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Beech bark disease: spatial patterns of thicket formation and
disease spread in an aftermath forest in the northeastern
United States

Lisa M. Giencke, Martin Dovc¢iak, Giorgos Mountrakis, Jonathan A. Cale, and Myron J. Mitchell

Abstract: Beech bark disease (BBD) has affected the composition, structure, and function of forests containing a significant
proportion of American beech (Fagus grandifolia Ehrh.) across North America. BBD spread has been investigated at landscape and
regional scales, but few studies have examined spatial patterns of disease severity and spread within stands where forest
management mitigation measures can be implemented. We analyzed changes in forest composition between 1985 and 2009 and
fine-scale spatial patterns of BBD between 2000 and 2009 in a ~2 ha northern hardwood stand in the Adirondack Mountains of
New York using location and disease severity of beech trees. A bivariate point pattern analysis was implemented to examine
spatial patterns of beech thicket formation and BBD spread to beech saplings. Abundance of beech saplings increased near
highly diseased canopy beech trees and around dead beech and sugar maple (Acer saccharum Marsh.). Disease severity of beech
saplings was highest in close proximity to highly cankered canopy beech trees. Thus, BBD leads to the formation of beech
thickets, and thickets are often located where saplings are most likely to become infected, increasing the likelihood that
secondary killing fronts will develop and lead to heavy BBD-induced mortality in aftermath northern hardwood forests of North
America.

Key words: Adirondack Mountains, American beech, BBD, beech thickets, bivariate point pattern analysis.

Résumé : La maladie corticale du hétre (MCH) a eu un impact sur la composition, la structure et la fonction des foréts composées
d'une proportion importante de hétre d'Amérique (Fagus grandifolia Ehrh.) partout en Amérique du Nord. La propagation de la
MCH a été étudiée a 1'échelle régionale et a 'échelle du paysage, mais peu d'études ont examiné le profil spatial de la propagation
et de la sévérité de la maladie dans des peuplements ot des pratiques d'aménagement visant a atténuer l'impact de la maladie
peuvent étre mis en ceuvre. Nous avons analysé les changements dans la composition de la forét entre 1985 et 2009 ainsi que la
répartition spatiale a une échelle fine de la MCH entre 2000 et 2009 dans un peuplement de feuillus nordiques d'environ deux
hectares situé dans les monts Adirondack, dans I'Etat de New York, en utilisant la position des hétres et la sévérité de la maladie.
Une analyse bidimensionnelle de semis de points a été utilisée pour étudier la structure spatiale de la formation des fourrés de
hétre et la propagation de la MCH sur les gaules de hétre. L'abondance des gaules de hétre a augmenté preés des hétres dans le
couvert forestier qui étaient tres affectés par la maladie et autour des hétres et des érables a sucre (Acer saccharum Marshall) morts.
La sévérité de la maladie sur les gaules de hétre était la plus élevée a proximité des hétres dans le couvert forestier qui étaient
séverement chancrés. La MCH entraine par conséquent la formation de fourrés de hétre qui sont souvent situés 1a ot les gaules
sont les plus sujettes a devenir infectées, ce qui augmente la probabilité que des fronts de mortalité secondaires se développent
et entrainent une mortalité élevée induite par la MCH dans les foréts de feuillus nordiques subséquentes en Amérique du Nord.
[Traduit par la Rédaction]

Mots-clés : Adirondacks, hétre d'Amérique, maladie corticale du hétre, fourrés de hétre, analyse bidimensionnelle de semis de
points.

able to monopolize understory resources and recruit into small can-
opy gaps resulting from single-tree deaths (Canham 1988; Wagner

Introduction
American beech (Fagus grandifolia Ehrh.) is an important tree

species with a wide range in eastern North America, extending
from Nova Scotia and Wisconsin to northern Florida and eastern
Texas (Tubbs and Houston 1990). At a landscape scale, beech is
most abundant (i.e., highest basal area per hectare) in the Adiron-
dack Mountains of New York, with smaller areas of high beech
abundance scattered throughout its range (Morin et al. 2005).
Beech regenerates from seeds and vegetative root sprouts (Tubbs
and Houston 1990). As a shade-tolerant species, beech saplings are

et al. 2010). Because shade-tolerant tree species can persist below
full canopies for many years, advance regeneration (e.g., seedlings
and sprouts) is an important determinant of the composition of
gap-capturing individuals and future forest canopy composition
(McClure et al. 2000).

Beech bark disease (BBD) has been affecting American beech
populations throughout northeastern North America since its es-
tablishment more than a century ago (Hewitt 1914; Twery and
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Patterson 1984; Garnas et al. 2011). Beech trees infested by the
non-native beech scale Cryptococcus fagisuga Lind. (Houston et al.
1979), potentially in combination with physiological stress due to
extreme temperatures and drought stress (Lonsdale 1980), be-
come susceptible to infection by the causal agents of BBD. These
fungal pathogens, Neonectria faginata (Lohman et al.) Castl. & Ross-
man and N. ditissima (Tul. & C. Tul.) Samuels & Rossman, kill bark
tissue, which creates necrotic lesions (cankers) on the bark. BBD
results in reduced growth and vigor (Gavin and Peart 1993); declin-
ing crown health (Jones and Raynal 1987); a weakened bole, which
leads to stem breakage (“beech snap”) and decreased resistance to
windthrow (Houston 1994; Papaik et al. 2005); and eventual mor-
tality (Houston 1994). BBD-induced mortality has altered forest
composition, structure, and function across a large portion of the
northern hardwood forests of the northeastern United States
(Morin et al. 2007).

Shigo (1972) identified three phases of BBD: (i) advance front,
characterized by the buildup of beech scale and near absence of
fungal pathogens; (ii) killing front, characterized by high levels of
beech scale and fungal pathogens and high beech mortality; and
(i) aftermath zone, characterized by widespread trunk deformi-
ties on surviving trees. Additional characteristics of aftermath
forests include reduced beech scale infestation and Neonectria in-
fection severity and reduced presence of overstory beech (Leak
2006; Cale et al. 2012).

BBD-induced mortality during the killing front can greatly in-
fluence forest dynamics in aftermath forests. Premature decline
or mortality of large beech trees can increase total area of canopy
gaps (Krasny and DiGregorio 2001). Depending on local condi-
tions, beech density and basal area can decrease due to elevated
mortality rates (Runkle 1990) or increase due to the formation of
dense thickets of beech saplings that outpace the loss of canopy
beech (Forrester et al. 2003). Beech thickets can preclude recruit-
ment of co-occurring species (e.g., sugar maple, Acer saccharum
Marsh.) through vigorous competition for light and below-ground
resources or due to potential phytotoxic effects of beech leaf lea-
chate (Hane et al. 2003). Such changes in forest composition can
scale up to ecosystem-level processes by affecting nutrient cy-
cling, litter decomposition, soil pH, exchangeable cations, and
soil C:N ratios (Finzi et al. 1998; Lovett et al. 2010). Beech thickets
can also decrease species richness and diversity of understory
vegetation (Cale et al. 2013).

Within-stand spread of BBD is related to the dispersal mecha-
nisms of the disease-related organisms. Early-instar nymphs of
beech scale are able to crawl, but their movement on a given tree
is negligible (Houston et al. 1979), and mature beech scale are
sessile. The main mode of dispersal for beech scale appears to be
passive transport of the first instar by wind (Wainhouse 1980),
but birds and humans may act as long-distance dispersal vectors
(Wieferich et al. 2011). Neonectria spores are transported by wind and
water (Ehrlich 1934; Houston 1994). Management guidelines de-
signed to slow the spread of BBD have called for the removal of
heavily diseased trees that may act as an inoculum source (Houston
1975; Wainhouse 1980). However, an understanding of fine-scale dis-
ease heterogeneity within affected stands and mechanisms of dis-
ease spread and persistence in aftermath forests is generally lacking.

It is essential to understand spatial patterns of beech recruit-
ment and disease spread and persistence in aftermath forest
stands to mitigate the negative impacts of BBD on forest compo-
sition, structure, and function. Although spatially explicit studies
of tree demography and recruitment can provide useful insights
into tree population dynamics (Barot et al. 1999; Dov¢iak et al.
2001), few studies have investigated spatiotemporal patterns of
beech recruitment and disease spread relative to diseased mature
trees. In our study, we examined how the abundance and disease
severity of beech saplings varied spatially across a forest stand
over more than a decade relative to diseased canopy beech trees.
We used a spatially explicit approach to test two hypotheses:
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(1) beech recruitment occurs primarily around highly diseased
beech and recently dead canopy trees, and (2) sapling disease se-
verity is highest near highly diseased mature beech, which can act
as an inoculum source and (or) as a source of seedlings and sprouts
that are also susceptible to BBD.

Methods

Site description

This study was conducted in the Adirondack Mountains within
Huntington Wildlife Forest (HWF; 43°59'N, 74°14'W; 450-820 m
above sea level), a 6000 ha field station operated by the SUNY
College of Environmental Science and Forestry in Newcomb, New
York. Mean annual temperature in Newcomb from 1981 to 2010
was 4.8 °C, and mean annual precipitation was 108.7 cm (U.S.
Department of Commerce 2011). The soil is a fine sandy loam
derived from glacial till overlying gneiss bedrock (Somers 1986).
Northern hardwood forests in this region are dominated by sugar
maple, beech, and yellow birch (Betula alleghaniensis Britton; Braun
1950). Initially disparate outbreaks of BBD in New England and
near New York City coalesced as BBD spread into the Adirondack
Mountains by the mid-1960s (Houston 1994).

We surveyed forest compositional changes and tree recruit-
ment patterns over 24 years and BBD spread over 9 years in a 140 x
140 m (2 ha) permanent study plot established in 1985 at HWF as
part of the Integrated Forest Study (IFS), which investigated the
effect of atmospheric deposition on nutrient cycling in forests
across the United States (Johnson and Lindberg 1992; Mitchell
et al. 1992). Elevation of the IFS plot ranges from 525 to 543 m
above sea level. The site is located in a second-growth northern
hardwood forest that regenerated following wildfire in the early
1900s (McGee et al. 2007) and is co-dominated by beech and sugar
maple, with a smaller component of red maple (Acer rubrum L.),
yellow birch, and a few individuals of several other tree species
(Forrester et al. 2003). The IFS plot has been characterized as an
aftermath forest by Forrester et al. (2003). With the exception of a
few trees that were removed in 1988 to install a monitoring tower,
no known disturbances (e.g., timber harvesting or natural distur-
bance events) have occurred at this site since the establishment of
the IFS plot (M. Gooden, personal communication).

Data collection

All trees with a diameter at breast height (DBH; 1.4 m above the
ground) = 5 cm within the IFS plot were mapped in 1985. Newly
recruited trees with DBH > 5 cm were mapped in 2000 and again
in 2009. Species identity, DBH, and status (live or dead) were re-
corded for every mapped tree in all survey periods. Beech trees
were divided into three size classes following Ward et al. (1996):
saplings (5-9.9 cm DBH), subcanopy trees (10-24.9 cm DBH), and
canopy trees (>25 cm DBH). Due to the long-term nature of the
study plot, we were not permitted to destructively sample vegeta-
tion to verify the origins (i.e., seedling vs. root sprout) of saplings
in our study. Severity of both beech scale infestation and Neonectria
infection was characterized in 2000 and 2009 by visually estimat-
ing the percentage of each stem (following Wainhouse 1980) cov-
ered by beech scale wax masses and Neonectria cankers, which
included both raised and sunken cankers. Trees were placed into
disease severity classes based on these estimates (modified from
Forrester et al. 2003): none (0%), low (0.1%-9.9%), medium (10%—
49.9%), and high (50%-100%).

Forest composition and beech mortality

We used tree importance values as an integrated metric to
examine changes in forest composition over time following
Forrester et al. (2003). We calculated relative density and relative
basal area of an individual species by dividing its density and basal
area by total plot tree density and basal area, respectively. We
then calculated importance values by averaging relative density
and relative basal area for each species.
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Table 1. Density, basal area, and importance value of tree species® in the Huntington Wildlife Forest Integrated Forest Study plot in the

Adirondack Mountains, New York, from 1985 to 2009.

Density (trees-ha™)

Basal area (m?-ha-!) Importance value (%)"

1985 2000 2009 1985 2000 2009 1985 2000 2009
Fagus grandifolia Ehrh. 351 411 759 8.6 8.6 9.5 41.8 48.4 58.2
Acer saccharum Marsh. 196 134 116 11.9 10.5 101 35.7 30.1 25.5
Acer rubrum L. 40 32 27 3.6 3.8 3.6 101 10.2 8.2
Betula alleghaniensis Britton 49 40 26 3.6 3.3 2.6 9.4 8.7 6.4
Other species® 14 18 18 11 0.6 0.4 3.0 2.5 17
Total 651 635 946 28.8 26.8 26.2 100 100 100

“Based on an inventory of all stems =5 cm DBH in each survey year.

bCalculated as ([density of an individual species | total density] + [basal area of an individual species | total basal areal)/2.
“Includes Abies balsamea (L.) Mill. (balsam fir), Acer pensylvanicum L. (striped maple), Fraxinus americana L. (white ash), Picea rubens Sarg. (red spruce), Populus grandidentata
Michx. (big-tooth aspen), Populus tremuloides Michx. (quaking aspen), Prunus pensylvanica L. f. (fire cherry), Prunus serotina Ehrh. (black cherry), and Tsuga canadensis (L.)

Carr. (eastern hemlock).
We calculated mortality as

1)  M=[1- (S/N)" x 100

where M is mortality rate in percent per year, S is the number of
trees that survived from the beginning to the end of the survey
period, N, is the number of living trees at the beginning of the
survey period, and y is the number of years between surveys
(Runkle 1990; Forrester et al. 2003). Mortality rates were calcu-
lated for each beech size class and for all beech for both survey
periods (1985-2000 and 2000-2009).

Spatial analyses

We used bivariate point pattern analysis following Bailey and
Gatrell (1995) to examine dependencies in spatial locations of
points in one dataset (type 1) versus a second dataset (type 2). We
investigated the effect of BBD on beech recruitment by examining
spatial relationships between beech saplings in 2009 (type 2 trees)
and canopy beech trees that were categorized into different can-
ker severity classes during the previous survey (in 2000; type 1
trees). We also analyzed spatial relationships between newly re-
cruited beech saplings (type 2 trees) and canopy beech or sugar
maple (the only other species with enough canopy individuals for
analysis) that had died since the previous survey (type 1 trees). To
examine the effects of diseased mature beech on the disease se-
verity of beech recruits, we analyzed spatial patterns of beech
saplings in different canker severity classes in 2009 (type 2 trees)
relative to canopy and subcanopy beech that were highly diseased
during the previous survey (in 2000; type 1 trees). For each analy-
sis, we tested the null hypothesis of spatial independence of the
two population types (e.g., highly diseased canopy beech (type 1
trees) and beech saplings (type 2 trees); Goreaud and Pélissier
2003). The observed number of type 2 trees that were less than or
equal to distance h from type 1 trees was calculated using Ripley's
cross-K-function:

@ k= 2 2

2 =1 j=1

where R is the area of the study region, n, and n, are the number
of type 1 and type 2 trees, respectively, and I is a counter variable
that equals 1if the distance between the ith type 1 tree and the jth
type 2 tree (dy) is less than distance h and 0 otherwise (Bailey and
Gatrell 1995, p. 120). Distances h ranged in 1 m increments from 0
to 20 m, slightly larger than stand neighborhood scale (cf. Dov¢iak
et al. 2001). We calculated Ripley's cross-L-function, a square root
transformation of the cross-K-function, to linearize the function,
stabilize the variance, and give an expected value of 0 at all dis-
tances h (Bailey and Gatrell 1995, p. 94):

To test the null hypothesis of spatial independence, we simu-
lated 1000 Monte Carlo randomizations in which the overall spa-
tial patterns of type 1and type 2 trees were preserved. During each
simulation, all type 2 trees were randomly shifted by the same
distance using a toroidal edge correction around type 1 trees,
whose spatial locations were held constant (Bailey and Gatrell
1995, p. 121). L(h) values were calculated for each randomization,
and the upper and lower 2.5% of the results of the Monte Carlo
randomizations were removed to create the upper and lower con-
fidence envelopes for the null hypothesis. When the observed
pattern fell within the upper and lower confidence envelopes,
type 1and type 2 trees were considered to be distributed indepen-
dently of one another; otherwise, the two types of trees were
positively associated when the observed pattern was above the
upper envelope and negatively associated when the observed pat-
tern was below the lower envelope. All data analyses were per-
formed in R version 3.0.2 (R Core Team 2013).

Results

Forest composition and beech mortality

Between 1985 and 2009, the study plot became increasingly
dominated by beech, the only tree species that increased in den-
sity, basal area, or importance value during this period (Table 1).
Beech density increased primarily due to increased sapling re-
cruitment between 2000 and 2009 (Fig. 1a); beech comprised 89%
and 98% of all recruitment in 2000 and 2009, respectively (data not
shown). The presence of saplings also contributed to an increase
in beech basal area between 1985 and 2009 (Table 1), despite an
increase in the number of dead trees (Fig. 1b) and mortality of 76%
of canopy beech trees that were alive in 1985. The largest beech
trees had DBH of 55.4, 63.0, and 65.3 cm in 1985, 2000, and 2009,
respectively.

The density of sugar maple declined rapidly from 1985 to 2000
(Table 1; Fig. 2a), largely due to mortality of saplings and small
subcanopy trees (Fig. 2b). Decreased density of red maple and
yellow birch (Table 1) was due to a reduction in the number of
stems of all sizes (data not shown). With the exception of red
maple, a short- to medium-lived species (Walters and Yawney
1990), it is unlikely that any substantial mortality of the four most
common species (i.e., those with importance value >5%; Table 1) at
this ca. 100-year-old site was due to age.

Mortality rates of all size classes and for all beech increased
from 1985-2000 to 2000-2009. Mortality of saplings increased
from 0.5% to 1.1% per year. Subcanopy mortality increased from
0.8% to 1.6% per year, and mortality of canopy trees increased from
3.3% to 7.8% per year. The overall mortality rate of beech doubled,
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Fig. 1. Frequency distribution of the density of (a) living and (b) dead beech in 5 cm DBH size classes for each survey period.

1985
a.

2000 2009

500

400
|

300
|

©
<
@
©
o}
E=]
-
S
*

o
S 4
N

10
|

# of trees/ha

5 275 375 475 57.

E 5 275
Midpoint of DBH class (cm)

rising from 1.0% per year from 1985-2000 to 2.0% per year from
2000-2009.

Beech bark disease severity

Beech scale infestation was generally low in 2000 and 2009,
which is characteristic of aftermath forests (Leak 2006; Cale et al.
2012). Saplings were split evenly between the no and low beech
scale severity classes in 2000, while the majority of subcanopy
(71%) and canopy trees (57%) were in the low scale severity class
(Table 2). In 2009, the majority of trees in all size classes (>98%)
were characterized as having low scale abundance.

The majority of saplings (77%) in 2000 had no signs of fungal
infection, whereas the majority of subcanopy trees (54%) were in
the low canker severity class, and almost half of canopy trees (48%)
were highly cankered (Table 2). Canker severity increased for sap-
lings and subcanopy trees between 2000 and 2009: the majority of
saplings (86%) had low canker severity in 2009, while subcanopy
trees were divided between the low and medium canker severity
classes (Table 2). The majority of canopy trees in 2009 were in the
medium canker severity class; canopy trees in the high canker
severity class dropped to 35% in 2009 due to mortality of highly
cankered canopy trees between 2000 and 2009 (Table 2).

Beech recruitment relative to diseased and dead canopy
trees

Beech recruitment was clustered around highly diseased beech
and recently dead canopy trees. The degree of clustering of beech
saplings around canopy beech increased with disease severity of
canopy beech. Beech saplings were distributed independently rel-

Midpoint of DBH class (cm)

375 475 57. 5 275 375 475 57.

Midpoint of DBH class (cm)

ative to canopy beech in the low and medium canker severity
classes across most spatial scales (Figs. 3a and 3b) but were posi-
tively associated with highly cankered canopy beech at a fine scale
(<5 m; Fig. 3c). Additionally, beech sapling recruitment became
increasingly positively associated with dead canopy beech (Fig. 4)
and sugar maple (Fig. 5) between 2000 and 2009.

Beech sapling health relative to highly diseased canopy
beech

Highly diseased mature beech (e.g., canopy and subcanopy trees)
may act as an inoculum source or produce root sprouts or seed-
lings susceptible to BBD. Unlike canker-free saplings, which were
negatively associated with highly diseased mature beech through-
out most of the stand neighborhood scale (Fig. 6a), those with low
canker severity were largely distributed independently relative to
highly diseased mature beech (Fig. 6b), and saplings with medium
disease severity were positively associated with highly diseased ma-
ture beech at all distances analyzed (Fig. 6¢c). Few highly cankered
beech saplings were present. Similar spatial patterns were present
for beech saplings relative to mature beech in the high beech scale
severity class (Fig. 7).

Discussion

Although beech thickets have been observed to occur in stands
affected by BBD (Houston 1975; Farrar and Ostrofsky 2006; Cale
et al. 2013), we used a spatially explicit approach to show for the
first time the link between beech thicket formation and heavily
diseased and dead trees in aftermath forests. Root sprouting has

< Published by NRC Research Press
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Fig. 2. Frequency distribution of the density of (a) living and (b) dead sugar maple in 5 cm DBH size classes for each survey period.
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Table 2. Number of beech trees and percentage of trees in each combination of beech scale and fungal cankering severity classes by tree size class

and year.
Canker severity class
2000 2009
Tree size class Beech scale severity class None Low Medium High None Low Medium High
Sapling No. of trees 337 969
None 46.4 2.7 0.3 0.0 0.8 0.6 0.0 0.0
Low 30.7 15.7 21 0.9 6.1 85.7 6.5 0.3
Medium 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0
High 0.0 0.3 0.0 0.6 0.0 0.0 0.0 0.0
Subcanopy No. of trees 373 442
None 4.4 3.0 0.3 0.5 0.0 0.0 0.0 0.0
Low 16.7 44.5 6.6 3.3 0.9 44.4 44.0 8.8
Medium 0.3 4.6 5.2 2.7 0.0 0.0 1.6 0.2
High 0.0 19 14 4.6 0.0 0.0 0.0 0.0
Canopy No. of trees 96 77
None 11 11 11 4.3 0.0 0.0 0.0 0.0
Low 11 16.0 18.1 22.3 0.0 11.7 51.9 35.1
Medium 0.0 5.3 6.4 7.4 0.0 0.0 1.3 0.0
High 0.0 0.0 21 13.8 0.0 0.0 0.0 0.0

often been suggested as the main mechanism behind the forma-
tion of beech thickets in BBD-affected forest stands (Houston
1975), but MacKenzie (2005) found that trees affected by BBD pro-
duced fewer sprouts than unaffected trees. Further, Jones and

Raynal (1986) concluded that root sprouts are unlikely to account
for significant outward spread from a parent tree. Though we did
not determine origins of the saplings in our study, clustering of
saplings at 3-4 m from highly diseased or dead trees is greater
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Fig. 3. Spatial locations (left) and cross-L-functions (right) of beech
saplings in 2009 (+; regardless of canker severity class) relative to
canopy beech (¢) from (a) low, (b) medium, and (c) high canker
severity classes in 2000 (too few uncankered canopy beech (n = 2)
were present to be analyzed). Canker severity classes are as follows:
none (0%), low (0.1-9.9%), medium (10-49.9%), and high (50%-100%;
see Methods, Data collection for details). In the cross L-function
graphs, dashed lines represent upper and lower confidence
envelopes for spatial independence of canopy beech and beech
saplings; solid lines represent the observed data.
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than the distance at which sprout density is highest (i.e., 1-2 m),
beyond which sprout density decays exponentially (Jones and Raynal
1986). This result suggests that saplings of seed origin may be
responsible, at least in part, for beech thicket formation at our site.

A combination of additional factors supports the idea that seed-
lings may at least partially contribute to thicket formation. Con-
trary to early predictions of a decline in seed production due to
BBD-induced mortality of large beech trees, beechnut production
has increased over time at HWF, despite few >40 cm DBH trees
remaining (McNulty and Masters 2005). Beechnuts are a highly
valuable food source for wildlife (e.g., rodents, bears, and blue jays;
Tubbs and Houston 1990), and seed predation by these animals re-
duces seed supply. However, Garneau et al. (2012) estimated produc-
tion of beechnuts at HWF in fall 2008 at >500 000-ha-!, and a
profusion of beech seedlings (with cotyledons still present) was
observed during our 2009 survey (L.M. Giencke, personal observa-
tion). Caching of beechnuts by blue jays has been observed
(Johnson and Adkisson 1985) and may be responsible for some
fine-scale clustering of saplings; however, the spatial dependence
between two groups of individuals (e.g., saplings and mature
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Fig. 4. Spatial locations (left) and cross-L-functions (right) of newly
recruited beech saplings (+) in (a) 2000 and (b) 2009 relative to
canopy beech that died since the previous survey year (°). In the
cross-L-function graphs, dashed lines represent upper and lower
confidence envelopes for spatial independence of beech saplings
and dead canopy beech; solid lines represent the observed data.
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Fig. 5. Spatial locations (left) and cross-L-functions (right) of newly
recruited beech saplings (+) in (a) 2000 and (b) 2009 relative to
canopy sugar maple that died since the previous survey year (°). In
the cross-L-function graphs, dashed lines represent upper and lower
confidence envelopes for spatial independence of beech saplings and
dead canopy sugar maple; solid lines represent the observed data.
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trees) could differ from the spatial pattern of each group in isola-
tion (Bailey and Gatrell 1995).

Regardless of the origin of beech recruits (from seeds or sprouts), a
likely cause for their clustering in the vicinity of dead and highly

< Published by NRC Research Press



Can. J. For. Res. Downloaded from www.nrcresearchpress.com by JW JONES ECOLOGICAL on 07/28/14
For personal use only.

1048

Fig. 6. Spatial locations (left) and cross-L-functions (right) of canopy
and subcanopy beech in the high canker severity class in 2000 (°)
relative to beech saplings in 2009 (+) from (a) none, (b) low, and

(c) medium canker severity classes (too few highly cankered beech
saplings (n = 3) were present to be analyzed). In the cross-L-function
graphs, dashed lines represent upper and lower confidence
envelopes for spatial independence of beech saplings and canopy
and subcanopy trees; solid lines represent the observed data.
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Fig. 7. Spatial locations (left) and cross-L-functions (right) of canopy
and subcanopy beech in the high beech scale severity class in 2000
() relative to beech saplings in 2009 (+) from (a) none, (b) low, and
(c) medium canker severity classes (too few highly cankered beech
saplings (n = 3) were present to be analyzed). In the cross-L-function
graphs, dashed lines represent 95% confidence envelopes for spatial
independence of beech saplings and canopy and subcanopy trees;
solid lines represent the observed data.
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diseased beech trees is that BBD-induced decline in beech crown
health (Jones and Raynal 1987) allowed greater light penetration
and early gap-phase recruitment of advance regeneration beech
around diseased and dead beech trees (cf. Runkle 1981; Wagner
etal. 2010). Thus, BBD appeared to act as an agent of forest change
by affecting canopy beech decline and eventual mortality, as well
as forest development (recruitment) processes in canopy gaps and
around diseased trees (cf. Castello et al. 1995). The additional clus-
tering of beech saplings near dead canopy sugar maple is more
consistent with gap-phase recruitment of beech from seeds rather
than from sprouts given the greater dispersal ability of beechnuts
compared with beech sprouts (Jones and Raynal 1986; Wagner
et al. 2010).

The positive spatial association between beech saplings and
highly cankered canopy beech and dead beech and sugar maple
indicates that trees of all species will be replaced by beech in this
stand (i.e., self-replacement and directional replacement sensu
Runkle 1981) as beech thickets tend to preclude regeneration of
other species (Hane 2003; Nyland et al. 2006). This outcome is
likely highly dependent on initial forest conditions, including
beech abundance and vigor, and species composition of advance
regeneration. Previous work at our study site reported no advance
regeneration (stems with DBH 1.4-4.9 cm) of sugar maple in 2000

compared with >3000 stems-ha! of advance beech regeneration
(Forrester et al. 2003). In contrast to increased beech dominance at
our study site in the Adirondack Mountains, where beech basal
area is very high (Morin et al. 2005), beech may be replaced by
species such as sugar maple or eastern hemlock (Tsuga canadensis
(L.) Carr.) in aftermath forests (including stands in New York state
and in western Massachusetts) where beech basal area is lower
(Twery and Patterson 1984; Runkle 1990; Lovett et al. 2010). In
addition to BBD, forest composition (especially sugar maple abun-
dance) in northern hardwood forests can be influenced by factors
such as deer browse and sugar maple decline caused by acid de-
position (Horsley et al. 2000; Duchesne et al. 2002; Lovett and
Mitchell 2004).

Our results suggest that the within-stand spread of BBD to
beech saplings is related to their proximity to highly diseased
canopy and subcanopy trees. Houston et al. (1979) found that
beech scale abundance on individual trees within a young beech
plantation declined with distance from their source population
on a large relic beech tree. Conversely, Garnas et al. (2012) found
little evidence for spatial aggregation of diseased trees when ex-
amining nearest infected neighbor distances at local, meso, and
landscape scales. They concluded that BBD-affected areas are fully
saturated with beech scale and Neonectria and that their dispersal
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may play an insignificant role in the spread of BBD. However,
unlike the current study, Garnas et al. (2012) did not investigate
spatial aggregation by tree size or fungal infection severity, nor
did they include a temporal component, all of which were impor-
tant components in the spread of BBD in this study.

Beech trees vary in susceptibility to BBD, with a small fraction
of trees (<2%) apparently resistant to the disease (Houston 1994;
MacKenzie 2005). Our results suggest an even more conservative
estimate of resistance to BBD as only 8 of 1488 beech trees (all
saplings and ~0.5% of all beech) were free of both beech scale and
fungal cankering in 2009. Given the scarcity of unaffected trees,
we were unable to assess their spatial patterns within the stand,
but partial genetic resistance to BBD may be an additional expla-
nation of the clustering of diseased beech saplings near diseased
canopy trees (which likely produce genetically more susceptible
root sprouts and seedlings). Because highly diseased individuals
tended to be more abundant at slightly higher elevations in our
study (L.M. Giencke, unpublished data), it is also possible that
trees were predisposed to disease by an environmental factor that
co-varied with elevation (such as moisture or nutrient availability;
Houston et al. 1979).

Past management strategies for BBD-affected forests involved
the removal of highly diseased beech trees to slow the within-
stand spread of the disease (Houston 1975; Wainhouse 1980) and to
increase the overall health of beech trees in a stand (Leak 2006);
our results support these practices, regardless of the mechanism
that allows for saplings to become more highly diseased in the
presence of highly diseased mature beech. However, our study
also suggests that additional management measures may be re-
quired to limit the development of beech thickets where heavily
diseased trees have been removed (for example, by different types
of thinning; e.g., Sprugel et al. 2009), especially where the saplings
comprising the thickets are also highly susceptible to BBD. Given
the additional effort needed to control beech thicket develop-
ment, silvicultural management of BBD may be applicable only in
relatively small forest stands. Furthermore, although our dataset
has a relatively extensive temporal component, it is more limited
spatially. Thus, we recommend that similar long-term intensive
sampling and analytical efforts are carried out across the geo-
graphic extent of BBD to determine whether such management
strategies may be appropriate more broadly (e.g., for forests with
a different stand structure or history).

Conclusion

The presence of beech thickets in BBD-affected forests has long
been observed (Houston 1975; Farrar and Ostrofsky 2006; Cale
et al. 2013), but evidence explicitly linking BBD to thicket forma-
tion has been lacking. In this study, we provide such evidence by
showing that beech thickets form in canopy gaps surrounding
heavily diseased beech and dead beech (and dead sugar maple
where present) in an aftermath forest. Not only do beech thickets
have the ability to alter species composition, structure, and over-
all forest dynamics through competition for light and other re-
sources, but our results suggest that they provide an important
and extensive new substrate to which BBD can spread from older
diseased trees. Through this mechanism, it seems likely that sec-
ondary killing fronts of younger beech can develop even within
aftermath forests. Indeed, beech mortality rates doubled through-
out the duration of our study. Thus, as during the killing front,
forest managers should again be concerned with heavy future
BBD-induced mortality in northern hardwoods forests.
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