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Evaluating relationships among tree growth rate,
shade tolerance, and browse tolerance following
disturbance in an eastern deciduous forest

Lisa M. Krueger, Chris J. Peterson, Alejandro Royo, and Walter P. Carson

Abstract: Interspecific differences in shade tolerance among woody species are considered a primary driving force under
lying forest succession. However, variation in shade tolerance may be only one of many interspecific differences that cause
species turnover. For example, tree species may differ in their sensitivity to herbivory. Nonetheless, existing conceptual
models of forest dynamics rarely explicitly consider the impact of herbivores. We examined whether browsing by white
tailed deer (Odocoileus virginianus Zimmermann) alters the relationship between light availability and plant performance.
We monitored growth and survival for seedlings of six woody species over 2 years within six windthrow gaps and the
nearby intact forest in the presence and absence of deer. Browsing decreased seedling growth for all species except beech
(Fagus grandifolia Ehrh.). More importantly, browsing altered growth rankings among species. Increased light availability
enhanced growth for three species when excluded from deer, but browsing obscured these relationships. Browsing also re
duced survival for three species; however, survival rankings did not significantly differ between herbivory treatments. Our
results indicated that browsing and light availability operated simultaneously to influence plant growth within these forests.
Thus, existing models of forest dynamics may make inaccurate predictions of the timing and composition of species reach
ing the canopy, unless they can account for how plant performance varies as a result of a variety of environmental factors,
including herbivory.

Resume : Les differences interspecifiques de tolerance a l' ombre entre les especes ligneuses sont considerees comme la
principale cause de succession forestiere, Toutefois, la variation de la tolerance al'ombre peut n'etre qu'une des nom
breuses differences interspecifiques responsables du renouvellement des especes. Par exemple, les especes d'arbre peuvent
se distinguer par leur sensibilite al'herbivorisme. Neanmoins, les rnodeles conceptuels existants de la dynamique forestiere
considerent rarement l'impact des herbivores de facon explicite. Nous avons examine si Ie broutement de cerf du Virginie
tOdocoileus virginianus Zimmermann) modifie la relation entre la disponibilite de la lumiere et la performance des vege
taux. Nous avons suivi la croissance et la survie des semis de six especes ligneuses pendant 2 ans dans six trouees causees
par des chablis et dans une foret adjacente intacte en presence et en absence de cerfs. Le broutement a diminue la crois
sance des semis de toutes les especes sauf dans le cas du hetre (Fagus grandifolia Ehrh.). Mais surtout, le broutement a
modifie le classement des especes base sur la croissance. Une augmentation de la disponibilite de la lumiere a ameliore la
croissance de trois especes en absence de cerfs, mais le broutement a brouille cette relation. Le broutement a aussi diminue
la survie de trois especes. Toutefois, le classement des especes base sur la survie n'a pas ete significativement modifie par
le broutement. Nos resultats indiquent que le broutement et la disponibilite de la lumiere agissent simultanernent pour in
fluencer la croissance des vegetaux dans ces forets. Ainsi, les modeles existants de la dynamique forestiere peuvent pro
duire des previsions erronees de la composition des especes qui atteignent la canopee et du moment ou elles l'atteignent, a
moins qu'ils puissent tenir compte de la variation de la performance des vegetaux causee par divers facteurs environne
mentaux, dont l'herbivorisme.

[Traduit par la Redaction]

Introduction

Interspecific differences in shade-tolerance levels are
among the primary factors causing changes in community
composition during forest succession (Spurr and Barnes

1980; Shugart 1984; Pacala et al. 1994). These differences
are typically accompanied by trade-offs (e.g., high shade tol
erance at low light vs. rapid growth at high light) that under
lie most major conceptual models of secondary succession
(Clements 1916; Huston and Smith 1987; Tilman 1994).
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Many studies have demonstrated physiological differences
between shade-tolerant and shade-intolerant species, includ
ing differences in light compensation points, respiration
rates, and photosynthetic capacity (Loach 1967; Bjorkman
et al. 1972; Lusk 2002). Such differences have been used to
parameterize simulation models of forest stand dynamics
(Botkin et al. 1972; Canham et al. 1994; Kobe et al. 1995;
Pacala et al. 1996). Much empirical and theoretical work
has demonstrated that following a major overstory disturb
ance, shade-intolerant species usually increase in abundance
followed by a gradual turnover to ever more shade-tolerant
species, driven in part by differential species survival and
growth under decreasing light levels (Bormann and Likens
1979; Bradshaw 1992; Peterson and Carson 1996; Whitmore
and Brown 1996). Nonetheless, interspecific differences in
shade tolerance are only one of many plant traits that influ
ence forest succession. For example, drought may favor spe
cies with traits that promote survival under dry conditions
and, thereby, shift successional trajectories compared with
when precipitation is higher (Elliott and Swank 1994;
Condit et al. 1995, 2004; Bunker and Carson 2005). Latham
(1992) found that nutrient enrichment altered species growth
rankings for six temperate species along a light-availability
gradient. Thus, the outcome of succession may depend upon
the environmental context present following a canopy dis
turbance, thereby enforcing contingency on an otherwise de
terministic march to dominance by the most shade-tolerant
species.

Browsing by white-tailed deer (Odocoileus virginianus
Zimmermann) lowers growth and reproduction of plant spe
cies (Alverson and Waller 1997; Augustine and Frelich
1998; Long et al. 1998; Stange and Shea 1998) and can alter
plant population structure and community composition
(Harlow and Downing 1970; Bowers 1993; Horsley et al.
2003; Long et al. 2007), thus affecting the rate and direction
of succession. Deer browsing preferences (Whitney 1984;
Horsley et al. 2003) and herbivory tolerance (Anderson and
Loucks 1979) vary among tree species, and species that are
highly resistant or tolerant to damage span the range from
shade tolerant to shade intolerant (Horsley et al. 2003).
Thus, herbivory can potentially interact with light availabil
ity in a complex fashion and alter succession trajectories in
ways that are not anticipated by either fixed shade-tolerance
hierarchies or simple herbivore-preference rankings. For ex
ample, Tripler et al. (2005) concluded that shade tolerance
and herbivory collectively drove forest dynamics in a selec
tively cut hemlock-oak-maple forest because browsing al
tered the growth and survival rankings for five of six
common tree species in high-light environments but not in
low-light environments. Long et al. (2007) found that deer
herbivory eliminated the relationship between growth and
survival for three tree species in a beech-maple forest in
Pennsylvania. Few other studies have examined the relation
ship between tolerance to herbivory and shade tolerance
(Runkle 1982). Without the explicit consideration of herbi
vory, existing models that examine forest stand dynamics
risk confounding shade tolerance with herbivore tolerance,
thereby potentially attributing compositional change to in
correct mechanisms, particularly in areas with elevated her
bivore populations.

The objective of our study was to determine whether deer
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browsing alters the relationship among light availability,
growth, and survival of six tree species across a canopy
openness gradient. We hypothesized that species perform
ance hierarchies would differ between seedlings exposed to
deer herbivory and those excluded from deer as a result of
interspecific differences in browsing sensitivity (see Horsley
et al. 2003).

Materials and methods

Study sites
We conducted this study within the Allegheny National

Forest (ANF) in northwestern Pennsylvania. The ANF has a
humid continental climate with a mean annual precipitation
of 1540 mm (NADP 2006) and a mean annual temperature
of 8 °C (Bjorkbom and Larson 1977). The Allegheny Pla
teau is characterized by broad plateaus separated by steep
river valleys. Within our study sites, elevations ranged from
514 to 585 m a.s.l. See Bjorkbom and Larson (1977) and
USDA Soil Conservation Service (1985, 1993) for further
details regarding soils, climate, and topography. The domi
nant canopy tree species are black cherry (Prunus serotina
L.) and red maple (Acer rubrum L.); American beech
(Fagus grandifolia Ehrh.), eastern hemlock (Tsuga canaden
sis (L.) Carr.), and sugar maple (Acer saccharum Marsh.)
are also common (Morin et al. 2006). The understory is do
minated by beech and sugar maple saplings. Nomenclature
follows Gleason and Cronquist (1991).

Deer have been abundant on the ANF since the 1920s
(Bramble and English 1948) and by the 1930s had altered
the abundances, height, and species composition for those
plants within reach of deer (Lutz 1930; Leopold et al. 1947;
Hough 1949). Based on modified deer pellet counts con
ducted in 2007, the mean deer density across our study areas
was 4.21 ± 0.7 deer-krrr? (mean ± SE; T. Ristau, USDA
Forest Service, Northeastern Research Station, Irvine, Penn
sylvania, and lA. Rodrigue USDA Forest Service, Bradford
Ranger District, Bradford, Pennsylvania, personal communi
cation, 2007), which is low compared with historical esti
mates of 9-15 deerkrrr-' from the 1950s to the 1980s
(Marquis 1981).

A severe thunderstorm in July 2003 created >200 wind
throw gaps (Evans et al. 2007). We selected six of these
gaps that ranged in size from 0.4 to 42.0 ha, with damage
severities ranging from 38.5% to 69.5% basal area down.

Field methods
During the summer of 2005, we haphazardly selected in

dividual seedlings (25-150 em tall) of six tree species and
then randomly assigned them to either exclosure or nonex
closure control treatments. Seedlings were either within our
study gaps or within the intact adjacent forest, thereby pro
viding a wide range of canopy openness levels. The species
included eastern hemlock, red maple, black cherry, pin
cherry (Prunus pensylvanica L.f.), American beech, and yel
low birch (Betula alleghaniensis Britton). These species dif
fer in either their degree of shade tolerance or white-tailed
deer browse preference within this region (Horsley et al.
2003; Table 1). Although sugar maple is a common canopy
species within the ANF, seedlings of this species were nota-
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Table 1. Deer food preference and shade-tolerance ratings for six tree species within the Allegheny National Forest
(adapted from Horsley et al. 2003) and the numbers of exclosed and nonexclosed seedlings in the study.

Species
Pin cherry
Black cherry
Yellow birch
Red maple
American beech
Eastern hemlock
Total

Food preference by deer
High in all seasons
Low in all seasons
High in late autumn; otherwise, moderate or low
Moderate or low in all seasons; high in winter
High in winter and late spring; otherwise, low
Moderate across all seasons; heavier in winter

Shade tolerance
Very intolerant
Intolerant
Intermediate
Tolerant
Very tolerant
Very tolerant

No. of
nonexclosed
seedlings
36
29
56
34
68
28

251

No. of
exclosed
seedlings

35
30
58
34
68
29

254

bly absent at the time of this study and, therefore, were not
included in the sampling.

We used a two-way factorial design with exclosure treat
ment and species as independent variables and height
growth, survival, and browse damage as response variables.
Canopy openness was used as a covariate. Seedling numbers
varied (28-68) among habitats and species because some
species were sparsely or very patchily distributed, particu
larly within the intact forest (Table 1). A total of 251 nonex
closed seedlings and 254 exclosed seedlings (i.e., 254
exclosures total, one for each exclosed seedling) were in
cluded in the study. Table 1 summarizes the number of
seedlings within each species that were exclosed and nonex
closed. We used 0.5 in. (1 in. = 2.54 em) mesh hardware
cloth, rebar (steel reinforcing rods 1 cm diameter), and
wooden posts to construct the seedling exclosures. Exclo
sures were tubular and open topped to reduce shading ef
fects caused by the hardware cloth. Exclosure size varied
slightly according to seedling size. However, the exclosures
were constructed to be taller than the seedlings, and too nar
row for deer to jump inside; therefore, branches of seedlings
were not exposed to deer at any time during the study.

We measured initial browse damage and heights for each
seedling in July 2005 and measured each seedling annually
(June 2006 and July 2007) for height, browsing, and sur
vival for an additional 2 years. Browsing was examined in
two ways: (i) browsing frequency and (ii) browsing damage.
To quantify browsing frequency, we examined each seedling
for the presence or absence of browsing and tallied fre
quency by species and deer preference category. We used a
paired t test to determine if browse frequency differed be
tween years 1 and 2 of the study, for nonexclosed individu
als of each species. We also determined the cumulative (i.e.,
over the 2 year period) browse frequency of nonexclosed
seedlings to see if this pattern differed from annual fre
quency. We quantified browse damage on nonexclosed seed
lings by counting the number of branch tips that were
browsed and not browsed on each seedling each year and
then calculating the percentages of branch tips that were
eaten by deer across the 2 years for each seedling.

We assessed canopy openness from hemispherical photo
graphs taken above each seedling using a Nikon Coolpix880
digital camera and a fish-eye lens (Nikon FC-E8). Images
were taken in summer 2005 and, again, in 2007 to account
for any changes in canopy openness that occurred from can
opy closure. Photographs were analyzed with Gap Light An
alyzer software to quantify openness (Frazer et al. 2000).

To test if exclosures could alter light availability to seed
lings, we constructed 10 similar exclosures in a nearby open
field and measured light levels under cloudless conditions
using a Sunfleck Ceptometer (SF-80, Decagon, Pullman,
Washington). On each of three different days, we took six
light measurements per exclosure; three inside at 25 em
aboveground and three above the exclosure at 1.7 m with
the sensor wand oriented at 0°, 120°, and 240° from north.
Mean light levels above versus inside the exclosures were
compared using a paired t test.

Statistical analysis
We converted height data to absolute growth rates (AGR)

using

AGR =[In(sizefinal) -In(sizeinitial)]/time

where sizeinitial was the initial height measured for the seed
ling and sizefinal was the height measured for that seedling
the following year. We calculated AGRs for each year of
the study and then averaged the two annual AGRs for each
seedling for use in our analyses. We analyzed AGR using
an analysis of covariance (ANCOYA) with exclosure, spe
cies, and exclosure x species as fixed effects. The canopy
openness values for 2005 and 2007 were averaged for use
as a covariate. We followed significant treatment effects
with Tukey post hoc analyses to identify pairwise differ
ences. Furthermore, we explored significant covariate ef
fects with separate regressions on each species x treatment
combination to determine whether relationships between
height AGR and canopy openness differed in the presence
or absence of deer. Natural log transformation was applied
as needed to meet assumptions of normality and homoske
dasticity of variance; in one case, transformation did not
yield homoskedastic variances and normality, and we used
Spearman rank order correlation analyses in place of linear
regression. If a significant regression occurred within a spe
cies, we conducted an analysis of variance (ANOYA) to test
for an exclosure treatment x canopy openness interaction
effect.

We further examined the nonexclosed seedling data only
to determine how level of browsing damage affected growth.
We performed an ANCOYA where species and browse
damage (percentage of branch tips browsed per seedling)
were the main effects, and canopy openness was the covari
ate. We also ran multiple linear regression analyses on the
nonexclosed seedling data for each species with AGR as the
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Table 2. Annual browse frequency (annual percentages of nonexclosed seedlings
browsed), cumulative browse frequency (percentages of nonexclosed seedlings
browsed over the 2 year period), and browse damage (percentages of branch tips
that were eaten by deer across the 2 years for individuals that were browsed) for
six tree species.
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Species
Pin cherry
Yellow birch
Red maple
Black cherry
Eastern hemlock
American beech

Annual
browse frequency
(% seedlings)
63±9
55±1
41±2
37±7
34±2
18±4

Cumulative
browse frequency
(% seedlings)
72a
79b
53c

52cd
46cd
31d

Browse damage
(% branch tips)
44±7a
34±4a
38±5ab
37±7ab
15±4bc
15±3c

Note: Values for annual browse frequency and browse damage are means ± SEs. Va
lues with different letters within a column have significantly different browse frequency or
browse damage at p < 0.05 among species.

Fig. 1. Mean annual height absolute growth rates (AGRs) for six
species in the Allegheny National Forest, Pennsylvania, in the pre
sence and absence of deer. Error bars are SEs. The p values within
the figure show the results of the analysis of covariance. Trt, indi
vidual seedling exclosures; TrtxS, treatment x species interaction;
CO, canopy openness. Asterisks show significant treatment effects
within species at p =0.05 based on Tukey post hoc analyses.
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dependent variable and canopy openness and browse dam
age as the independent variables.

We determined if overall seedling survival was differen
tially distributed across species within each herbivory treat
ment group (exclosed or nonexclosed) using G tests of
homogeneity. We followed each G test with the simultane
ous test procedure for homogeneity of replicates tested for
goodness of fit to identify species groups that were signifi
cantly different in their survival within each treatment group
(Sokal and Rohlf 1995). Separate G tests of homogeneity
were used to examine exclosure effects on survival within
each species. We also conducted logistic regressions on
overall survival and mean canopy openness data to deter
mine if light availability influenced seedling mortality over
the 2 years of the study. These analyses were conducted for
all treatment x species combinations unless no individuals
within a treatment group died during the study.

We analyzed species effects on browse damage levels us
ing an ANOVA followed by Tukey post hoc analyses to
identify pairwise differences between species. Variation in
cumulative browse frequency among species was analyzed
using a G test of homogeneity followed by the simultaneous
test procedure for homogeneity of replicates tested for good
ness of fit to identify pairwise differences in browsing fre
quency among species.

Results

Browsing
The percentages of seedlings browsed (browse frequency)

did not differ significantly between years 1 and 2 (t = 1.85,
df = 5, p = 0.12); therefore, we report the mean percentages
of individuals browsed annually (annual browse frequency;
Table 2). The annual browse frequency was highest in pin
cherry followed by birch, red maple, black cherry, hemlock,
and beech, showing a continuum of preference by deer.
Across the 2 years, the cumulative browse frequency fol
lowed a similar pattern (Table 2), although birch had a
higher total percentage of seedlings browsed by the end of
the study than pin cherry despite having a lower mean an
nual browse frequency than pin cherry. For all species, cu
mulative browse frequencies across the entire study are
slightly higher than annual browse frequencies because
some seedlings were browsed only in year 1 of the study,
whereas others were browsed only in year 2

The pattern was altered slightly when we considered the
relative number of branch tips removed by deer on a per to
tal branch tips basis (browse damage) (Table 2). When seed
lings were browsed, deer did the most damage to pin cherry,
followed by red maple, black cherry, yellow birch, hemlock,
and beech. Thus, even though black cherry was browsed less
frequently than yellow birch and red maple, the deer ac
tually caused similar amounts of damage to black cherry,
yellow birch, and red maple seedlings.

Height absolute growth rate
Browsing decreased seedling growth rate and plant height

over the 2 years of the study (F[1,4351 = 41.46, p < 0.0001;
Figs. 1 and 2, Table 3) for all species except beech. Note
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Fig. 2. Mean seedling heights for six tree species within the Allegheny National Forest, Pennsylvania, in the presence and absence of deer.
The 2005 heights are the heights at the initiation of the study. Error bars are SEs.
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Table 3. The impact of browsing on height
absolute growth rate (AGR) rankings for
seedlings of six tree species within the Alle
gheny National Forest, Pennsylvania.

Note: The AGR rankings were determined
using the mean of the height AGRs for 2005-2006
and 2006-2007. Rankings with different letters
within a column represent significantly different
AGRs at p < 0.05 among species.

that seedlings for all species started out at similar heights in
2005 in each treatment (Fig. 2). Browsing dramatically re
duced the final height and growth rate of birch (Figs. 1 and
2, Table 3). With browsers absent, birch grew significantly

Height AGR rank

taller and faster than all other species, whereas birch, red
maple, hemlock, and beech had equivalent growth rates and
final heights with browsers present (Figs. 1 and 2, Table 3).
Browsing caused black cherry to grow significantly more
slowly than birch, red maple, hemlock, and beech; inside ex
closures, the growth rate of black cherry was equivalent to
red maple, pin cherry, hemlock, and beech. Furthermore,
with browsers present, beech had equivalent growth rates
with all species except the slower growing black cherry.
Without browsers, beech grew more slowly than both birch
and red maple. Perhaps most importantly, browsing changed
interspecific ranks in growth rate among species (Table 3).
Two species (beech and pin cherry) shifted two positions in
the hierarchy.

There was a significant effect of canopy openness on
mean AGR for all species combined (ANCOVA, F[l,435] =
57.10, P < 0.0001). With browsers absent, we found a sig
nificant positive relationship between canopy openness and
growth rate for red maple (p = 0.05, r2 = 0.13), birch (p <
0.001, r2 = 0.60), beech (p < 0.001, r2 = 0.33), and hemlock
(p = 0.002, r 2 = 0.31; Fig. 3). Browsing negated this positive
relationship for birch and red maple. Furthermore, with
browsers present, canopy openness explained far less varia
tion in growth rate for beech (p = 0.005, r2 = 0.12) and

Browsers
excluded
(treatment)
la
2b
4bc
6c
3bc
5bc

Browsers
present
(control)
la
2ab
3abc
4ab
5bc
6c

Yellow birch
Red maple
Eastern hemlock
American beech
Pin cherry
Black cherry

Tree species
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Fig. 3. Mean annual height absolute growth rates (AGRs) for six tree species across a canopy openness gradient within the Allegheny Na
tional Forest, Pennsylvania, in the presence and absence of deer. The AGR for seedlings within each species treatment combination was
regressed against the mean of 2005 and 2007 canopy openness values. The ,-2 and p values are given for significant regression analyses.
Solid lines are significant regression lines for exclosed seedling data, and broken lines are significant regression lines for nonexclosed seed
ling data. The p values within the figure are the results of the ANOVAs. Trt, exclosure treatment; CO, canopy openness; COxTrt, canopy
openness x treatment interaction.
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hemlock (p = 0.03, r2 = 0.17; Fig. 3). Data for black cherry
were not normally distributed and could not be transformed
to meet statistical assumptions, thus ruling out regression
analyses; although we did not find a significant correlation
between canopy openness and growth for black cherry using
Spearman rank order correlation analysis.

For seedlings exposed to browsers, the level of browse
damage also had a significant effect on mean AGR for all
species combined (ANCOVA, F[l,183] = 35.05, p < 0.0001).
Red maple, yellow birch, pin cherry, and hemlock had sig
nificant negative relationships between browse damage (per
centage of branch tips browsed per seedling) and growth
rate (Table 4). Furthermore, when browse damage was in
cluded in the regression model, a significant relationship
was evident between AGR and canopy openness for both
yellow birch and hemlock (Table 4). Conversely, variation
in beech growth rate was related to canopy openness but
not browse damage levels (Table 4). A Spearman rank order
correlation analysis showed no significant correlations be-

tween black cherry AGR, browse damage, and canopy open
ness.

Survival
Excluding browsers increased survival for red maple by

18% (G = 4.48, df = 1, p < 0.05), black cherry by 10%
(G = 4.43, df = 1, p < 0.05), and birch by 7% (G = 5.84,
df = 1, p < 0.025; Table 4). Survival varied significantly
among five species both outside (G = 34.23, df = 4, p <
0.001) and inside exclosures (G =49.21, df =4, p < 0.001).
This variation was driven by low survival of pin cherry both
inside and outside exclosures. Analyses of only gap seed
lings (to compare our results with Tripler et al. 2005) also
showed low pin cherry survival in both nonexclosed (G =
18.36, df = 4, p < 0.01) and exclosed (G = 38.89, df = 4,
p < 0.001) seedlings.

There were not enough data to conduct logistic regression
analyses on survivorship and mean canopy openness for four
of the six species because survivorship in both treatments
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Table 5. Percentages of seedlings alive at the end of the study
for six species in the presence and absence of browsers within
the Allegheny National Forest, Pennsylvania.

Note: Values with different letters within a column indicate signifi
cant differences at p < 0.05 among species.

*Species was not included in the analyses because of 100% seedling
survival.

t G test indicated a significant exclosure treatment effect within a
species at p < 0.05.

Is shade tolerance confounded with browse tolerance?
Our results suggest that, within the ANF, the two most

shade-tolerant species (beech and hemlock) are also the
most browse insensitive because they alone maintained a
positive relationship between canopy openness and growth
in the presence of browsers. They also had the highest survi
vorship in the presence of browsers (see also Liang and Sea-

tionships. For example, Long et al. (2007) found that, in the
absence of browsing, there was a significant positive rela
tionship between growth and survivorship for saplings of
six tree species within an old-growth beech-maple forest
(black cherry, sugar maple, red maple, beech, white ash
(Fraxinus americana L.), and oak (Quercus spp.)). Browsing
negated this relationship for red maple, white ash, and oaks
(red oak (Quercus rubra L.) and white oak (Quercus alba
L.)).

Surprisingly, we could not detect any relationship be
tween canopy openness and absolute growth rate for pin
cherry and black cherry. This suggests that enemies (other
than browsers) or resources other than light may be limiting
plant growth (cf. Finzi and Canham 2000). For example, an
unknown leaf pathogen was pervasive on pin cherry in
2005-2006 and appeared to cause high mortality in the fol
lowing year (L.M. Krueger, University of Georgia, personal
observation). This would explain why we never detected a
relationship between canopy openness and either growth or
survivorship for this rapidly growing pioneer species.

One other explanation may exist for why we saw no in
crease in growth with canopy openness when browsers were
excluded for pin cherry and black cherry. Canopy openness
values within the study were :::;60%. Thus, light levels may
not have been high enough for us to see a growth response
in the shade-intolerant species, whereas they were high
enough for the more shade-tolerant species to respond. In
support of this, red maple, which is a less tolerant species
than beech and hemlock, did not have a significant
treatment x canopy openness interaction effect, even though
canopy openness significantly affected growth when brows
ers were excluded and not when browsers were present. The
results suggest the relationship between growth and canopy
openness is on the borderline of detection for red maple at
the levels of canopy openness used in this study.

Browsers excluded
(treatment) (%)

100
97a

lOGa
lOGa
94a
57b

Browsers present
(control) (%)

100
96a
93a
90a

76ab
53b

Eastern hemlock*
American beech
Yellow birch t
Black cherry"
Red maple"
Pin cherry

Species

p value

Browse Canopy
Species damage openness ~

Red maple 0.01 0.25 0.28
Yellow birch <0.001 0.03 0.37
American beech 0.30 0.006 0.13
Pin cherry 0.03 0.96 0.27
Eastern hemlock 0.004 0.004 0041

Table 4. Results of multiple linear regression analyses
on mean annual absolute growth rate versus browse
damage (percentages of branch tips browsed per seed
ling) and canopy openness for seedlings in the presence
of browsers of five tree species within the Allegheny
National Forest, Pennsylvania.

was always >90% (Table 5). However, exclosed red maple
and nonexclosed and exclosed pin cherry had high enough
levels of mortality to run the analyses. Mean canopy open
ness did not significantly influence the survival of either pin
cherry nor red maple.

Exclosure shading
Light levels (measured as photosynthetic photon flux den

sities) inside exclosures (1138 ± 27 umol-rrr'<s"; mean ±
SE) were 7%-20% lower than outside exclosures (1368 ±
15 ~mol·m-2·s-1) (t = -9.547, df = 8, p < 0.001); thus, we
may have slightly underestimated the effect of browsing on
growth (Figs. 1 and 2, Table 3).

Discussion

Herbivory alters critical hierarchies that are metrics of
plant performance

Browsing reduced growth for five of six species over two
growing seasons and changed the hierarchy of species
growth rankings. Beech (a nonpreferred species) went from
having the fourth most rapid AGR in the presence of brows
ers to having the slowest AGR in their absence. This shift in
the hierarchy occurred because excluding deer increased
growth rate for all species but beech. Similarly, a rapidly
growing and highly preferred species, pin cherry, slipped
two places in the growth hierarchy from third in the absence
of browsers to fifth in their presence. Thus, browsing altered
growth hierarchies by shifting a highly shade-tolerant spe
cies and a very shade-intolerant pioneer species simultane
ously within the same forest.

A few other studies have also found that browsing can al
ter hierarchies of plant relationships that are critical metrics
of plant performance. For example, Long et al. (2007) found
that hierarchies of the relationship between growth and sur
vivorship shifted among saplings for two of the six tree spe
cies they evaluated in an old-growth beech-maple forest in
Pennsylvania. Similarly, Tripler et al. (2005) also found that
browsing shifted survival and growth rankings for six tree
species in an open-canopy, thinned forest in Connecticut.

In our study, browsing also obscured the positive relation
ship between growth and light availability, either negating
the relationship entirely (birch and red maple) or weakening
it (beech and hemlock). This is consistent with other find
ings that browsing obscures or negates various growth rela-
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gle 2002). Similarly, Long et al. (2007) found that white
ash, beech, and sugar maple (shade-tolerant species) all had
high survivorship within a low-light forest understory both
in the presence and absence of browsers. Typically, species
that are classified as shade tolerant have seedlings and sap
lings with a suite of correlated traits (persistence in shaded
understories, dense wood, well-defended leaves, low photo
synthetic capacity, and slower growth), which confer an ad
vantage both in the shade and under conditions of prolonged
exposure to herbivores in the understory (Coley 1983; Coley
et al. 1985; Kursar and Coley 1999; Sagers and Coley
1995). In the literature, shade tolerance has come to mean
the ability to survive in the understory for long periods of
time. This trait or strategy could be due to varying combina
tions of the ability to survive at low light and the ability to
survive (tolerate, defend, or avoid) prolonged periods of
browsing. Thus, it is not clear whether these species persist
in the understory because they are browse tolerant or shade
tolerant or the degree to which these traits are correlated. In
deed, Long et al. (2007) found that red maple had very high
survivorship in the shade (equivalent to sugar maple) but
only when protected from browsers. Therefore, marked dif
ferences in seedling survival in shaded understories may be
a result not only of shade tolerance, but also of the local
abundance of browsers. We term this apparent shade toler
ance and apply it to species that when enemies are in high
abundance, appear to persist in the understory because of
shade tolerance when, in fact, persistence may also require
enemy tolerance. These enemies could be browsers, insect
herbivores, or pathogens.

How much browsing pressure is required to shift
hierarchies?

Few studies directly address the question of how low deer
abundances need to be for browsing effects to become insig
nificant on community structure and dynamics. An enclosure
study conducted in the Allegheny Plateau estimated that
deer densities >8 deer-km-2 can significantly affect forest
dynamics (Horsley et al. 2003). However, based on our re
sults, deer population levels do not have to be that high
(4.21 ± 0.7 deer-knr-') to induce shifts in growth hierarchies
(see also deCalesta and Stout 1997). An exact deer density
threshold is difficult to suggest because of a lack of studies
that specifically examine the effect different deer densities
have within the same region. However, Alverson et al.
(1988) suggest that densities would need to be <4 deer-knre

to ensure successful regeneration and species diversity main
tenance in northern hardwood stands. Our results appear to
concur with this estimate; however, further work will be
necessary to determine if abundances <4 deer-km-2 do not
alter competitive hierarchies.

Implications for forest models
Interspecific differences in growth and survival in relation

to light availability have often been used to parameterize
model simulations that predict forest dynamics (Botkin et
al. 1972; Canham et al. 1994; Kobe et al. 1995; Pacala et
al. 1996). However, individual plants vary considerably in
their performance because of a variety of factors, including
herbivory. Our results suggest that predictions of seedling
performance based solely on shade tolerance may not hold
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up throughout large areas of the northeastern United States
where deer densities are high. Therefore, basing seedling
growth and survival probabilities only on light availability
is a current shortcoming of these models. We emphasize
that our findings directly apply only to seedlings; once indi
viduals reach a size refuge, they are no longer vulnerable to
deer browsing. Nevertheless, all regeneration must pass
through the vulnerable seedling stage, so our findings may
illuminate patterns established in the seedling stages that
carryover into later life stages. If species competitive hier
archies vary markedly over time in response to herbivory,
projections of successional trajectories based solely on es
tablished survival and growth rankings may be inaccurate.
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