Canada (2000) and 
Hopkin and Scarr (2003). Solid lines are boundaries that were used in estimation of spread rates, whereas dotted lines were not used, be- 
cause they were either from disjunct populations or they were near the limits of the distribution of beech. 

90'W 54' N 56" W 46" N 

We used data from the most recent FIA surveys to char- 
acterize current forest composition in relation to historical 
and future BBD spread. These data were collected from 
93 61 1 plots located in 37 states in the eastern USA (Hansen 
et al. 1992). The geographical distribution of beech basal 
area interpolated from forest inventory plots (Morin et al. 
2005) was used to form county level estimates of beech den- 
sity (1 km x 1 krn basal area estimates were averaged by 
county). These estimates were then paired with either the 
year in which each county was first known to be invaded 
by BBD, or the year that it was predicted to become colon- 
ized by BBD. Predictions through 2025 were obtained by 
applying our estimate of the historical spread rate. This anal- 
ysis provided a representation of the amount of beech in his- 
torically infested areas as well as information about the 
amount of beech in areas not yet affected. 

These data were also used to investigate the role of beech 
density as a factor influencing the rate of BBD spread. We 
examined the correlation between beech density (basal area 
per hectare summarized by US county) and the difference 
between predicted (by applying the estimated spread rate) 
and observed year of scale colonization (derived from histor- 
ical data in Fig. 1) using the Pearson's correlation coefficient 
(PROC CORR; SAS Institute Inc. 2004). Counties falling in 
disjunct BBD populations were not used in this analysis. 

The most recent FIA data were also used to estimate the 
percentage of beech basal area that was dead in each county. 
A county was excluded from the analysis if it had <10 beech 
stems at least 12.7 cm DBH, because meaningful estimates 
of percent beech mortality could not be obtained in counties 
that contained too little beech. We examined the correlation 
between these estimates of percent standing beech that was 
dead and the year the county was first infested or predicted 
to become infested using the Pearson's correlation coeffi- 
cient (PROC CORR; SAS Institute Inc. 2004). Because 
standard FIA survevs did not measure dead beech that had 
fallen, these estimates likely represented only a fraction of 
beech killed by BBD. Nevertheless, these data did provide 
relative measures of the accumulation of standing dead 
beech in aftermath stands. 

We used historical FIA surveys from eastern US states to 
examine changes in tree species composition following the 
invasion of BBD. Since FIA plot data collected prior to the 
1980s are not available electronically, we used tables from 
previously published reports (Appendix A) that provided es- 
timates of the relative volume of tree species for each state. 
By extracting volumes of beech from successive surveys, we 
were able to characterize temporal trends in beech relative 
volume. To elucidate the effect of BBD on these trends, we 
also estimated similar time series of the relative volume for 
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sugar maple, Acer saccharurn Marsh., and eastern hemlock, 
Tsuga canadensis (L.) Carr. These species tend to be closely 
associated with beech and therefore provide an approxima- 
tion of volume trends for non-host species likely to occur in 
stands affected by BBD. While basal area would have been 
more suitable than volume as a measure of relative domi- 
nance, tables with basal areas were not provided in pub- 
lished reports. 

To determine the effect of BBD on the proportion of 
beech relative to sugar maple and eastern hemlock, we used 
a Friedman test (Hollander and Wolfe 1973) in R (R Devel- 
opment Core Team 2004). This nonparametric statistic can 
be used when data arise from an unreplicated block design. 
Although abundance of beech, eastern hemlock, and sugar 
maple were derived from statewide FIA plots, the summary 
data we analyzed represent only single observations by state 
for a specific time period. We tested the effect of BBD in- 
vasion status (i.e., before, during, or after invasion) on the 
proportion of beech using individual states as blocks. 

Results and discussion 

Estimation of spread 
A map of historical beech scale spread is shown in Fig. 1. 

Short-range, continuous spread can be attributed to the dis- 
persal of scale insects from infested stands, and this form of 
dispersal may largely be responsible for the spatially contin- 
uous range expansion that has dominated its spread (Fig. 1). 
However, historical spread of beech scale has also been 
characterized by the formation of 10 populations that were 
geographically disjunct from the expanding population front 
(Fig. 1; Table 1). The formation of these isolated popula- 
tions provides evidence of a long-range form of dispersal. 
These less frequent, long-distance dispersal events are prob- 
ably the result of accidental movement of infested material 
by humans. 

Skellam (1951) proposed a simple model for the spread of 
an invading species. This model incorporated random (diffu- 
sive) dispersal with exponential population growth to dem- 
onstrate that spread proceeds at a constant radial rate. While 
some invading organisms spread at constant radial velocities 
as predicted by this model (Levin 1989; Andow et al. 1990), 
other species exhibit rates of spread that continuously 
change through time (Shigesada and Kawasaki 1997; Weber 
1998). This type of spread can be caused when short-range, 
continuous dispersal is coupled with less frequent long-range 
dispersal. This "stratified dispersal" results in a pattern of 
spread characterized by the formation of isolated colonies 
ahead of the advancing front, which grow and ultimately co- 
alesce with the rest of the population (Shigesada and Kawa- 
saki 1997; Hastings et al. 2005). Stratified dispersal has 
been documented in several alien species, such as the gypsy 
moth in North America (Liebhold et al. 1992; Sharov and 
Liebhold 1998). 

Spread of beech scale thus appears to be an example of 
stratified dispersal and discontinuous range expansion (Shi- 
gesada and Kawasaki 1997; Hastings et al. 2005). However, 
because the formation of disjunct populations was relatively 
rare (n = 10 from 191 1 to 2003, Table 1) and a result of a 
stochastic process, we based our predictions of future spread 
on an expectation of constant radial expansion that equals 
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Table 1. Characteristics of disjunct beech scale populations. 

Year of first 
detection Location 

Distance from scale 
front (krn)* 

1935 Maine 32 
1935 Maine, New Hampshire 227 
1935 Massachusetts 301 
1935 New York, New Jersey 597 
1990 West Virginia 344 
1990 Ontario 283 
1999 North Carolina, Tennessee 733 
2001 Ohio 57 
2001 Michigan 402 
2001 Michigan 510 

*Distance from scale front is the nearest location of the continuous scale 
front in the year of first detection. 

Fig. 2. Historical spread of beech bark disease (BBD) (191 1-2003) 
documented by plots of year of survey versus distance of the scale 
front from the initial site of disease establishment (Halifax). Each 
observation represents the median distance (from Halifax) of points 
along the boundary at a given survey record. Disjunct populations 
were not included when forming medians. The solid line represents 
the linear regression model, and the dotted line is the 95% estima- 
tion interval. 

laoo 1 

Year 

the historical radial rate of spread. Our estimate (ASE) of 
this historical spread rate (excluding disjunct populations) 
was 14.7 (0.89) krnlyear (R2 = 0.975; Fig. 2). This rate was 
applied to the current range to create a predicted future 
range map of the advancing BBD front (as defined by the 
presence of the beech scale insect) through 2025 (Fig. 3). 

It is possible to incorporate long-distance "jumps" into 
models of spread (e.g., Morales et al. 2004), but given that 
only 10 "jumps" have occurred over a ca. 100 year period, 
we did not have enough data to parameterize a more com- 
plex model that included such discontinuous dispersal 
events. Moreover, these 10 discontinuous populations consti- 
tute a relatively small amount of the current area generally 
infested by the beech scale, although radial spread from 
these disjunct populations will increase their importance 
over time. Therefore we adopted the more parsimonious ap- 
proach of modeling continuous spread only. 

Another possible limitation of our spread predictions was 
that landscape heterogeneity was not considered. While the 
distribution of beech is highly discontinuous across North 
America, there is no evidence that this heterogeneity af- 
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Fig. 3. Spread of the beech scale through 2025 predicted using a radial rate of 14.7 kmtyear estimated from historical data. 

Fig. 4. Map of beech basal area (m2/ha) interpolated from Forest Inventory and Analysis data (reprinted with permission from Morin et al. 
2005). 

area 

Q 2007 NRC Canada 



Morin et al. 731 

Fig. 5. Plot of average (from interpolated map, Fig. 4) beech basal area per hectare for those counties that are or may become infested in 
relation to past and future spread of beech scale with a quadratic model fit to the data. 

1930 1940 1950 1960 1970 1980 I900 2000 2010 2020 2030 

Year of BBD Infestation 

Fig. 6. Map of percentage of standing beech basal area that was dead (estimates are only provided from counties with at least 10 beech 
stems >12.7 cm in diameter per Forest Inventory and Analysis plot) by county. 

fected spread rate (see below). Natural barriers (e.g., the Michigan to Wisconsin) has not indicated that the Great 
Great Lakes or large expanses of farmland) do exist across Lakes has impeded its spread (Tobin et al. 2007). 
the landscape of the northern US that could impede the 
spread of beech scale, but evidence that such features func- Forest composition data 
tion as barriers is currently lacking. In fact, observations of The geographical distribution of beech basal area interpo- 
the spread of the gypsy moth over the same area (i.e., from lated from forest inventory plots (cf. Morin et al. 2005) is 
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Fig. 7. Plot of average percentage of standing dead beech basal area (estimates are only provided from counties with at least 10 beech 
stems >12.7 cm in diameter per Forest Inventory and Analysis plot) in relation to past and future spread of beech scale. 

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 

Year of BBD infestation 

shown in Fig. 4. In areas where BBD has already been es- 
tablished for many years, this map may under-represent the 
beech component that existed prior to initial invasion. The 
greatest concentration of beech in the USA is in the Adiron- 
dack Mountains of northern New York State; however, other 
areas of elevated beech abundance occur in northern New 
England (Maine, New Hampshire, Vermont), northern Penn- 
sylvania, and the central Appalachian mountains (West Vir- 
ginia and eastern Kentucky). The range of beech also 
includes a large area throughout the southern USA where 
the species exists at relatively low levels. Visual comparison 
of the distribution of beech (Fig. 4) with the current distribu- 
tion of BBD (Fig. 1) suggests that the disease has already 
invaded most of the areas with the greatest host abundance. 
Prior work indicated that while >50% of the total beech 
basal area in the USA occurs in the area where BBD is al- 
ready present, the disease currently occurs in ~ 3 0 %  of the 
potential BBD host range (Morin et al. 2005). We also rec- 
ognize that both beech and BBD exist throughout much of 
eastern Canada (Fig. I), but we did not have forest inven- 
tory data from Canada to include in our analyses. 

The relationship between year of historical or predicted 
BBD infestation and the basal area per hectare of beech is 
shown in Fig. 5. There was considerable variation in beech 
basal area, but the generally concave trend over time charac- 
terized the historical spread of BBD into areas of increasing 
beech density, followed by the future spread into areas of 
decreasing beech abundance. Because these estimates of 
beech density are derived from recent inventory data, they 
do not precisely represent conditions that existed when 
BBD first invaded these areas. However, they do demon- 
strate that in the aftermath forests, beech has persisted and 
remains generally abundant despite the presence of the dis- 
ease. This result is in general agreement with previous stud- 
ies that have documented the persistence of beech in 
specific stands in the aftermath of BBD invasion (Houston 
1975; Twery and Patterson 1984; Griffin et al. 2003). 

The difference, on a county level, between the predicted 
(based upon our estimates of spread rate) and observed date 
of scale colonization was not significantly correlated with 
beech density (basal area per hectare, p = -0.05, df = 189, 
P = 0.53). Thus, we had no evidence that beech density af- 
fects the rate of spread. Intuitively, one might expect that 
greater levels of beech would result in greater rates of scale 
population growth, and this would promote spread. However 
it is possible that rates of scale spread are more strongly in- 
fluenced by dispersal than population growth thereby ex- 
plaining the lack of a relationship between beech density 
and spread of beech scale. 

The geographical distribution of standing dead beech is 
shown in Fig. 6. While the proportion of standing dead 
beech was generally higher within the range of BBD, there 
were several areas outside the range of the disease with rel- 
atively high levels of mortality. Comparison of current 
standing dead beech with historical and future spread 
(Fig. 7) indicated a significant negative association between 
proportional beech mortality and the timing of disease colo- 
nization (basal area per hectare, p = -0.37, df = 407, P = 
0.01). Of course, the number of standing dead trees underes- 
timates the cumulative effects of BBD, since trees affected 
by the disease often break ("beech snap"), topple, and (or) 
decay in place. Nevertheless, these data confirm the predic- 
tion of McGee (2000) in that BBD leads to regional in- 
creases in loading of standing coarse woody debris. Thus, 
the disease may play an important role in generating coarse 
woody debris that influences landscape scale wildlife habitat 
characteristics. 

While it was not possible to reconstruct precise regional 
trends in beech abundance during the time course of histori- 
cal invasion by BBD, inference of these trends could be de- 
rived from historical reports of beech volume reported by 
state in periodic forest inventories (Fig. 8). In a large num- 
ber of northern hardwood stands, beech is closely associated 
with sugar maple and eastern hemlock (Eyre 1980). Histori- 
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Fig. 8. Estimated (from historical Forest Inventory and Analysis reports) volumes of beech, sugar maple, and eastern hemlock between 1940 
and the present for eight selected states and years of beech scale entry into and infestation of entire state based on map in Houston (1994). 
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cal inventories over the last 50 years indicate that volumes 
of all three species have generally increased, a reflection of 
the maturation of second-growth forests following harvest- 
ing or agricultural abandonment 100 years ago or more 
(Appendix A). In most states, the invasion of BBD appears 
to have been associated with a slight decrease in the rela- 
tive abundance (measured by volume) of beech compared 
with sugar maple and eastern hemlock (Fig. 8), though de- 
cline in the proportion of beech relative to hemlock and 
sugar maple was only marginally significant between, dur- 
ing, and after invasion by BBD (Friedman x2 = 4.8, df = 
2, P = 0.09). Only in New York and Vermont (and possibly 
Pennsylvania) has there been an actual decrease in total 
beech volume associated with the invasion. In several states 
(New York, New Hampshire, Connecticut, and Maine), 

West Virginia 
0' 

there appears to be an acceleration in beech volume accu- 
mulation 10-20 years after the original invasion. Other fac- 
tors that could have an effect on changes in beech volume 
are herbicide applications and silvicultural activities includ- 
ing salvage and selective harvesting, but it is doubtful that 
these activities would have occurred over large enough 
areas to affect regional and state level estimates of beech 
density. 

These results are in general agreement with previous ob- 
servations of the progression of BBD at specific forest 
stands. Houston (1994) recognized two phases of the disease 
invasion. In the first, high rates of infections often cause 
moderate to high levels of mortality in large diameter trees. 
This phase is illustrated by McIntosh (1972) who demon- 
strated considerable decreases in the beech component of 
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old growth stands following the first phase of BBD invasion. 
During the second phase, low-level infections of smaller di- 
ameter trees cause reduced growth, low vigor, and deforma- 
tion, but they do not cause high levels of mortality. However, 
most studies confirm that beech persists in infected stands 
(Gavin and Peart 1993; Griffin et al. 2003). Eastern hem- 
lock has been shown to increase in relative dominance be- 
cause of the loss of beech to the disease (Twery and 
Patterson 1984; Runkle 1990; Le Guerrier et al. 2003). 
Lovett and Mitchell (2004) suggest that the disease could 
result in regional increases in sugar maple dominance as 
well. Shifts to a smaller size structure of the beech re- 
source or shifts in species composition resulting in lower 
dominance of beech have the potential to decrease beech 
nut production and affect nutrient cycling in the forest sys- 
tem (Lovett et al. 2006). 

Conclusions 
Over the next 50 years, it is likely that BBD will con- 

tinue to expand its range in the USA. However, these pre- 
dictions of spread are conservative since they do not 
consider the role of long-range, stochastic movement. Maps 
of the historical spread of the beech scale insect indicate 
that the disease sometimes spreads through the formation 
of isolated colonies ahead of the expanding population 
front. Ten isolated colonies have formed ahead of the ad- 
vancing front in various portions of North America during 
the last 20 years. If this pattern of stratified dispersal con- 
tinues, spread can be expected to exceed levels that we pre- 
dicted. Analyses of current forest inventory data suggest 
that BBD has already invaded most of the areas with rela- 
tively high densities of beech. However, the disease has yet 
to invade the bulk of the range of beech, where the species 
occurs at low densities. Invasion by BBD may have caused 
a slight but temporary regional decrease in the relative 
dominance of beech, but the disease has not eliminated the 
species. In areas where the disease has been present for 50 
or more years, beech persists regionally as either a major or 
minor forest component. 
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