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Abstract Beech bark disease has dramatically

altered hardwood forest structure and composition

across northeastern North America. Extensive over-

story mortality has resulted in prolific root-sprouting

in some stands leading to the development of under-

story thickets of clonal small-stemmed beech. Beech

thickets may impact local forest biodiversity, but this

has not been adequately evaluated. We hypothesized

significant differences in diversity of groundcover

flora, craneflies, amphibians, and small mammals

between plots with and without beech thickets. Paired

plots were established in uneven-aged northern hard-

wood forest stands with no recent management history

at two sites in the Adirondack Mountains of New York

State. Groundcover plants, terrestrial craneflies,

amphibians and small mammals were sampled on

twenty paired plots. Discriminant analysis showed a

significant difference between thicket and non-thicket

(control) areas; significant variables in plot type

separation were beech sapling abundance, leaf litter

depth, and coarse woody debris volume. Groundcover

plant cover, richness, and diversity were significantly

lower in thicket compared to non-thicket plots, while

beech sapling density explained 17–38 % in ground-

cover plant species diversity. There were no signifi-

cant differences between the diversity of cranefly,

amphibian and small mammal communities of each

plot type. Beech thickets are important determinants

of local biodiversity.

Keywords Beech bark disease � Neonectria �
Cryptococcus fagisuga � Forest structure

Introduction

Biodiversity is associated with many ecosystem

functions and services including productivity, stabil-

ity, and nutrient availability (Tilman 1999). Species

diversity in an ecosystem often depends on the

foundation species such as dominant tree species that

define and influence the ecosystem; consequently,

factors affecting foundation species indirectly affect

local abiotic conditions, other forest species, and
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ultimately biodiversity (Ellison et al. 2005). Invasive

forest insect pests and pathogens influence ecosystem

functions and the forest biota by altering resource

availability (Loo 2009; Lovett et al. 2006).

In the Northern Hardwood Forest (NHF) of north-

eastern North America, American beech (Fagus

grandifolia Ehrh.) is a dominant canopy species that

fits the definition of foundation species in several

ways. It is a major component of three NHF cover

types (Eyre 1980), is long-lived, and, as the sole source

of hard mast in the NHF, disproportionately influences

wildlife populations (Jakubas et al. 2005). Wounding

of American beech roots induces adventitious bud

formation, from which clonal root sprouts develop

(Jones and Raynal 1988). This species is severely

affected by beech bark disease (BBD) in much of its

geographic range (Morin et al. 2007). The BBD

complex involves the invasive beech scale (Crypto-

coccus fagisuga Lind.) and one or more fungal

pathogens of the genus Neonectria (Ehrlich 1934;

Houston 1994a, b). Cryptococcus fagisuga is a

hemipteran introduced into North America from

Europe around 1890 on European beech (Fagus

sylvatica L.) trees planted in the botanical gardens in

Halifax, Nova Scotia, Canada (Hewitt 1914).

Although damage caused by the feeding of this insect

is believed to be negligible, infection of phloem and

cambial tissue by Neonectria (N. ditissima and

N. faginata in the Northeast) significantly damages

and often kills host trees after several years of

sustained infection (Houston 1994a). In eastern North

America, BBD has impacted much of the beech’s

natural range, significantly altering the structure of

forests experiencing extensive mortality of overstory

beech (Garnas et al. 2011; Morin et al. 2007; Shigo

1972). Moreover, similar to the response of beech

roots to wounding (Jones and Raynal 1988), evidence

suggests that mortality induced by BBD triggers a

root-sprouting response (Garnas et al. 2011; Houston

1975) similar to the response of beech roots to

wounding. Beech bark disease has, therefore, effec-

tively shifted the dominance of beech from the

overstory to the understory, where it occurs in dense

thickets (Garnas et al. 2011; Shigo 1972).

Despite the long tenure and widespread occurrence

of BBD, the effect of beech thickets on the species

diversity of NHF communities remains largely unin-

vestigated. However, beech thickets have been shown

to significantly inhibit the regeneration of overstory

associates, particularly sugar maple (Acer saccharum

Marsh.), in northeastern forests (Hane 2003; Nyland

et al. 2006). Presumably, this is due to heavy shading

of the forest floor beneath the thicket, but also may be

related to the phytotoxic effect of leachate from beech

litter (Hane et al. 2003).

If beech thickets alter the biodiversity of the NHF,

the potential impacts on the plant and animal com-

munities may be profound. For example, by heavily

shading the forest floor, beech thickets may signifi-

cantly reduce the survivorship of developing ground-

cover plants by restricting access to ambient diffuse

light and sunflecks (Chazdon and Pearcy 1991; Dale

and Causton 1992; Iason and Hester 1993; Pearcy and

Pfitsch 1991). Beech litter is more persistent than that

of its associates because of its high lignin content

(Melillo et al. 1982). Leaf litter in beech thickets may

create a dense litter layer capable of inhibiting

emergence of developing seedlings and forest herbs

(Sydes and Grime 1981). These factors could poten-

tially restrict the local floral community to only shade-

tolerant species capable of emerging through a deep

litter layer.

Faunal communities also may respond to the

presence of beech thickets. Entomofauna, particularly

detritivorous insects such as craneflies (Tipulidae;

Diptera), respond to changes in forest structure (Dajoz

2000; Pritchard 1983). Thus, changes in litter quality

and coarse woody debris (CWD) availability linked to

the development of beech thickets may reduce the

diversity of detritivorous insects. On the other hand,

thickets may provide a favorably moist environment

for forest amphibians by providing them with a

contiguous understory canopy, deep litter, and CWD

(Gibbs 1998; McKenny et al. 2006; Semlitsch 2002).

These characteristics also may favor high small

mammal diversity by providing cover and reduced

risk of predation (Healy and Brooks 1988; Kirkland

1990).

The objective of this study was to examine how,

through the formation of thickets, the invasive BBD

complex indirectly impacts biodiversity in the NHF.

We investigated the following four hypotheses: (1)

groundcover plant and (2) cranefly diversity will be

significantly lower in thicket areas; while (3) amphib-

ian and (4) small mammal diversity will be signifi-

cantly greater in thicket areas. We further postulated

that beech sapling density will explain a significant

portion of the diversity variance of these communities.
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Methods

Site selection and plot establishment

Study sites were selected from NHF (maple-beech-

birch) stands of the State University of New York

College of Environmental Science and Forestry

(SUNY ESF) Huntington Wildlife Forest (HWF;

Latitude 43� 570 3600 N, Longitude 74� 130 1200 W) in

Newcomb, NY (Essex and Hamilton Counties) and the

SUNY ESF Cranberry Lake Biological Station (CLBS;

Latitude 44� 090 2000 N, Longitude 74� 470 4900 W) in

Cranberry Lake, NY (St. Lawrence County). The HWF

covers 6,000 ha, has a mean annual precipitation of

1,010 mm, and is located at an elevation of

490–608 m. Major soil types in this forest are of the

Becket-Mundell series sandy-loams. The CLBS covers

395 ha, has a mean annual precipitation of 914 mm,

and is located at an elevation of 471–498 m. Major soil

types are of the Tunbridge-Lyman and Crary-Potsdam

complexes with textures ranging from silty-loam to

sandy-loam. Selected stands were uneven-aged with a

history of only single-tree selection management, but

had not been managed for at least twenty-five years.

Additionally, these stands had no history of herbicide

treatments.

Forty paired plots (n = 20) were established in May

2009: 36 (n = 18) at the HWF and 4 (n = 2) at the CLBS.

Two to four plots were established in each of 16 stands (14

at the HWF and 2 at the CLBS). Additionally, plots were

categorized into two types defined by the density of

understory beech saplings. This density was assessed

along a 16 9 2 m belt transect centered on each potential

plot. Moving south to north, all trees \5 cm dbh and

C1.4 m tall were counted. Areas containing B16 beech

stems (0.5 stems/m2) were classified as non-thickets and

those with C32 beech stems (1 stem/m2), as thickets.

These values were somewhat arbitrary, but corresponded

to two visually distinct understory structures. Each plot

pair consisted of one of each plot type, i.e., thicket and

non-thicket. Plot centers were marked with a PVC pipe

driven into the ground. Each plot pair was 150–650 m

from any other pair. A distance of 50–60 m separated each

plot of a given pair. Slope and aspect measurements were

recorded for each plot using a clinometer and compass,

respectively. Soil texture (percentage of sand, silt, and

clay) and pH were determined for each plot using

preexisting spatial datasets (Somers 1986) of soil series

distributions at each site.

Vegetation sampling

Forest strata were sampled using circular plots

centered on the fixed points. Forest overstory was

sampled in 0.04 ha plots (r = 11.5 m). Species and

diameter were recorded for all trees C5 cm dbh within

the plot. These data were used to characterize over-

story structure and composition. The understory was

sampled using 8 m radial (0.02 ha) plots. All trees

\5 cm dbh and C1.4 m tall (saplings) were identified

to species and counted. Groundcover plants were

sampled using five 1 m2 nested quadrats within the

belt transect. All quadrats were 1 m apart, while those

farthest from the plot centers were 1.5 m from the

transect ends. The percent cover of all plants less than

1.4 m tall was estimated visually using 5 % cover-

classes for each species present. These included

bryophytes, graminoids, forbs, ferns, shrubs, and

arborescents. Sampling began after most spring

ephemeral species had died, however any observed

ephemerals were not recorded. Mean cover estimates

were averaged across quadrats to obtain the estimated

proportion of each species in a plot. Bryophyte and

graminoid cover was combined due to low incidence.

Additionally, the thickness of the litter layer in each

quadrat was estimated by measuring the depth to the

Oa horizon in each corner and center. These measure-

ments were averaged for a given quadrat then aver-

aged across quadrats to estimate litter depth for the

plot.

Cranefly sampling

Pyramidal emergence traps constructed of white nylon

mesh covering four 1 m wooden stakes, were used to

collect adult craneflies as they emerged from the soil.

Trap bases were open, placed flush against the ground,

and covered approximately 1 m2 that was free of

woody debris. A collection container with a removable

lid and killing agent was supported at the trap’s apex.

Traps were checked every 7 days from May through

August 2010. Species determinations were made using

the taxonomic descriptions of Crampton et al. (1942).

Amphibian sampling

A twenty minute timed search was conducted simul-

taneously by three people (60 min/plot) within the

8 m fixed-radius understory plot. All cover objects
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(e.g. woody debris and rocks) were turned over, tree

bases examined, and litter disturbed in searching for

amphibians. Each amphibian was identified to species

and released (Amphibian Project # 28 protocol

approved 16 February 2010). Plots were sampled once

over a two-week period in early June 2010. Each plot

pair was sampled on the same day to minimize the

influence of weather conditions.

Litter samples were collected and CWD measure-

ments recorded after each timed search. The length

and diameter at each end for all woody debris over

5 cm at its smallest end was recorded and used to

calculate CWD volume (McGee 2000). Leaf litter was

collected from a 0.5 9 0.5 m area 4 m from the plot

center in each of the four cardinal directions. These

litter samples were pooled, sorted as beech or non-

beech, weighed, and used to calculate the beech litter

component of each plot.

Small mammal sampling

A 5 9 5 point trapping grid centered over each plot

was used to sample small mammals for three consec-

utive nights from June through August 2010. Grid

points were 10 m apart and alternated between having

a 7.6 9 7.6 9 25.4 cm folding Sherman trap (H.

B. Sherman Traps Inc., Tallahassee, FL, USA) or a

12.7 9 12.7 9 40.6 cm Tomahawk trap (Tomahawk

Live-trap Co., Tomahawk, WI, USA). Traps (n = 25)

were covered with leaf litter and abutted cover-objects

when these were in close proximity to the grid point.

Traps were baited each evening and checked the

following morning. All captures were recorded by

species, marked with non-toxic, non-permanent black

ink, and released (IACUC protocol #2010-01). To

avoid overestimating species abundance, recaptures

were not recorded. Each plot in a pair was sampled

simultaneously.

Diversity calculations and statistical analysis

The species diversity of each floral and faunal group

was calculated using the Shannon-Wiener and inverse

Simpson’s indices and richness (Magurran 2004).

Stand diameter diversity was calculated using the

Shannon-Wiener index (Buongiorno 2001). Descrip-

tive statistics for each community and all subsequent

analyses were conducted using SAS 9.2 (SAS Institute

2008). Because it uses pooled within-class variance,

canonical discriminant analysis (PROC CANDISC)

was chosen to investigate the separation of plot types

in multidimensional space. Fourteen plot characteris-

tics comprised this analysis: beech sapling density,

litter depth (cm), aspect (azimuth), slope (degrees),

stand diameter diversity, total living basal area (m2/ha),

total dead beech basal area (m2/ha), soil texture

(percentage of sand, silt, and clay), soil pH, CWD

volume (m3), proportion of beech litter, and the number

of years since the last stand management. Paired t tests

(PROC TTEST) were used to compare mean percent

cover of floral functional groups as well as floral

community diversity and species richness between plot

types. Ordinary least squares regression (OLS; PROC

REG) was used to examine the relationship between

beech thicket density and groundcover plant diversity,

while a Mann–Whitney U-test (PROC NPAR1WAY)

was used to test for differences in the diversity of faunal

communities between plot types.

Results

Discriminant analysis

Because we had two groups (plot types) a single

canonical root was extracted from the discriminant

analysis, indicating that non-thickets and thickets

were significantly different (Wilk’s lambda: 0.0847;

F(13,22) = 18.27; p \ 0.001; Fig. 1). Beech sapling

density, litter depth, and CWD volume were signifi-

cant (p \ 0.05) factors in plot type separation. Several

Fig. 1 Boxplot of the canonical roots for each plot type. Solid
boxed lines and whiskers indicate median root and maximum

and minimum values, respectively
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significant (p \ 0.05) positive correlations were

detected between: beech sapling density and live

beech basal area, litter depth and proportion of beech

litter, dead beech basal area and CWD, and CWD and

proportion of beech litter.

Floral communities

Forty-three groundcover plant species were recorded.

A complete species list is provided in Online Resource

1. Plants were observed in all quadrats, and no species

covered less than one percent of the area of any single

quadrat. Mean beech sapling density was 0.12 (±0.01

SE) stems/m2 and 0.55 (±0.03 SE) stems/m2 for non-

thicket and thicket plots, respectively. These values

were significantly different using a paired t test

(t(19) = -12.80, p \ 0.001). Mean litter depth for

non-thicket and thicket plots was 1.48 (±0.06 SE) and

2.25 (±0.10 SE) cm, respectively, and were signif-

icantly different (t(19) = -7.40, p \ 0.001). Addi-

tionally, OLS regression indicates litter depth was

significantly positively correlated (b = 1.4, t(38) =

11.7, p \ 0.001) with beech sapling density, which

explained 33 % (r2 = 0.33, F(1,38) = 18.7) of the

variance in litter depth. Mean percent cover for

vegetational functional groups are shown in Table 1.

Mean cover was significantly (p \ 0.05) lower in

thicket plots for all species combined and all func-

tional groups except bryophytes and graminoids and

arborescent vegetation (with beech cover) (Table 1).

Because beech primarily of root sprout origin (unpub-

lished data) accounted for 53 and 83 % of all

arborescent cover in non-thicket and thicket plots,

respectively, beech was excluded from this functional

group and the comparison was repeated. Non-beech

arborescent cover was significantly lower in thicket

plots (Table 1). Mean Shannon-Wiener and inverse

Simpson’s indices of diversity and species richness

were 19, 21, and 32 % lower in thicket plots than non-

thicket plots, respectively (Table 1). Beech sapling

density was significantly (p \ 0.05) correlated with all

diversity metrics and explained 17–38 % of the

variance (Table 2). Because this was an observational

study, these regression results cannot be used to

interpret cause-and-effect.

Faunal communities

Eighty-one crane flies representing 22 species were

collected. No craneflies were captured from 10 plots,

and only a single species was collected from 17

plots. Eleven species of amphibians (n = 182) were

Table 1 Mean percent

cover and diversity

(±standard error) and

paired t test results

(a = 0.05, df = 19,

n = 20) by plot type for

groundcover flora

Mean ± standard t p value

Non-thicket Thicket

All species 33.68 ± 2.54 22.12 ± 1.81 4.96 \0.001

Bryophytes and graminoids 3.68 ± 0.56 2.86 ± 0.66 1.27 0.219

Forbs 2.61 ± 0 45 1.38 ± 0.27 2.57 0.019

Ferns 12.39 ± 1.70 6.01 ± 0.90 4.37 \0.001

Shrubs 6.46 ± 1.43 1.63 ± 0.64 3.39 0.003

Arborescent 8.51 ± 1.47 10.23 ± 1.36 1.99 0.245

Arborescent excluding beech 3.97 ± 0.97 1.8 ± 0.60 3.01 0.007

Shannon-Wiener index (H’) 1.66 ± 0.06 1.35 ± 0.07 3.38 0.003

Inverse Simpson’s index (1/D) 3.97 ± 0.29 3.13 ± 0.22 2.41 0.027

Species richness 9.95 ± 0.56 6.80 ± 0.43 4.73 \0.001

Table 2 Ordinary least

squares regression

(df = 38, n = 40) results

for each diversity metric

against beech sapling

density

Variable Coefficient ? standard error t r2 p value

Shannon-Wiener index (H’) -0.75 ± 0.18 4.10 0.31 \0.001

Inverse Simpson’s index (1/D) -2.04 ± 0.65 2.78 0.17 0.008

Species richness -6.92 ± 1.27 4.87 0.38 0.001
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recorded during timed searches. No individuals were

recorded in four plots, and in 11 plots only a single

species was recorded. Seven species of small mam-

mals (n = 271) were captured during 108 trap nights.

Captures were recorded from each plot. However, at

three plots only a single species was recorded. Total

catch per unit effort values are available in Online

Resource 2. No significant differences in diversity

were detected between plot types for any of the faunal

communities examined. A complete species list is

provided in Online Resource 1.

Discussion

Thickets of small-stemmed American beech clones

arising from the root systems of dead overstory trees

affect the diversity of hardwood forest stands in the

central Adirondacks. The floral species diversity of

this community is significantly lower in thicket areas,

which appears to be due to a reduction in cover of most

functional groups as well as overall species richness

(Table 1). Furthermore, beech sapling density is

significantly correlated with floral diversity, explain-

ing 17–38 % of the variance (Table 2). Although this

study was observational and not designed to identify

mechanisms by which beech thickets impact local

diversity, a likely explanation for this relationship is

that thickets heavily shade the forest floor, reducing

the survivorship of local vegetation. Although many

forest plants have developed acclimation strategies to

a diffuse-light environment (Rothstein and Zak 2001),

excessive and prolonged shading can result in altered

nutrient allocation, growth rates, and sexual repro-

duction (Dale and Causton 1992; Iason and Hester

1993). Additionally, sunfleck utilization accounts for a

significant portion of carbon gain allocated to herba-

ceous biomass and, in the absence of this irradiance,

these plants may experience reduced growth, repro-

duction, and survival (Chazdon and Pearcy 1991;

Pearcy and Pfitsch 1991). Hane (2003) showed lower

survivorship of sugar maple seedlings in shade cloth

treatments when compared to controls. However,

survivorship was further reduced when seedlings were

grown under a dense beech understory, suggesting that

shading is likely not the sole mechanism by which

thickets impact local vegetation. Hane et al. (2003)

suggested phytotoxic beech litter leachate may act

synergistically with shading to reduce the survivorship

of sugar maple seedlings. Sugar maple cover and

incidence was significantly lower in thicket plots

relative to non-thicket plots (data not shown).

Another possible mechanism by which beech

thickets may negatively impact groundcover plant

communities is by high local input of leaf litter. Beech

litter is highly lignified and decomposes much more

slowly than that of its common associates, e.g. sugar

maple, red maple (Acer rubrum L.), white ash

(Fraxinus americana L.), and paper birch (Betula

papyrifera Marsh.) (Melillo et al. 1982). This litter is,

long-lasting and may contribute to the development of

a deep, persistent litter layer over time. Litter persis-

tence is a major determinant of the spatial pattern,

species composition and regeneration of forest herbs

(Sydes and Grime 1981). Beech litter may inhibit

regeneration by preventing the emergence of seedlings

and forest herbs.

Forest insects respond to changes in forest structure

and composition (Dajoz 2000), which is especially

true for detritivorous insects such as craneflies.

Craneflies live in the organic horizons of forest soils

and their diet is directly linked to woody debris and

leaf litter quality and input (Pritchard 1983). Although

some cranefly species are known to discriminate

against persistent and low quality (low nitrogen, high

lignin) leaf litter (Cummins and Klug 1979), we found

no evidence to suggest that beech-dominated litter or

thicket presence influences cranefly diversity. Our

data, therefore, do not support our hypothesis that

cranefly diversity is lower in thicket plots.

Forest amphibian diversity is closely tied to the

degree of canopy closure, microclimate moisture

regime, CWD, and leaf litter depth due to their

moisture-dependent life history characteristics (Sem-

litsch 2002). These animals generally prefer areas with

a stable moisture environment, i.e., with ample CWD

and closed canopies (Gibbs 1998; McKenny et al.

2006). However, we found no difference in amphibian

species diversity between plot types; therefore our

data do not support our hypothesis that amphibian

diversity will be significantly greater in thicket plots.

A possible explanation for this result is that the

moisture environment within beech thickets is not

significantly different than that in adjacent nonthicket

areas. Indeed, Brooks and Kyker-Snowman (2008)

showed that the relative humidity in areas of dense

regrowth following selection cuttings did not signif-

icantly differ from optimal forest amphibian habitat in
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paired control sites. Beech thickets may not provide a

more beneficial microclimate to amphibians occupy-

ing these areas; a focused study of soil moisture and

forest floor invertebrate prey may shed more light on

the relationship between terrestrial amphibians and

beech thickets.

Small mammals within the forest community

respond to changes in forest structure (Storer et al.

2005). Forest-dwelling small mammals avoid clear-

ings, preferring instead to occupy densely vegetated

areas (Kirkland 1990) with sufficient CWD that afford

protection from predation (Healy and Brooks 1988;

Kirkland 1990). Abundance of small mammals

increases as total understory and ground-layer (shrubs,

non-woody, and seedling) cover and richness

increases (Muzika et al. 2004). However we found

no differences in small mammal diversity between

plot types; our data, therefore, do not support our

hypothesis that small mammal diversity is greater in

beech thickets. We see two possible explanations of

these results. Muzika et al. (2004) suggested that

increased complexity of these forest strata increase

both food supplies and foraging and escape cover for

small mammals. The reduced complexity of the

vegetation community in beech thickets may not

provide small mammals with such benefits; however,

our dataset may be too limited to detect differences in

the small mammal community in this regard. Addi-

tionally, home ranges of some species (Myodes

gapperi, Napaeozapus insignis, and Tamiasciurus

hudsonsicus exceed the distance between paired plots

(i.e. 50–60 m) (Saunders 1988), suggesting our study

design did not capture these animals adequately.

This study highlights how the cascading effects of

an invasive disease complex can negatively affect the

diversity of non-host species. Beech bark disease has

caused extensive mortality of mature beech in stands

across eastern North America. In many regions, beech

has become the dominant understory species, forming

dense thickets which, as shown here, reduce the cover

and diversity of groundcover plants. While the rela-

tionship of beech thicket formation to faunal commu-

nities is less clear, experimental manipulations may

shed more light on these dynamics.
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