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a b s t r a c t
Forest managers are frequently confronted with sustaining vegetation diversity and structure in landscapes experiencing high ungulate browsing pressure. Often, managers monitor browse damage and risk
to plant communities using vegetation as indicators (i.e., phytoindicators). Although useful, the efﬁcacy
of traditional phytoindicators is sometimes hampered by limited distribution and abundance, variable
browse susceptibility, and lagged responses. In contrast, sprouts possess traits which make them readily
available and attractive to browsers, yet fairly resilient to tissue loss. Here, we experimentally evaluate whether hardwood tree stump sprouts are effective and sensitive phytoindicators of deer browse
pressure. We measured sprout abundance and height in fenced and unfenced plots at 17 shelterwood
harvested sites scattered across a 6500 km2 region where deer densities varied by nearly an order of
magnitude. We found browsing did not alter the proportion of stumps sprouting and sprout density;
however, browse pressure varied among the four most abundant species. Acer rubrum and Acer saccharum were heavily browsed, although browse pressure on A. saccharum decreased in areas with greater
canopy openness. Fagus grandifolia and Prunus serotina were less preferred. Differences in palatability
altered size hierarchies. Averaged across all species, browsing reduced sprout height by 39%, relative to
protected sprouts. Under ambient browsing, P. serotina was 60–100% taller than other species and signiﬁcantly taller than A. saccharum and F. grandifolia. However, within fences A. saccharum and A. rubrum
doubled in size, relative to browsed individuals, and were as tall as P. serotina. Deer impact on sprout
height within unfenced forest stands was negatively correlated with estimated deer densities (R2 = 0.46).
Thus, we suggest sprout surveys can provide a measure of impact across much larger areas. Our results
demonstrate that sprouts, particularly those of Acer species, offer an abundant, easily measured, and reliable indicator of browse pressure. Moreover, browse impacts on sprouts emerged before impacts were
detected on seedling abundance, height, or biomass. We argue sprouts can warn of imminent browse
risk to seedlings (and perhaps non-woody vegetation) and thereby allow managers to take actions to
mitigate or avert losses to the regenerating seedling cohort.
Published by Elsevier Ltd.

1. Introduction
Abundant empirical documentation indicates that overabundant populations of white-tailed deer (Odocoileus virginianus) and
other ungulates can undermine multiple ecosystem services provided by forests including biodiversity and sustainable wood and
ﬁber production (reviewed by Côté et al., 2004; Fuller and Gill,
2001; Gill, 1992; Hobbs, 1996; Rooney and Waller, 2003; Russell
et al., 2001). As selective browsers, deer alter the growth, survival,
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and fecundity of plants through tissue consumption (Krueger et al.,
2009; Long et al., 2007) resulting in widespread changes in patterns
of species composition, reductions in diversity, alterations to successional pathways, and inhibited forest regeneration (Côté et al.,
2014, 2004; Rooney and Waller, 2003; Russell et al., 2001; Waller
and Alverson, 1997).
In spite of the well-known effects of ungulates on forest
ecosystems, land managers are confronted with the challenge
of sustaining vegetation diversity, structure, and function within
forests impacted by intense browsing. Thus, many forest management agencies monitor either deer populations (e.g., fecal pellet
surveys; Acevedo et al., 2010; deCalesta, 2013) or browse impacts
on plant communities (Kirschbaum and Anacker, 2005; Morellet
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et al., 2001). Vegetation-based indices (i.e., phytoindicators) of
browsing are typically preferred as they allow a rapid and costeffective assessment of browse impacts on forest communities
(Iijima and Nagaike, 2015). Vegetation indicators include browse
surveys (Oak browsing index; Chevrier et al., 2012; Sugar maple
browse index; Frelich and Lorimer, 1985), measurements of morphological characteristics of browse-sensitive species (e.g., height
or impact to reproductive structures; reviewed by Kirschbaum and
Anacker, 2005), demographic characteristics of plant populations
(Knight, 2003; McGraw and Furedi, 2005), and even integrated
indices that consider responses at the plant community-level
(Filazzola et al., 2014; Frerker et al., 2013) or across taxonomic
groups (e.g., plants and insects; Bachand et al., 2014). Ultimately,
monitoring browse indicators provides managers critical data to
sustainably manage their resources. For example, McGraw and
Furedi (2005) incorporated browsing pressure to model the population viability of Panax quinquefolius, a valuable non-timber forest
product species. Moreover, land managers are currently using phytoindicator surveys to adaptively manage deer hunting pressure
on public ad private lands (Pennsylvania DCNR, 2013; Stout et al.,
2013).
Vegetation-based indices have many merits; however, they also
suffer from shortcomings that may limit their broad application. For
example, indicators based on browse impacts to focal plant species
are inadequate if the chosen species are rare or absent within
sampled stands, or entirely consumed (Frerker et al., 2013). Effective browse indicators should also be consistently browsed; hence,
many phytoindicators are focused on highly palatable species
(Kirschbaum and Anacker, 2005). However, even among palatable
species, browse susceptibility can vary depending on plant size or
relative abundance (e.g., Faure-Lacroix et al., 2013). For example,
small seedlings are disproportionately less susceptible to browsing than larger seedlings within a deer’s ‘molar zone’ (0.2–1.8 m;
Frerker et al., 2013; Waller and Alverson, 1997) resulting in lagged
responses to current browse pressure as seedlings develop and
grow into larger, vulnerable size classes. Finally, palatability and
susceptibility to browsing can vary across resource gradients (e.g.,
nitrogen, light; Tripler et al., 2002). Therefore, ideal indicators
should be widely distributed, abundant, susceptible to browsers,
palatable across various resource gradients, and browse tolerant.
Resprouting woody species (e.g., stump sprouts) circumvent
many of the limitations on availability, browse-susceptibility, and
tolerance that often limit the utility of other phytoindicators.
Many hardwood species sprout proliﬁcally after being top-killed
(reviewed by Tredici, 2001; Vesk and Westoby, 2004) and are
found consistently and abundantly in windthrown and harvested
forest communities (Clarke et al., 2013; Dietze and Clark, 2008;
Forrester et al., 2014; Poorter et al., 2010; Ristau and Horsley, 1999).
Additionally, although deer preferentially browse on sprouts growing in disturbed areas versus seed origin stems (Harlow et al.,
1997; Moore and Johnson, 1967), these sprouts are tolerant to
browsing due to abundant carbohydrate reserves in rootstocks
(Bond and Midgley, 2001; Faison et al., 2014; Poorter et al., 2010).
Sprout growth rates also are 3–4 times greater than seedlings
(0.5–1.0 m/yr; Dietze and Clark, 2008; Ristau and Horsley, 1999;
Tredici, 2001) and thus enter quickly into larger size classes that
are more vulnerable to deer browsing. By possessing traits which
make them rapidly available and attractive to browsers, yet fairly
resilient to tissue loss stump sprouts should serve as reliable and
useful indicators of browse impact.
Here, we experimentally evaluate whether hardwood tree
stump sprouts are effective and sensitive phytoindicators of
deer browse pressure. If so, we predict stump sprout size and
abundance will be more adversely affected than seedling size or
abundance or overall woody biomass. We further predict browse
impact on sprouts will intensify with increasing deer densities. Our

experimental approach collected data on sprout and seed origin
stems within paired fenced and unfenced plots across multiple
sites distributed over a large spatial scale and where deer densities
varied by nearly an order of magnitude. Thus, we are able to test
phytoindicator sensitivity and reliability across a broad range of
deer densities.

2. Materials and methods
2.1. Study area
We conducted our study in 17 northern hardwood forest sites
distributed across a 6500 km2 area of northern Pennsylvania, USA
(Appendix A). Major tree species are red maple (Acer rubrum),
sugar maple (Acer saccharum), black cherry (Prunus serotina), and
American beech (Fagus grandifolia), with lesser abundances of hemlock (Tsuga canadensis), birches (Betula alleghaniensis, Betula lenta),
and white ash (Fraxinus americana) (Marquis, 1975). Understory
vegetation is dominated by unpalatable striped maple (Acer pensylvanicum), beech (mostly root sprouts) in the shrub layer, and ferns
(e.g., Dennstaedtia punctilobula and Thelypteris noveboracensis) in
the herb layer (Royo et al., 2010).

2.2. Experimental design
All experimental sites are forests where managers initiated a
regeneration sequence via a shelterwood system. The initial establishment harvest reduced average basal area across all sites from
an average of 26.1 m2 /ha to 16.2 m2 /ha (see Table 1 for speciﬁc
changes by site). Additionally, 16 of the 17 sites also received broadcast herbicide treatments (typically sulphometron methyl with or
without glyphosate; Marquis et al., 1984) to control dense layers of
plants species (e.g., ferns) interfering with tree regeneration. The
combination of herbicide and shelterwood harvests is a common
silvicultural system used in the northeastern U.S. and elsewhere
that stimulates diverse seedling recruitment and growth several
years prior to a ﬁnal removal harvest (Hannah, 1988; Horsley, 1994;
Nyland, 2002).
Within each site, we established paired 4200 m2 (60 m × 70 m)
plots and randomly assigned one plot as a deer exclosure (fence)
treatment and the other an unfenced control in 2013. Centered
within each plot, we established a 2000 m2 (40 m × 50 m) sampling area, divided into a 10 m × 10 m grid, so as to leave a ∼10 m
wide buffer between the perimeter of the plots and the sampling
area. Exclosure construction was completed by September 2013
except for one site (Rush) in which harvest occurred during winter of 2013/14. At this site, the exclosure was constructed in early
spring 2014.
We surveyed vegetation in summer 2014. We censused tree
regeneration in 1 m2 circular subplots located at the nodes of the
10 m × 10 m grid (30 subplots per plot). We counted all seed origin or seedling sprout stems by species and height class (0.05–0.3,
0.3–0.9, 0.9–1.5, and >1.5 m) and recorded heights of the tallest
individual of each species. We surveyed all stumps contained
within the 2000 m2 area delineated by the grid. If possible, stumps
were identiﬁed to species. For each stump we measured diameter
along the widest axis, the number of sprouts per stump (sprout
density), the height of the tallest sprout, and browse pressure (i.e.,
proportion of sprouts that were browsed). We conducted biomass
harvests in 1 m2 circular subplots placed 5 m north of 9 randomly
selected nodes in both the exclosure and control plots. In each subplot we clipped all vegetation to 1 cm height by functional group
(subshrub, woody, annual grass, perennial grass, annual forb, or
perennial forb). Following clipping, vegetation was dried for 3–5
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Table 1
Summary of 17 sites used in the study. Data includes year of herbicide and shelterwood harvest treatments, pre and post-harvest basal areas (m2 /ha), and estimated overwinter
deer densities in 2014 (deer/km2 ).
Name

Herbicide year

Harvest date

Pre-harvest basal area

Post-harvest basal area

Deer density

Balaton Timber
Bradford 40
Bump Run #3
BWAC9
Cash Crop
Close Call
Compressor
McKean 37
Potter 11/Kickoff
Potter6
Rush
Screaming Eagle
Second Look
Shake-N-Bake
Shakespeare
Sorry About That
Treed Bear

2009
2012
2012
2011
2009
2010
2012
2012
2012
2012
2010
2009
2012
2009
N/A
2010
2009

2012
2011
2013
2012
2013
2013
2012
2010
2013
2012
2014
2012
2013
2012
2013
2012
2012

N/A
23.18
22.95
32.13
24.10
19.71
24.97
N/A
N/A
N/A
27.31
25.25
23.45
27.77
29.84
32.59
26.16

19.51
8.03
16.07
6.31
14.92
14.92
21.23
14.92
20.66
19.51
14.34
16.07
16.64
18.36
17.21
17.21
20.08

9.9
8.7
4.2
2.7
4.6
2.9
5.7
6.4
4.6
9.0
6.1
3.5
9.0
5.9
8.6
7.8
3.4

days and dried samples were weighed and mean biomass per plot
calculated for each functional group.
For each site, we estimated deer densities using fecal pellet surveys conducted throughout the 2.6 km2 (1.609 km × 1.609 km) area
surrounding each study site in spring (April–early May). Estimates
derived from pellet group counts represent the average number of
deer over winter and therefore, the number of adult deer surviving
into the spring and summer (deCalesta, 2013).
We quantiﬁed canopy openness using hemispherical canopy
photographs taken directly above each vegetation sampling node in
summer 2013. Percent canopy openness was calculated from each
photograph using HemiView version 2.1 (Rich et al., 1999). Canopy
openness measures above each node were treated as subsamples
and were averaged to obtain a canopy openness value for each plot.
2.3. Statistical analyses
We examined the effect of deer browsing on proportion of
stumps producing ≥1 sprout, sprout density, sprout height, and
browsed pressure using analyses of covariance on a randomized
complete block design. We tested overall (all species) responses
to treatment and further explored variation among species by restricting the dataset to the four most abundant species (red maple,
sugar maple, American beech, and black cherry). We modeled treatment (fence/control) and species as ﬁxed effects, and site and
treatment(site) as random model effects. Because canopy openness can inﬂuence stump sprout abundance, growth, and vigor
(Keyser and Zarnoch, 2014), we included canopy openness as a
covariate in the model. This approach ﬁrst required testing the
homogeneity of slopes assumption. If the full model found no signiﬁcant ﬁxed effect × canopy openness interaction, the interaction
was removed and the analyses proceeded using an equal slopes
model testing only the covariate. However, in cases where the ﬁxed
effect × canopy openness interaction was signiﬁcant we used an
unequal slopes model and treatment differences were tested for
three levels of the canopy openness covariate (Littell et al., 2006).
The three levels were low (10th percentile, 13% canopy openness),
average (mean, 21% canopy openness), and high (90th percentile,
26% canopy openness).
Analyses were conducted using generalized linear mixed
models and we utilized least-squared means to test pair-wise differences between treatments or among species (Proc Glimmix; SAS
Institute Inc., 2011). Species were not evenly represented between
treatments or across sites and therefore we report Type III Sums
of Squares. We examined homoscedasticity and normality of the
residuals within each treatment or among species using boxplots

and Levene’s test. Models were run using the Kenward–Rogers
denominator degrees of freedom method. Proportional data (proportion sprouting, browse pressure) was modeled using a binomial
distribution (Bolker, 2008) and sprout density and average height
were modeled using a normal distribution. We excluded sprouts
found within slash piles (branches removed from harvested logs)
from our analyses because this woody debris can hinder access by
deer, hence confounding our design (Bergquist et al., 1999; Grisez,
1960). Indeed, sprouts within slash piles were tallest, regardless of
whether they were in the exclosures or controls (141.9 ± 25.3 cm
and 117.9 ± 20.1 cm, respectively).
We explored the relationship between deer density and deer
impact on vegetation using linear regression analyses (Proc Reg;
SAS Institute Inc., 2011). We identiﬁed and, if necessary, removed
outliers exhibiting large residuals and leverage using the Cook’s D
metric (Cook, 1977). Observations were considered outliers if they
had a Cook’s D value >4/n, where n represents the number of observations (Bollen and Jackman, 1990). Our four vegetation indices
were mean sprout height, seedling height, seedling density, and
woody biomass. We deﬁne deer impact (I) as the log response ratio
between the mean response in the unfenced, x̄C , and fenced, x̄F ,
plots (Osenberg et al., 1997; Rooney, 2009): I = ln(x̄C /x̄F ). Negative
values of I indicate a detrimental deer impact while positive values
indicate a beneﬁcial deer impact.
3. Results
3.1. Browse impacts on sprouts
We surveyed 1099 stumps with a total of 2599 sprouts representing 11 species and 10 genera (Table 2). Several individuals could
only be identiﬁed to genus level, due to a lack of sprouts, leaves, or
short stump heights and decay. Maples were the most abundant
species representing nearly half of the stumps and sprouts surveyed (Table 2). Across species, approximately 47% of the stumps
surveyed produced sprouts and deer browsing limited this metric
(43.2 ± 4.3% versus 50.0 ± 4.3% in control versus fence, respectively;
F1,14 = 4.69, P = 0.048). The proportion of stumps with sprouts varied
among species with red maple most likely to produce at least one
sprout and black cherry least likely to sprout; deer browsing did not
affect this metric (Table 3). Sprout density (all species) was unaffected by browsing (F1,14 = 0.01, P = 0.93), even when analyses were
restricted to the four common species (Table 3). Greater canopy
openness increased the proportion of stumps which sprouted
when examined across all species (F1,14 = 6.5, P = 0.02) and when
restricted to the four most common (F1,68 = 10.43, P = 0.002).
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Table 2
Total number and relative abundance of stumps, by species, surveyed across all 17
sites in northwestern Pennsylvania.
Species
Fagus grandifolia
Acer spp.
Acer rubrum
Acer saccharum
Prunus serotina
Unknown
Fraxinus americana
Betula spp.
Ostrya virginiana
Liriodendron tulipfera
Acer pensylvanicum
Betula allegheniensis
Tilia americana
Carya cordiformis
Quercus spp.
Total

Total stumps

Relative abundance

353
208
192
113
109
31
30
21
18
6
5
5
4
2
2

32.12%
18.93%
17.47%
10.28%
9.92%
2.82%
2.73%
1.91%
1.64%
0.55%
0.45%
0.45%
0.36%
0.18%
0.18%

1099

100.00%

Deer browsing limited stump sprout height development.
Across all species, sprouts within exclosures were twice as tall
as those in controls (81.9 ± 7.6 cm and 50.0 ± 7.6 cm, respectively;
F1,14 = 17.38, P = 0.0008). Browsing impacts on height development
also differed among species (signiﬁcant treatment × species interaction; Table 3). Under ambient browsing, black cherry sprouts
were 60–100% taller than other species and were signiﬁcantly taller
than both sugar maple and beech sprouts. Protection from browsing increased red maple and sugar maple sprout height by 80% and
130%, respectively. Within fences, the average sprout height of the
maples was equivalent to that of black cherry (Table 3). Canopy
openness did not affect sprout height (All species: F1 ,14 = 0.02,
P = 0.89).
Deer exhibited distinct browse preferences among the four common species, although preference varied depending on the level of
canopy openness (signiﬁcant species × canopy openness interaction; Table 4). Red maple was heavily browsed (72–87% of available
stumps browsed) across the canopy openness gradient. In contrast,
browse pressure on sugar maple and beech declined as canopy
openness increased, although browsing on sugar maple was 2–5
times greater than on beech throughout the canopy openness gradient. Browsing on black cherry averaged 32%; however, we could
not obtain reliable estimates of browsing at the tail ends of the
canopy openness gradient due to limited sample size.

Table 4
Results of analyses of covariance on browse pressure (proportion of sprouts
browsed). Browsing pressure was modeled using unequal slopes ANCOVA (signiﬁcant species × canopy openness); therefore, species differences in browsing
pressure (Least Square Means ± 1 SE) were tested at three levels of the canopy
openness covariate. Due to limited numbers of P. serotina the tail ends of the canopy
openness gradient, we could not reliably estimate browse pressure (non-est). Superscripts denote signiﬁcant pairwise differences among species within a given canopy
openness level.
Browsing pressure
Species
Canopy openness
Species × CO

F3,12 = 3.27; P = 0.0588
F1,12 = 0.12; P = 0.7300
F3,12 = 11.59; P = 0.0007
Canopy openness

Year

Low (13%)

Mean (21%)

A. rubrum
A. saccharum
P. serotina
F. grandifolia

0.72 ± 0.13
0.91 ± 0.07a
non-est
0.49 ± 0.16a
a

0.82
0.81
0.32
0.17

±
±
±
±

High (26%)
0.87 ± 0.05a
0.72 ± 0.12b
non-est
0.08 ± 0.04c

a

0.05
0.06a
0.14b
0.05b

3.2. Deer impact on vegetation indices
Over-winter deer densities, as estimated from fecal surveys, ranged from 2.7 to 9.9 deer/km2 (Table 1). Deer impact
(i.e., log-response ratio) on sprout height tended to decline as
deer densities increased (ISprt Height = −0.08 × DeerDensity − 0.09;
F1,16 = 3.51; P = 0.08, R2 = 0.19). Outlier analyses indicated one site
(Bump Run) was a clear outlier with a squared residual value an
order of magnitude greater than the average of all other sites
(Cook’s D = 0.43). This site exhibited very low sprout heights relative to controls despite having low deer densities (4.2 deer/km2 ).
Further examination revealed species in fences were fastergrowing and palatable maples, while estimates in the control
were driven by slow-growing and unpalatable beech. When this
outlier was removed from the analysis, deer impact on stump
sprout height was strongly predicted by ambient deer densities
(ISprt Height = −0.11 × DeerDensity + 0.13; F1,15 = 11.73; P = 0.004,
R2 = 0.46; Fig. 1). In contrast, ambient deer densities were not
related to seedling height (ISdl Height = 0.06 × DeerDensity − 0.64;
P = 0.09,
R2 = 0.18),
seedling
abundance
F1,16 = 3.38;
(ISdl Abun = 0.07 × DeerDensity − 0.48;
F1,16 = 3.90;
P = 0.07,
R2 = 0.21), or woody biomass (IBiomass = 0.04 × DeerDensity − 0.55;
F1,16 = 0.07; P = 0.79, R2 = 0.005).

Table 3
Results of analyses of covariance on proportion of stumps producing ≥1 sprout, mean sprout density, and mean sprout height for the four most abundant species combined.
The four species varied in sprouting probability; hence, we present the mean proportion of stumps producing sprouts, by species. Height differed among species and between
treatments; hence, we present mean height (cm), by species, in both the fenced and control areas. Superscripts denote pairwise differences among species (proportion
sprouting) or among species and treatments (height). CO: canopy openness; Trt: treatment.

Treatment
Species
Trt × species
Canopy openness
Trt × CO
Species × CO

Proportion sprouting

Sprout density

Height no refugia

F1,68 = 0.84; P = 0.3632
F3,68 = 13.99; P = <0.0001
F3,68 = 0.94; P = 0.4250
F1,68 = 10.43; P = 0.0019
–
–

F1,49 = 0.02; P = 0.8866
F3,49 = 2.29; P = 0.0899
F3,49 = 0.69; P = 0.5597
F1,49 = 0.07; P = 0.7985
–
–

F1,49 = 13.27; P = 0.0007
F3,49 = 7.92; P = 0.0002
F3,49 = 4.31; P = 0.0090
F1,49 = 0.00; P = 0.9850
–
–

Proportion sprouting

Heights
Control

A. rubrum
A. saccharum
F. grandifolia
P. serotina

0.76
0.71
0.50
0.40

±
±
±
±

0.05a
0.06a
0.05b
0.07b

P. serotina
A. rubrum
A. saccharum
F. grandifolia

88.10
55.55
44.53
42.64

±
±
±
±

Fence
16.40ab
8.70bc
11.30c
9.29c

81.43
104.25
93.14
50.94

±
±
±
±

12.02ab
8.96a
10.08a
8.98c
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4. Discussion

pressure, depending on canopy openness, despite being abundant
at our sites. This species is a non-preferred browse for white-tailed
deer, often receiving limited browse pressure when compared to
other woody species (Miller et al., 2009; Horsley et al., 2003). Black
cherry stumps were infrequent (10% of all stumps) and produced
the lowest number of stump sprouts. The limited availability of
black cherry sprouts at our sites may have inﬂuenced the low
browse pressure on this species. However, this species is known to
be unpalatable to deer due to high levels of cyanogenic glycosides
(Burns and Honkala, 1990).
The utility of sprouts as browse indicators is likely constrained
to forests where trees have been stressed or top-killed by harvesting. Thus, we do not suggest sprouts become a replacement
phytoindicator for browsing, but rather a complementary source of
information to assist the decision making process. Dale and Beyeler
(2001) and others have argued that combinations of complementary indicators can improve our ability to effectively monitor
impacts to natural communities (see also Bachand et al., 2014;
Frerker et al., 2013). Nonetheless, we demonstrated that deer
impact on sprout height (i.e., log-response ratio between ambient
browsing no browsing) in relatively small areas (<1 ha) robustly
predicted estimated deer densities at larger spatial scales (i.e.,
259 ha). Thus, sprouts may be a much more sensitive and reliable
predictors of browse impact in areas where they occur and could
potentially provide a measure of impact across much larger areas.

4.1. Sprouts as an effective indicator of deer browsing impacts

4.2. Management implications

Effective indicators should be easily measured, demonstrate a
rapid and predictable response to stress, anticipate changes to a
system, and be broadly applicable (Dale and Beyeler, 2001). Valuable indicators, should warn of imminent risk to management
objectives much as canaries warned miners of the accumulation
of toxic gases in coal mines. Our results, representing a wide distribution of sites with variable deer densities and canopy openness,
identify maple stump sprouts, and those of red maple in particular, as an abundant, easy to census phytoindicator. Moreover,
these sprouts have the added advantage that they are rapidly growing, preferentially browsed yet surprisingly resilient to browsing,
and can predict large-scale variation in deer abundance. Hence,
we argue that sprouts represent a highly reliable and responsive
indicator of potential browse impacts following forest harvests.
In North America, red and sugar maple rank among the most
broadly distributed and most abundant species in temperate hardwood forests (Murphy et al., 2006). For these species, as well as a
majority of hardwood species worldwide, sprouting is a common
response to stress (Keyser and Loftis, 2015; Tredici, 2001; Vesk
and Westoby, 2004). Furthermore, browsing on maples, particularly on red maple, was intense regardless of canopy conditions,
and yet these individuals, although reduced in height, were still
readily available under ambient browsing. Thus, we suggest maples
represent an ideal species to examine browse impact across a
broad geographic region and under a range of canopy disturbance
conditions. Several other hardwood tree species with broad geographic distributions, including some Populus spp. or Quercus spp.
exhibit proliﬁc sprouting and are highly palatable to browsers
(Kochenderfer and Ford, 2008; USDA-FEIS, 2015). Sprouting from
some woody shrubs is also highly palatable, yet resilient to browsing (Faison et al., 2014). Hence, the utility of sprouts of tree and
shrub species have applicability as browse phytoindicators in a
variety of hardwood forest types.
Browse susceptibility is affected by palatability and relative
abundance (Tripler et al., 2002). For the maples, we cannot discount
either mechanism given that these species are palatable (Gray and
Servello, 1995; Crawford, 1982) and also were abundant at our
sites. In contrast, American beech suffered low to moderate browse

White-tailed deer browsing can impede habitat conservation
(McGraw and Furedi, 2005; Pellerin et al., 2006), habitat restoration
(Gonzales and Arcese, 2008; Opperman and Merenlender, 2000),
and sustainable forest management (Horsley et al., 2003; Tremblay
et al., 2007). The successful establishment of a diverse and abundant sapling cohort following a harvest often hinges on browsing
impacts experienced during early establishment (Horsley et al.,
2003; Nuttle et al., 2014; Nuttle et al., 2013). Therefore, managers
need metrics that rapidly assess browse impact before large-scale
changes to vegetation occur (Dale and Beyeler, 2001).
In forest areas managed for regeneration we suggest browsing
intensity on sprouts provides a quick and reliable assessment of
browse pressure prior to the seedling cohort entering the larger
size classes (e.g., >20 cm) where they become vulnerable to deer
browsing (Frerker et al., 2013; Kittredge and Ashton, 1995; Waller
and Alverson, 1997). This information allows managers to avert
losses to the regenerating cohort through actions such as deer herd
reduction (Miller et al., 2010; Royo et al., 2010; Tanentzap et al.,
2011) or protecting harvested areas by fencing (Marquis et al.,
1992; Vercauteren et al., 2006).
The use of sprouts as browse impact indicators should include
monitoring sprout height development under ambient browsing as
well as in protected areas. Sprout development can be compared
in protected exclosures versus exposed areas or on individually
fenced stumps (e.g., “sentinel seedlings”; Boulanger et al., 2014).
Chemical deer repellants may also be used to protect sprouts
(Kochenderfer and Ford, 2008). Managers could also simply estimate browse impact by comparing sprout development within and
outside slash piles, if these are available.
The SILVAH silvicultural prescription guidelines suggest that
even moderate deer impacts levels can limit the contribution of
sprouts to the regeneration stocking by 50% and completely eliminate it at higher impact levels (Brose et al., 2008). Furthermore,
Kochenderfer and Ford (2008) found browsing diminished the
probability of Quercus rubra and Quercus montana sprouts reaching
1.5 m in height by approximately 60% and limited overall sprout
height of Q. montana sprouts by 45%, relative to fenced sprouts.
Finally, Horsley and colleagues (2003) experimentally concluded

0.4
0.2

Deer Impact
ln (XC/X F)

0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2
-1.4
-1.6
-1.8

0

2

4

6

8

10

2

Deer Density (#/km )
Fig. 1. Relationship between deer density and deer impact on stump spout height
across 17 sites in northwestern Pennsylvania. Deer impact is the log-response ratio
of average stump spout heights exposed to ambient browsing (XC ) and no browsing
(XF ), where negative numbers indicate smaller sprouts under ambient browsing relative to protected sprouts. Regression results (ISprt Height = −1.1 × DeerDensity + 1.33;
F1,15 = 11.73; P = 0.004, R2 = 0.46) exclude outlier located at bottom, left of the graph.
Dashed lines represent 95% conﬁdence interval.
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negative browse impacts on vegetation can begin at approximately 8 deer/km2 . Our regression results suggest that browsing
will reduce sprout height by 48.5% (e−0.722 ) at that deer density,
relative to fenced plots. Therefore, we suggest managers utilize
a 50% reduction in height in exposed sprouts, relative to protected sprouts within the ﬁrst year post-harvest, as an indicator
of excessive deer impact on vegetation. Managers should consider
monitoring sprouts, particularly those of palatable woody species,
as an essential addition to their toolkit of browse indicators.
Acknowledgements
This work was supported by the USDA Forest Service Northern Research Station, the University of Georgia Warnell School of
Forestry and Natural Resources, and USDA-AFRI Award #12-IA11242302-093. We are indebted to the Allegheny National Forest,
the Pennsylvania Bureau of Forestry, Bradford Water Authority,
Forest Investment Associates, Generations Forestry, Hancock Forest Management, Landvest, and Kane Hardwoods for ﬁeld sites.
We thank Charles Vandever for assisting with data collection and
Todd Ristau, Scott Stoleson, Patricia Raymond, Tara Keyser, and two
anonymous reviewers for valuable comments on prior versions of
this manuscript.
Appendix A. Map showing the 17 sites scattered throughout
a 3 county region in northwest Pennsylvania, USA.

References
Acevedo, P., Ferreres, J., Jaroso, R., Durán, M., Escudero, M., Marco, J., Gortázar, C.,
2010. Estimating roe deer abundance from pellet group counts in Spain: an
assessment of methods suitable for Mediterranean woodlands. Ecol. Indic. 10,
1226–1230.
Bachand, M., Pellerin, S., Côté, S.D., Moretti, M., De Cáceres, M., Brousseau, P.-M.,
Cloutier, C., Hébert, C., Cardinal, É., Martin, J.-L., 2014. Species indicators of
ecosystem recovery after reducing large herbivore density: comparing taxa
and testing species combinations. Ecol. Indic. 38, 12–19.
Bergquist, J., Örlander, G., Nilsson, U., 1999. Deer browsing and slash removal affect
ﬁeld vegetation on south Swedish clearcuts. For. Ecol. Manag. 115, 171–182.
Bolker, B.M., 2008. Ecological Models and Data in R, 1st ed. Princeton University
Press, Princeton, NJ.
Bollen, K.A., Jackman, R.W., 1990. Regression diagnostics: an expository treatment
of outliers and inﬂuential cases. Mod. Methods Data Anal., 257–291.
Bond, W.J., Midgley, J.J., 2001. Ecology of sprouting in woody plants: the
persistence niche. Trends Ecol. Evol. 16, 45–51.
Boulanger, J.R., Curtis, P.D., Blossey, B., 2014. An Integrated Approach for Managing
White-Tailed Deer in Suburban Environments. The Cornell University Study,
Ithaca, NY, pp. 34.

Brose, P.H., Gottschalk, K.W., Horsley, S.B., Knopp, P.D., Kochenderfer, J.N.,
McGuinness, B.J., Miller, G.W., Ristau, T.E., Stoleson, S.H., Stout, S.L., 2008.
Prescribing regeneration treatments for mixed-oak forests in the Mid-Atlantic
region. General Technical Report NRS-33. U.S. Department of Agriculture,
Forest Service, Northern Research Station, Newtown Square, PA.
Burns, R.M., Honkala, B.H., 1990. Silvics of North America. United States
Department of Agriculture, Forest Service, Washington, DC.
Chevrier, T., Saïd, S., Widmer, O., Hamard, J.-P., Saint-Andrieux, C., Gaillard, J.-M.,
2012. The oak browsing index correlates linearly with roe deer density: a new
indicator for deer management? Eur. J. Wildl. Res. 58, 17–22.
Clarke, P.J., Lawes, M., Midgley, J., Lamont, B., Ojeda, F., Burrows, G., Enright, N.,
Knox, K., 2013. Resprouting as a key functional trait: how buds, protection and
resources drive persistence after ﬁre. New Phytol. 197, 19–35.
Cook, R.D., 1977. Detection of inﬂuential observation in linear regression.
Technometrics 19, 15–18.
Côté, S.D., Beguin, J., de Bellefeuille, S., Champagne, E., Thiffault, N., Tremblay, J.P.,
2014. Structuring effects of deer in boreal forest ecosystems. Adv. Ecol.,
917834.
Côté, S.D., Rooney, T.P., Tremblay, J.P., Dussault, C., Waller, D.M., 2004. Ecological
impacts of deer overabundance. Annu. Rev. Ecol. Evol. Syst. 35, 113–147.
Crawford, H.S., 1982. Seasonal food selection and digestibility by tame white-tailed
deer in central Maine. J. Wildl. Manage. 46, 974–982.
Dale, V.H., Beyeler, S.C., 2001. Challenges in the development and use of ecological
indicators. Ecol. Indic. 1, 3–10.
deCalesta, D.S., 2013. Reliability and precision of pellet-group counts for
estimating landscape-level deer density. Hum. Wildl. Interact. 7, 60–68.
Dietze, M.C., Clark, J.S., 2008. Changing the gap dynamics paradigm: vegetative
regeneration control on forest response to disturbance. Ecol. Monogr. 78,
331–347.
Faison, E.K., Del Tredici, P., Foster, D.R., 2014. To sprout or not to sprout: multiple
factors determine the vigor of Kalmia latifolia (Ericaceae) in southwestern
Connecticut. Rhodora 116, 148–162.
Faure-Lacroix, J., Tremblay, J.-P., Thiffault, N., Roy, V., 2013. Stock type performance
in addressing top-down and bottom-up factors for the restoration of
indigenous trees. For. Ecol. Manag. 307, 333–340.
Filazzola, A., Tanentzap, A.J., Bazely, D.R., 2014. Estimating the impacts of browsers
on forest understories using a modiﬁed index of community composition. For.
Ecol. Manag. 313, 10–16.
Forrester, J.A., Lorimer, C.G., Dyer, J.H., Gower, S.T., Mladenoff, D.J., 2014. Response
of tree regeneration to experimental gap creation and deer herbivory in north
temperate forests. For. Ecol. Manag. 329, 137–147.
Frelich, L.E., Lorimer, C.G., 1985. Current and predicted long-term effects of deer
browsing in hemlock forests in Michigan, USA. Biol. Conserv. 34, 99–120.
Frerker, K., Sonnier, G., Waller, D.M., 2013. Browsing rates and ratios provide
reliable indices of ungulate impacts on forest plant communities. For. Ecol.
Manag. 291, 55–64.
Fuller, R.J., Gill, R.M.A., 2001. Ecological impacts of increasing numbers of deer in
British woodland. Forestry 74, 193–199.
Gill, R.M.A., 1992. A review of damage by mammals in north temperate forests: 1.
Deer. Forestry 65, 145–169.
Gonzales, E.K., Arcese, P., 2008. Herbivory more limiting than competition on early
and established native plants in an invaded meadow. Ecology 89, 3282–3289.
Gray, P.B., Servello, F.A., 1995. Energy intake relationships for white-tailed deer on
winter browse diets. J. Wildl. Manage., 147–152.
Grisez, T.J., 1960. Slash helps protect seedlings from deer browsing. J. For. 58,
385–387.
Hannah, P.R., 1988. The shelterwood method in northeastern forest types: a
literature review. North. J. Appl. For. Res. 5, 70–77.
Harlow, R.F., Downing, R.L., VanLear, D.H., 1997. Responses of Wildlife to
Clearcutting and Associated Treatments in the Eastern United States. Clemson
Univ., Dept. For. Resourc., Clemson, SC, pp. 66.
Hobbs, N.T., 1996. Modiﬁcation of ecosystems by ungulates. J. Wildl. Manag. 60,
695–713.
Horsley, S.B., 1994. Regeneration success and plant species diversity of Allegheny
hardwood stands after Roundup application and shelterwood cutting. North. J.
Appl. For. Res. 11, 109–116.
Horsley, S.B., Stout, S.L., deCalesta, D.S., 2003. White-tailed deer impact on the
vegetation dynamics of a northern hardwood forest. Ecol. Appl. 13, 98–118.
Iijima, H., Nagaike, T., 2015. Appropriate vegetation indices for measuring the
impacts of deer on forest ecosystems. Ecol. Indic. 48, 457–463.
Keyser, T.L., Loftis, D.L., 2015. Stump sprouting of 19 upland hardwood species 1
year following initiation of a shelterwood with reserves silvicultural system in
the southern Appalachian Mountains, USA. New For. 46, 449–464.
Keyser, T.L., Zarnoch, S.J., 2014. Stump sprout dynamics in response to reductions
in stand density for nine upland hardwood species in the southern
Appalachian Mountains. For. Ecol. Manag. 319, 29–35.
Kirschbaum, C.D., Anacker, B.L., 2005. The utility of Trillium and Maianthemum as
phyto-indicators of deer impact in northwestern Pennsylvania, USA. For. Ecol.
Manag. 217, 54–66.
Kittredge, D.B., Ashton, P.M.S., 1995. Impact of deer browsing on regeneration in
mixed stands in southern New England. North. J. Appl. For. 12, 115–120.
Knight, T.M., 2003. Effects of herbivory and its timing across populations of Trillium
grandiﬂorum (Liliaceae). Am. J. Bot. 90, 1207–1214.
Kochenderfer, J.N., Ford, M., 2008. Utility of wire cages, tree shelters, and repellants
to minimize herbivory to oak by white-tailed deer. Research Paper NRS-5.
USDA Forest Service, Northern Research Station, Newtown Square, PA.

A.A. Royo et al. / Ecological Indicators 69 (2016) 269–275
Krueger, L.M., Peterson, C.J., Royo, A., Carson, W.P., 2009. Evaluating relationships
among tree growth rate, shade tolerance, and browse tolerance following
disturbance in an eastern deciduous forest. Can. J. For. Res. 39, 2460–2469.
Littell, R.C., Milliken, G.A., Stroup, W.W., Wolﬁnger, R.D., Schabenberger, O., 2006.
SAS for Mixed Models, 2nd ed. SAS Institute, Inc., Cary, NC.
Long, Z.T., Pendergast, T.H., Carson, W.P., 2007. The impact of deer on relationships
between tree growth and mortality in an old-growth beech-maple forest. For.
Ecol. Manag. 252, 230–238.
Marquis, D.A., 1975. The Allegheny Hardwood Forests of Pennsylvania. USDA
Forest Service, Broomall, PA, pp. 32.
Marquis, D.A., Ernst, R.L., Stout, S.L., 1984. Prescribing Silvicultural Treatments in
Hardwood Stands of the Alleghenies. USDA For. Serv., Broomall, PA, pp. 90.
Marquis, D.A., Ernst, R.L., Stout, S.L., 1992. Prescribing silvicultural treatments in
hardwood stands of the Alleghenies (revised). General Technical Report NE-96.
USDA Forest Service, Radnor, PA, pp. 101.
McGraw, J.B., Furedi, M.A., 2005. Deer browsing and population viability of a forest
understory plant. Science 307, 920–922.
Miller, B.F., Campbell, T.A., Laseter, B.R., Ford, W.M., Miller, K.V., 2009. White-tailed
deer herbivory and timber harvesting rates: Implications for regeneration
success. For. Ecol. Manage. 258, 1067–1072.
Miller, B.F., Campbell, T.A., Laseter, B.R., Ford, W.M., Miller, K.V., 2010. Test of
localized management for reducing deer browsing in forest regeneration areas.
J. Wildl. Manag. 74, 370–378.
Moore, W.H., Johnson, F.M., 1967. Nature of deer browsing on hardwood seedlings
and sprouts. J. Wildl. Manag. 31, 351–353.
Morellet, N., Champely, S., Gaillard, J.-M., Ballon, P., Boscardin, Y., 2001. The
Browsing Index: new tool uses browsing pressure to monitor deer
populations. Wildl. Soc. Bull. 29, 1243–1252.
Murphy, H.T., VanDerWal, J., Lovett-Doust, J., 2006. Distribution of abundance
across the range in eastern North American trees. Glob. Ecol. Biogeogr. 15,
63–71.
Nuttle, T., Ristau, T.E., Royo, A.A., 2014. Long-term biological legacies of herbivore
density in a landscape-scale experiment: forest understoreys reﬂect past deer
density treatments for at least 20 years. J. Ecol. 102, 221–228.
Nuttle, T., Royo, A.A., Adams, M.B., Carson, W.P., 2013. Historic disturbance regimes
promote tree diversity only under low browsing regimes in eastern deciduous
forest. Ecol. Monogr. 83, 3–17.
Nyland, R.D., 2002. Silviculture – Concepts and Applications, 2nd ed. McGraw-Hill,
New York, pp. 682.
Opperman, J.J., Merenlender, A.M., 2000. Deer herbivory as an ecological constraint
to restoration of degraded riparian corridors. Restor. Ecol. 8, 41–47.
Osenberg, C.W., Sarnelle, O., Cooper, S.D., 1997. Effect size in ecological
experiments: the application of biological models in meta analyses. Am. Nat.
150, 798–812.
Pellerin, S., Huot, J., Côté, S.D., 2006. Long-term effects of deer browsing and
trampling on the vegetation of peatlands. Biol. Conserv. 128, 316–326.

275

Pennsylvania DCNR, 2013. White-Tailed Deer Plan 2013–2018. Pennsylvania
Department of Natural Resources and Bureau of Forestry, Harrisburg,
PA.
Poorter, L., Kitajima, K., Mercado, P., Chubiña, J., Melgar, I., Prins, H.H., 2010.
Resprouting as a persistence strategy of tropical forest trees: relations with
carbohydrate storage and shade tolerance. Ecology 91, 2613–2627.
Rich, P., Wood, J., Vieglais, D., Burek, K., Webb, N., 1999. HemiView User Manual
2.1. Delta-T Devices Ltd, Cambridge, UK.
Ristau, T.E., Horsley, S.B., 1999. Pin cherry effects on Allegheny hardwood stand
development. Can. J. For. Res. 29, 73–84.
Rooney, T., 2009. High white-tailed deer densities beneﬁt graminoids and
contribute to biotic homogenization of forest ground-layer vegetation. Plant
Ecol. 202, 103–111.
Rooney, T.P., Waller, D.M., 2003. Direct and indirect effects of white-tailed deer in
forest ecosystems. For. Ecol. Manag. 181, 165–176.
Royo, A.A., Stout, S.L., deCalesta, D.S., Pierson, T.G., 2010. Restoring forest herb
communities through landscape-level deer herd reductions: is recovery
limited by legacy effects? Biol. Conserv. 143, 2425–2434.
Russell, F.L., Zippin, D.B., Fowler, N.L., 2001. Effects of white-tailed deer (Odocoileus
virginianus) on plants, plant populations and communities: a review. Am. Midl.
Nat. 146, 1–26.
SAS Institute Inc., 2011. SAS System for Windows, 9.3 ed. SAS Institute Inc., Cary,
NC.
Stout, S.L., Royo, A.A., deCalesta, D.S., McAleese, K., Finley, J.C., 2013. The Kinzua
Quality Deer Cooperative: can adaptive management and local stakeholder
engagement sustain reduced impact of ungulate browsers in forest systems?
Boreal Environ. Res. 18, 50–64.
Tanentzap, A.J., Bazely, D.R., Koh, S., Timciska, M., Haggith, E.G., Carleton, T.J.,
Coomes, D.A., 2011. Seeing the forest for the deer: do reductions in
deer-disturbance lead to forest recovery? Biol. Conserv. 144, 376–382.
Tredici, P., 2001. Sprouting in temperate trees: a morphological and ecological
review. Bot. Rev. 67, 121–140.
Tremblay, J.-P., Huot, J., Potvin, F., 2007. Density-related effects of deer browsing
on the regeneration dynamics of boreal forests. J. Appl. Ecol. 44,
552–562.
Tripler, C.E., Canham, C.D., Inouye, R.S., Schnurr, J.L., 2002. Soil nitrogen availability,
plant luxury consumption, and herbivory by white-tailed deer. Oecologia 133,
517–524.
USDA-FEIS, 2015. Fire Effects Information System. U.S. Department of Agriculture,
Forest Service, RMRS Fire Sciences Laboratory.
Vercauteren, K.C., Lavelle, M.J., Hygnstrom, S., 2006. Fences and deer-damage
management: a review of designs and efﬁcacy. Wildl. Soc. Bull. 34, 191–200.
Vesk, P.A., Westoby, M., 2004. Sprouting ability across diverse disturbances and
vegetation types worldwide. J. Ecol. 92, 310–320.
Waller, D.M., Alverson, W.S., 1997. The white-tailed deer: a keystone herbivore.
Wildl. Soc. Bull. 25, 217–226.

