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Abstract. Many managed northern hardwood forests are characterized by low-diversity tree regener-
ation. Small harvest gaps, competition from shrub-herb vegetation, and browsing by white-tailed deer
(Odocoileus virginianus) contribute to this pattern, but we know little about how these factors interact.
With a stand-scale experiment, we examined the effects of gap size (0-3234 m2), vegetation (weeded:un-
weeded), and deer (fenced:unfenced) on seedling growth and survival for 18 tree species. With increas-
ing gap size and light, shrub-herb vegetation density increased, while deer browsing on seedlings in
unweeded plots decreased. Fenced:weeded seedlings of all species increased in height up to 35-45%
light, with optimal growth in large-group selection and patch cut harvest gaps. Height growth rank
order among tree species changed between gap sizes, but growth varied little in small, low-light gaps.
Instead, a low-light survival (i.e., shade tolerance) vs. high-light growth tradeoff we observed is likely
more important for species sorting of gap sizes. Shrub-herb vegetation decreased seedling survival and
growth, especially in larger harvest gaps, shifting gap size optima to smaller gaps, but had little effect on
growth/survival rank order among species. In contrast, deer had strong impacts on growth rank order,
especially in larger gaps where species differences in growth potential were trumped by differences in
deer browsing pressure responses. However, contrary to their consistently negative main effects, vege-
tation and deer had two positive interacting effects: dense shrub-herb vegetation in large gaps protected
seedlings of faster-growing species from browsing and deer browsing of shrub-herb vegetation mod-
estly increased light and growth of short, suppressed, browsing-avoided species. In summary, harvest
gap size-mediated light availability, shrub-herb vegetation, and deer herbivory had strong interacting
effects on tree seedling interspecific performance ranks and intraspecific optimal gap sizes. For man-
agement, a broad range of harvest gap sizes and rapid establishment of tree regeneration (naturally or
planted) to minimize shrub-herb competition should increase tree diversity in forests with few deer.
However, with deer browsing pressure, a more limited set of lesser-browsed species are likely to recruit
successfully regardless of gap size, except in large patch cut gaps, where recruitment of faster-growing,
shade-intolerant species is possible.
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INTRODUCTION

Extending from Minnesota east through
the Great Lakes region to New England and
Nova Scotia, northern hardwood (NH) forests
cover millions of hectares of North America.
Although capable of supporting over 20 native
tree species, NH forests are currently domi-
nated by sugar maple (Acer saccharum Marsh.)
(Schulte et al. 2007). Large extents of NH for-
ests are managed by uneven-aged selection sil-
vicultural systems to perpetuate sugar maple
dominance because of its valuable wood prod-
ucts. Selection silviculture has been used for
over 60 yr in this region and is typically imple-
mented as partial stand harvests at 8- to 20-yr
intervals, with approximately 20-40% of stand
volume removed at each harvest as dispersed
individual and small groups of trees. This har-
vest pattern creates mostly small harvest gaps
(e.g., median gap size 155 m?2; Matonis et al.
2011), which produce favorable regeneration
conditions for a new cohort of sugar maple and
other shade-tolerant tree species (Crow et al.
2002, Angers et al. 2005, Poznanovic et al. 2013).
Consistent recruitment of canopy trees from
naturally regenerated seedlings to replace those
harvested essentially defines long-term sustain-
ability of the uneven-aged selection system.
Ideally, tree regeneration in NH forests would
include sugar maple among a mix of tree spe-
cies because, depending on species composi-
tion, increased tree diversity can increase struc-
tural complexity and food sources for wildlife,
as well as provide ecological and economic
resilience to environmental and economic
variation. This variation may include chang-
ing forest product markets as well as severe
disturbances like climate change and invasive
pest and pathogen epidemics (Niese and Strong
1992, Schulte et al. 2007, Sturrock et al. 2011,
Anderson-Teixeira et al. 2013, Duveneck et al.
2014). Unfortunately, diverse regeneration is
uncommon in selection-managed NH forests.
Instead, harvest gaps are either dominated by
seedlings and sprouts of sugar maple (Neuen-
dorff et al. 2007), other shade-tolerant, but less
commercially valuable species (e.g., Ostrya vir-
giniana (Mill.) K. Koch, Fagus grandifolia Ehrh.),
or worse yet, by nothing at all (Nyland et al.
2006, Matonis et al. 2011).
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The selection system likely contributes to low
species diversity in NH forests, as the single-
tree and small-group selection canopy gaps
commonly used by forest managers narrow the
potential regeneration pool to a relatively small
set of more shade-tolerant species (Niese and
Strong 1992, McClure et al. 2000, Webster and
Lorimer 2005, Kneeshaw and Prevost 2007). Rec-
ognizing this problem, managers and scientists,
informed by gap partitioning theory (Ricklefs
1977, Denslow 1980) and species’ silvics (Burns
and Honkala 1990), have tried varying harvest
gap size to promote more species-diverse tree
regeneration, collectively characterized by a
broader range of shade tolerances. However, the
outcomes of these efforts have often fallen short
of expectations (Shields et al. 2007, Falk et al.
2010, Gasser et al. 2010, Bolton and D’Amato
2011, Kern et al. 2012, 2013, Fahey and Lorimer
2013, Poznanovic et al. 2013, 2015). In addition,
reliance on small harvest gaps does little to
explain why sugar maple seedling/sapling den-
sity is often low in stands where it dominates
the overstory (Matonis et al. 2011). Thus, factors
in addition to harvest gap size are affecting tree
regeneration patterns in NH forests. Among
others, these factors include herbivory by abun-
dant white-tailed deer (Odocoileus virginianus Z.)
(Witt and Webster 2010, Kain et al. 2011, Matonis
et al. 2011, Nuttle et al. 2014), competition from
shrub-herb layer vegetation (Royo and Carson
2006), seed availability (Caspersen and Saprun-
off 2005), and seedling establishment substrates
(Caspersen and Saprunoff 2005, Marx and Wal-
ters 2008, Bolton and D’ Amato 2011, Willis et al.
2015). In this report, we focused on the impacts
of gap size, deer herbivory, and shrub-herb veg-
etation.

The effects that white-tailed deer are having
on NH forests of Eastern North America are well
documented. These include declines in tree seed-
ling and sapling densities (Stoeckeler et al. 1957,
Matonis et al. 2011) as well as reduced species
diversity via elimination of tree species sensitive
to deer browsing pressure (Rooney et al. 2000,
2002, Coté et al. 2004, Long et al. 2007, Mato-
nis et al. 2011, Randall and Walters 2011). Some
older studies comparing discrete harvest treat-
ment pairs suggest that deer herbivory impacts
can be greater in smaller than in larger harvest
gaps (Curtis and Rushmore 1958, Ripley and
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Campbell 1960, Harlow and Downing 1969). In
contrast, Kern et al. (2013) report that deer likely
limited tree regeneration regardless of gap size
but their maximum harvest gap size was only
1660 m? and they were unable to tease apart
shrub competition vs. deer effects on regener-
ation. Collectively, these findings suggest that
larger harvest gaps might increase tree regen-
eration density and diversity in deer-impacted
areas. Testing this idea will require quantification
of deer herbivory—gap size impacts on tree regen-
eration for a wide range of harvest gap sizes and
the co-consideration of other factors (e.g., com-
peting shrub-herb vegetation) impacts on these
relationships.

Competition from shrub-herb vegetation can
pose a formidable impediment to tree regenera-
tion (Royo and Carson 2006). In NH forests, can-
opy disturbance elicits the rapid establishment of
shrub-herb vegetation in the 0-2 m tall stratum
(Shields and Webster 2007). Often dominated by
tall-statured shrubs and also containing herbs,
grasses, and sedges, this stratum may inhibit
regeneration by many mechanisms, but predom-
inantly by shading of subordinate tree seedlings
(Royoand Carson 2006, Beland and Chicoine 2013,
Kern et al. 2013). Although the effects of shad-
ing seem obvious, the nuanced details of shrub—
herb-tree seedling interactions are unknown
and could have large implications for regenera-
tion dynamics. For example, increasing light by
increasing harvest gap size should increase the
growth of shrub-herb vegetation and its compet-
itive impacts on tree seedlings, but should also
increase tree seedling growth, with responses
varying among species (Walters et al. 2014). Non-
parallel responses of shrub-herb vegetation and
tree seedling growth to harvest gap size could
lead to species-specific ranges of gap sizes/light
availability where tree seedlings could outcom-
pete shrub-herb vegetation. Furthermore, given
their higher low-light survival, shade-tolerant
tree species ought to be less impacted by shrub-
herb vegetation than shade-intolerant species
(Bellefleur and Petillion 1983, Gasser et al. 2010).
However, the greater height growth potentials of
shade-intolerant species (Walters et al. 2014) may
allow them to maintain their canopies above the
growing shrub-herb canopy following overstory
harvest, perhaps lessening the impacts of shrub—
herb competition compared to slower-growing,
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shade-tolerant species. The degree to which the
outcome of competition with shrub-herb vegeta-
tion is a product of growth potential vs. shade
tolerance is little explored.

Here, we report the results of a manipulative,
stand-scale harvest gap experiment that exam-
ines how harvest gap size mediates the interact-
ing effects of light, shrub-herb vegetation, and
deer herbivory on the growth and survival of
seedlings of 18 temperate tree species that rep-
resent broad ranges of juvenile growth rates,
shade tolerance, and deer browsing preferences/
tolerances. Fifteen of the species represent a sig-
nificant proportion of the potential tree diversity
in NH forests. The other three have ranges that
are more southerly and disjunct from NH for-
ests and represent potential NH migrant species
in response to climate change. We interpret the
results as they apply to both fundamental theo-
ries of vegetation dynamics (e.g., gap partition-
ing theory; Ricklefs 1977, Denslow 1980) and the
development of silvicultural practices aimed at
managing NH and similar forests globally for
greater sustainability and diversity.

METHODS

Study site

We used two experimental closed-canopy NH
forest stands within larger NH forests in the
northern Lower Peninsula, Emmet County,
Michigan, USA: one 31.7-ha stand near the town
of Good Hart (N45.574624-W85.074373) and an
18-ha stand near the town of Levering
(N45.614486-W84.895990). Input these coordi-
nates at http://www.latlong.net for Google Earth
imagery of the study sites. Most of the data
in this report come from Good Hart, as only
for this site did we examine interactions of
gap size, shrub-herb vegetation, and deer her-
bivory on seedling survival and growth. At
Levering, we measured gap size/light and deer
impacts on seedling height for seven yr com-
pared to only four at Good Hart. These made
the Levering data useful for evaluating the
longer-term impacts of deer on seedling height,
some of which were suggested, but not con-
clusive for the shorter-term Good Hart data.

Both sites are characterized by postglacial
moraine topography, dominance by mesic-rich
to very rich habitat types (Acer—Fagus—Osmorhiza,
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AFO; Acer—Fagus—Osmorhiza—Caulophyllum, AFOCa;
Burger and Kotar 2003), and forest oversto-
ries dominated by sugar maple, with white ash
(Fraxinus americana L.) and American beech (Fagus
grandifolia Ehrh.) well represented. There were also
relatively high admixtures of paper birch (Betula
papyrifera Marsh.) and black cherry (Prunus serotina
Ehrh.) at Good Hart, and basswood (Tilia ameri-
cana L.) at Levering. Deer populations based on the
estimates of a sex—age—kill deer population model
(Mattson and Moritz 2008) using check station data
from 2010 to 2012 and calculated at the resolution of
Emmet County were 10.4 deer/km? (Brent Rudolf,
Wildlife Division, Michigan Department of Natural
Resources). Deer fecal pellet count data collected in
April 2014 revealed very low deer density at both
sites from the end of October (leaf fall) to the end
of April (< 1/km?2 Hill 2001). This was likely due
to deep winter snowpacks that occur most years
at both sites (E. Farinosi, personal observation),
which force deer to locally migrate. Based on our
unstructured observations, most deer browsing of
tree seedlings at our study sites occurred in early
autumn.

We established plot locations at the center of
40 harvest gaps at Good Hart, 41 at Levering,
and in four unharvested areas at each site. At
least 30 m of unharvested forest separated har-
vest gap edges and unharvested plot perimeters
from one another. At privately owned Levering,
we marked trees for harvest gaps in autumn 2006
and administered a harvest by hand-felling and
horse skidding in winter 2006-2007. At publi-
cally owned Good Hart, Michigan Department
of Natural Resources personnel marked trees’
harvest gaps in autumn 2009 and administered a
mechanized harvest in winter 2009-2010. As part
of the logging operations, slash was cleaned from
the interior of each gap and left along gap bor-
ders at both sites.

Plot design

Plots were laid out as a square checkerboard
of 16 2 x 2 m subplots at both sites. Buffers
surrounded all subplots at a width of 0.5 m
at Levering and 1 m at Good Hart. Plots were
either fenced with 8 ft tall plastic mesh fencing
(DeerBusters, Waynesboro, Pennsylvania, USA)
to exclude deer (29 at Good Hart, 31 at Levering)
or left unfenced (15 at Good Hart, 14 at
Levering). Fenced and unfenced plots were
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distributed randomly within gap size strata.
Tree seedlings were planted in randomly
assigned subplots with other subplots left
unplanted. Hereafter, these are referred to as
fenced:unfenced treatments.

We used seedlings of 16 species from Good
Hart and 13 from Levering for this report. With
considerable species overlap between sites, we
present data for 18 total species. They are referred
to by their common names in this report (see
Table 1 for Latin binomials). Fifteen of our species
are components of NH forests in Northern Lower
Michigan. The other three species have distribu-
tions disjunct from most of Michigan’s NH for-
ests, with black walnut and bitternut hickory
associated with central hardwood biomes and
chestnut blight (Cryphonectria parasitica (Murrill)
Barr)-decimated American chestnut formerly
distributed throughout the Appalachian ecore-
gion. We included these regionally exotic spe-
cies in our experiment because, given climate
change projections (http://nca2014.globalchange.
gov/report), they may now or soon be climati-
cally adapted to NH forests. Thus, via natural or
assisted migration, they could contribute to tree
diversity in future NH forests (Duveneck and
Scheller 2015).

We raised tree seedlings at the Michigan State
University Tree Research Center. Seeds were col-
lected, donated, or purchased from commercial
sources and were all from our study sites’ Hardi-
ness Zone (5). We cold-stratified seeds during the
winter and germinated them the following spring
in sand-filled trays or directly in commercial
seedling containers in a temperature-controlled
glasshouse. Those in trays were transferred to
containers soon after germination. Containerized
seedlings were allowed to establish in the glass-
house for 2-3 months before being transferred to
a 50% shade outdoor lath house. For Levering,
seedlings germinated in spring 2007 were planted
autumn 2007. For Good Hart, seedlings germi-
nated spring 2010 were planted spring 2011. At
each site, seedlings were planted in a single day
by a contract planting crew. At Good Hart, in
spring 2012, a small number of seedlings (484 of
the 8832 total) left over from the previous year
were planted in spaces where seedlings had died
and tagged to distinguish them from seedlings
planted in 2011. In this report, seedlings planted
in 2012 contribute to survival estimates but not

August 2016 % Volume 7(8) ** Article e01397


http://nca2014.globalchange.gov/report
http://nca2014.globalchange.gov/report

WALTERS ET AL.

Table 1. Species of tree seedlings used in this report and some of their basic features.

Common name Latin name Maximum height  Shade tolerance  Mortality <5% light
Paper birch Betula papyrifera L. 331 1.54 33.3
Yellow birch Betula alleghaniensis Britton. 258 3.17 20.1
American chestnut Castanea dentata (Marsh.) Borkh. 255 3.06 18.0
Quaking aspen Populus tremuloides Michx. 233 121 49.3
American elm Ulmus americana L. 221 3.14 39.1
Black walnut Juglans nigra L. 207 1.93 19.2
Red maple Acer rubrum L. 174 3.44 39.3
White ash Fraxinus americana L. 152 2.46 17.7
Red oak Quercus rubra L. 129 2.75 28.9
Sugar maple Acer saccharum Marsh. 107 4.76 15.2
White spruce Picea glauca (Moench) Voss 80 4.15 3.0
White pine Pinus strobus L. 69 3.21 222
Balsam fir Abies balsamea (L.) Mill. 43 5.01 9.7
Eastern hemlock Tsuga canadensis (L.) Carr. 41 4.83 11.0
Bitternut hickory Carya cordiformis (Wangeh.) K. Koch 34 2.07 18.0
Northern white cedar Thuja occidentalis L. 24 3.45 13.7
Pin cherryt Prunus pensylvanica L. - - -
American beecht Fagus grandifolia Ehrh. - 4.75 -

Notes: Maximum height is an index of height growth potential and is estimated as the maxima of height vs. light regressions
for fenced:weeded seedlings (Fig. 2). Shade tolerance score is from Niinemets and Valladares (2006) with 1 indicating most
intolerant and 5 indicating most tolerant; Mortality is the percentage of seedlings alive at the end of the 3rd year in treatments
that died by the end of the 4th year in treatments for plots receiving < 5% light.

+Only grown at Levering site and only shown in Fig. 4.

height values or browsing estimates. Although
glasshouse-grown seedlings were used for most
species, seedlings that had naturally established
on site and were of the same age as planted seed-
lings were used for white ash and pin cherry
at Levering, and white ash and sugar maple at
Good Hart.

Prior to planting at Good Hart, the generally
sparse shrub-herb vegetation (mostly Rubus spp.
and Sambucus racemosa L. shrubs, with lesser
density of herbs, grasses/sedges) and most nat-
urally established tree seedlings (except those to
be tagged and included in the experiment; see
further in Methods) and saplings were cut to
ground height. The protocol for vegetation con-
trol at Levering was the same as at Good Hart
except, as part of a different experiment at Lever-
ing, tree seedlings and saplings were removed
from most plots and left intact in the rest. Dif-
ferences in vegetation control between sites had
no bearing upon the particular analyses and
comparisons made between Levering and Good
Hart seedlings in this report and thus are not dis-
cussed further.

After tree seedlings were planted, some cut
seedlings and saplings resprouted and shrub-
herb vegetation grew quickly such thatin weeded

ECOSPHERE « www.esajournals.org

treatment subplots (six in each gap), these vege-
tation groups were recut to near-ground height
later in the initial planting year and several times
a growing season each year thereafter. Cut veg-
etation was left in the plots. In the unweeded
subplots, which were only at Good Hart (two
in each gap), shrub-herb vegetation was cut the
first couple months following planting to ensure
establishment, and then left unclipped thereafter.
This treatment will hereafter be referred to as
weeded:unweeded.

As the planted tree seedlings grew larger over
the years, we had to remove some by cutting
aboveground portions to prevent crowding and
competition among seedlings. Seedlings pri-
oritized for removal were those (1) considered
to compete for light with other individuals, (2)
without size bias relative to other seedlings of
same species in the same subplot/plot, and (3)
of the most abundant species among individuals
considered competing.

Gap size and light measurements

Gap sizes, reported for Good Hart, were esti-
mated by mapping a polygon from polar coor-
dinates based upon distances and bearings
measured with a laser range finder (LaserAce
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1000; Trimble Navigation, Sunnyvale, California,
USA) from gap center to the bole of each gap
boundary tree and then composing and com-
puting the polygon area with a CAD program
(Solidworks; Dassault Systemes, Velizy, France).
Light availability was estimated as percentage
of open sky total transmission from analyses
of hemispherical photographs taken in July of
2007, 2009, and 2010 at the Levering site and
2011 and 2014 at the Good Hart site. We used
the averages of these values for analysis. Hemi-
spherical photographs were taken with a digital
Canon EOS 5D fitted with a Sigma 8 mm /4.0
EX fisheye lens (Sigma Corporation, Kawasaki,
Japan) above the shrub-herb layer (~2 m height)
at the center of each 2 x 2 m subplot. For later
dates (e.g., 2014 at Good Hart), some planted
trees in the larger harvest gaps had grown
taller than 2 m, necessitating that we bend them
down so they would not interfere with pho-
tographs. Black-white pixel threshold values
were computed using SideLook software (Nobis
and Hunziker 2005) and manually altered if
automatic threshold values appeared unrealistic
before analysis with the Gap Light Analyzer
v 2.0 program (Frazer et al. 1999) parameterized
with a custom lens distortion correction sup-
plied by Sigma Corporation (contact correspond-
ing author for values). The values estimated
from canopy photographs are intended to depict
light as modified only by the midstory and
overstory trees at gap edge and beyond (i.e.,
vegetation above the shrub-herb layer). These
estimates of light availability will hereafter be
called gap light.

In addition to gap light, we measured dif-
fuse noninterceptance (DIFN) values at Good
Hart with an LAI-2000 (LI-COR, Lincoln,
Nebraska, USA) in mid-summer 2013. In each
2 x 2 m unweeded subplot, we took four mea-
surements at a height of 20 cm (at the center of
each 1 x 1 m sub-subplot) and, for subplots with
planted seedlings, one at the top of the canopy
of each planted seedling. These values were
referenced to subplot values measured sec-
onds before directly above the shrub-herb layer
(i.e., at the height canopy photographs were
taken). Resulting DIFN values are interpreted
as the proportion of diffuse light transmitted
through the shrub-herb layer canopy (DIFN) to
individual seedling canopies or to a height of
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20 cm. We interpreted these measurements as
being inversely proportional to the competitive
strength of vegetation in the shrub-herb layer
for light at a standardized height of 20 cm (i.e.,
low proportional light transmission = dense
shrub-herb canopy = strong competitor for
light). The 20 cm height values we report are for
unplanted subplots so that planted seedlings
would not influence results. Values taken at the
top of individual seedling canopies are inter-
preted as an index of the competitive impact of
shrub-herb vegetation on light availability to
that seedling. We also estimated the combined
effect of the residual overstory tree canopy
and the shrub-herb layer canopy on light at a
height of 20 cm and to individual seedlings as
the product of gap light (from photographs) and
DIEN values. To supplement DIFN values we
further characterized shrub-herb vegetation for
each subplot by ocular estimation of percentage
of canopy cover to the nearest 5% interval by
species and measured mean canopy height with
a calibrated height pole to the nearest cm using
nine predetermined locations in a grid pattern
within each subplot.

Tree seedling measurements

All seedlings alive in spring 2008 from the
fall 2007 planting at Levering and those alive
in autumn 2011 from the spring 2011 planting
at Good Hart were fitted with uniquely num-
bered metal tags. Seedling height was measured
on tagged seedlings every autumn from 2008
or 2011 through 2014 after annual height growth
had ceased. Thus, we measured height at the
end of seedlings’ 2nd-5th growing seasons
(1st—4th in treatments) at Good Hart and 2nd-8th
growing seasons (Ist-7th in treatments) at
Levering. We also took stem base diameter
measurements with calipers when we measured
height, but we do not present diameter data
for three related reasons: (1) brevity, (2) diameter
is less responsive to light availability than height
for most species (Walters et al. 2014), and (3)
height, not diameter, defines size-dependent
escape of growing trees from deer browsing
and shrub-herb competition because these fac-
tors have minimal impacts on trees > 2.0 m
tall (M. B. Walters et al., unpublished manuscript).
At Good Hart, seedlings used for height mea-
surements were also used to census survival.
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Time zero for the census was autumn 2011
when seedlings were tagged. Thus, seedlings
were likely beyond proximal transplant shock
effects on growth and survival and responding
primarily to the experimental treatments.

Seedlings were examined for tissue loss from
herbivores at the same time height was mea-
sured. Herbivore agents we observed damage
from were deer (identified by characteristic tear-
ing pattern) and porcupines. Several seedlings
browsed by porcupines (nearly all yellow birch)
were removed from the experiment as was the
perpetrator. We did not see damage from small
mammals (e.g., voles, Microtus). All seedlings
browsed by deer were in unfenced plots. Thus,
we are confident that height responses to fencing
treatments were due to deer vs. no deer rather
than some other agent.

Analysis

Plots (gap centered and nongap) were con-
sidered the experimental unit for analyses.
Therefore, seedling height, deer browsing dam-
age, survival, and light measurements were
summarized at the plot level. All analyses were
performed with JMP statistical software (JMP
9.0; SAS Institute, Cary, North Carolina, USA).

We used least squares models to examine rela-
tionships of gap size and light characteristics and
relationships of seedling height and light avail-
ability with gap light, fencing, and weeding treat-
ments. Preliminary analyses indicated species-
specific and often nonlinear seedling light and
height responses to gap light. Therefore, we
analyzed tree seedling responses by species and
considered both linear and knotted splines to fit
the main effects of light. Our protocol was to start
with a linear fit, then add three knots, four knots,
etc., retaining the added knots if they were sup-
ported by Bayesian information criterion (BIC)
scores (i.e., decreased BIC scores by two units).
For seedling height and light availability models
where gap light main effects and/or interactions
with fencing and/or weeding treatments were
significant (P < 0.05), we fit regressions for fenc-
ing and/or weeding treatments separately using
the same linear/nonlinear fitting criteria as for
whole models. We followed the same protocol to
fit gap size and light relationships. For regression
models of height vs. gap light from Levering, we
estimated height at 18.7% light using the “factor
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profiler” within the “fit model” platform of JMP.
This light value was chosen to facilitate compar-
isons of Levering and Good Hart data, as 18.7%
is the mean light level for small-group selection
gaps (see further for definition) at Good Hart.
For seedling light availability models, our focus
was on the effects of shrub-herb vegetation, so
we used only data from unweeded subplots and
examined the effects of gap light and fencing. In
cases where gap light effects were significant, we
fit data with regressions as described previously.
In cases where the fencing effect was significant
and gap light was not, we generated least squares
means (adjusted for light), for fencing treatments.

We used parametric survival analysis to exam-
ine the effects of gap light, fencing, and weeding
main effects and interactions on mortality over
3 yr for each species. Seedlings used for survival
analysis (8552 total) ranged from 98 for black
walnut to 944 for white ash. Differences in seed-
lings numbers were due to a combination of the
numbers available for planting (or naturally estab-
lished) and survival during the first growing sea-
son. For this analysis, seedlings removed during
the experiment (mostly all via thinning) and seed-
lings surviving at the end of the experiment (i.e.,
autumn 2014) were right censored for the analysis,
which allowed them to contribute to estimates of
mortality. We compared Weibull vs. log-logistic
hazard distributions for our models. Both are
two parameter models commonly used for para-
metric survival analysis. The Weibull models a
constant hazard rate (i.e., exponential) or hazard
rates monotonically increasing or decreasing with
time. The log-logistic allows for nonmonotonic
increasing followed by decreasing hazard rates
and for decreasing hazard rates with time. The
distribution we chose for each species was the
one with the lowest BIC score. Based on the often
nonlinear effects of light on survival we found in
preliminary analyses, we also tested models with
knotted splines fit to the main effects of light, and
chose final models based on criteria previously
described for evaluating knotted models.

Our nominal variable for deer browsing
(browsed = yes, unbrowsed = no) consid-
ers whether or not individual seedlings alive
through at least the third growing season (2013)
showed any evidence of deer browsing in the
2013 census, the 2014 census, or both. These
browsing data from Good Hart were analyzed
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with a generalized linear model with a binomial
distribution and a logit link function. First iter-
ation analyses revealed that fences were com-
pletely successful in preventing deer browsing
and that due to the near perfect fit for fenced
data, a Hessian matrix suggested quasicomplete
separation of the data that could result in fits and
results for unfenced data of questionable value.
Thus, to improve model fits for unfenced data
we excluded fenced data and reran models for
unfenced data only.

Although gap light and gap size are highly
related (Walters et al. 2014), we report seedling
responses to both because they emphasize differ-
ent information. Light availability is functionally
related to seedling growth and survival as well
as shrub-herb canopy development. As such,
light is more generalizable to seedling responses
to a broad range of overstory disturbance inten-
sities and spatial arrangements and composi-
tions of the residual overstory canopy than are
values specific to the centers of roughly circu-
lar harvest gaps. On the other hand, seedling
responses to harvest gap size categories provide
forest resource managers with information that
is readily translatable to well-defined silvicul-
tural methods. Our experiment was designed
to examine the effects of continuous variation
in gap size and light and not discrete, replicated
gap sizes; thus, we restrict our main statistical
analyses to the former. As such, data shown by
gap size category are primarily for qualitative
comparison and evaluating relative differences
in seedling performance among gap sizes and
treatments (see next paragraph). We grouped
plots into gap size categories defined by regional
silvicultural practices (State of Wisconsin
Silviculture Handbook, http://dnr.wi.gov/topic/
ForestManagement/documents/24315/24315.
pdf). These were unharvested (no gap), single-
tree selection (i.e., gaps created by removal of
a single tree), small-group selection (<1012 m?
in size, i.e, <0.25 acre), large-group selection
(1012-2023 m2, 0.25-0.5 acre), and patch cuts
(2023-8094 m2, 0.5-2 acres).

We developed two approaches for examining the
effects of gap size categories and fencing x weed-
ing treatment combinations on relative tree seed-
ling performance; optimal gap size, an index of
performance based mostly on height that empha-
sizes a species’ performance relative to other gap
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size categories and rank order differences among
species in height growth and survival.

We prioritize height over survival for our
optimal gap size index for two reasons; the critical
importance of juvenile height growth for escaping
the height-dependent hazards of deer browsing
and shrub-herb competition (M. B. Walters et al.,
unpublished manuscript) and the weaker responses
of survival than height to light/gap size in our
data. Optimal gap size is defined as the set of
harvest gap size categories where mean seedling
height is > 75% of the maximum gap size cate-
gory for a particular treatment combination (e.g.,
fenced:weeded). Gap size categories passing the
height criterion are then subject to modification
by eliminating those where survival or height
were < 33% of the maximum value observed for
that species among all gap size categories and
treatment combinations. This modification dis-
criminates against misapplication of optimal gap
size status to gap size-treatment combinations,
where height or survival are so severely impacted
by deer browsing and/or shrub-herb vegeta-
tion that eventual canopy recruitment is highly
unlikely. We acknowledge that the specific crite-
ria of our index have an arbitrary component and
that values are informative for qualitative com-
parative purposes only.

Changes in rank order among species in height
growth, survival, or growth vs. survival over gap
size gradients would provide evidence consistent
with gap partitioning theory. For most of our analy-
ses of rank order changes, we contrast large-group
selection gaps and single-tree selection gaps, as
this comparison represents large differences in gap
size that are also realistic management options for
NH forests. Although fenced:weeded conditions
are unlikely in either managed or unmanaged
forests, this treatment combination represents
benchmark reference conditions where tree seed-
lings are responding primarily to gap light envi-
ronments and are unconstrained by the impacts
of deer herbivory and shrub-herb competition.
For these interspecific comparisons, we chose to
use mean annual height growth over the interval
autumn 2011-autumn 2014, as it does not incor-
porate pretreatment (i.e., 2010) seedling height
differences among species and it corresponds to
the same interval used to determine survival. We
evaluated rank order changes between treatment
combinations with Spearman’s rank correlations.
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Correlation coefficients are interpreted as a rela-
tive scale of rank order changes where p ranges
from 1, indicating no change in ranks, to -1, indi-
cating complete reversal of ranks (i.e., the larger
the difference from 1, the greater the rank order
changes in performance between treatments)
(Walters et al. 2014).

REsuLTs

Gap size, shrub—herb vegetation, and light
availability

At Good Hart, gap size ranged from 107 to
3234 m? and scaled closely with light in gap
centers; from 3.1% beneath undisturbed forest
canopy, to 70% in the largest patch cuts (Fig. 1A).
At Levering, gap size ranged from 127 to 955 m?
and light from 4.1% to 36% (data not shown).
Given their high degree of scaling, hereafter
we often use the terms gap size and gap light
interchangeably. The largest harvest gap created
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by single-tree selection was a 459 m?2 gap at
Good Hart created by removal of a 70 cm
diameter (at 1.4 m height) American beech tree.
At Good Hart, the number of gaps in each
management-based category and their mean
light levels were as follows: no harvest gap (4,
4.3%), single-tree (7, 7.0%), small-group (13,
18.7%), large-group (12, 39%), and patch cut
(8, 61.7%). At Levering, these values were as
follows: no harvest gap (4, 4.6%), single-tree
(12, 7.2%), and small-group (29, 15.1%). Unless
otherwise indicated results that follow are for
Good Hart.

Shrub-herb vegetation responded strongly
to harvest gap creation (Fig. 1B). As gap size
increased, shrub-herb canopy height in gap
centers increased up to approximately 1.8 m tall
in 1500 m2 gaps (35% light) and then declined
slightly thereafter. Peak height at 35% light
coincided with Sambucus peak abundance,
which has taller canopies than Rubus (the most

—_
(=)
)

® Unfenced C
o Fenced

2 2 o =2 O
S S .

0 20 40 80
Gap light (% open sky)

Light transmittance through shrub-herb canopy
(proportion at top of canopy reaching 20 cm height)

Effect of overstory canopy gap size on (A) light reaching the top of understory vegetation strata (2 m

height, gap light) at gap center, and (B) understory shrub-herb vegetation development (height). Effect of (C)
gap light on proportional light transmission through shrub-herb canopy, and the (D) combined impacts of gap
size and the shrub-herb canopy on light availability at 20 cm height. Fenced plots exclude deer herbivory, while

unfenced do not exclude deer.
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Table 2. Levels of significance (partial P > | 1) for the effects of fencing (deer excluded, not excluded), weeding
(shrub-herb vegetation intact or removed), harvest gap light (continuous), and their interactions on seedling

height from least squares models.

Species Fencing Weeding FxW Light FxL WxL FxWxL

Paper birch i ns * o ** ns *

Yellow birch AR ns * HoAE ** ns **
American chestnut AR ns * oAk ns ns *

Quaking aspen HAAN * ns L ns *% NN
American elm i ns ns i work ns ns
Black walnut > ns ns wHE ns ns ns
Red maple L ns * kA *% ns %
White ash xoex ns ns el ns ns ns
Red Oak HAAN ns * kK *% * %
Sugar maple e ns ns e x ns ns
White spruce ns o ns e ns e ns
White pine R ns ns R ns ns ns
Balsam fir ns ** ** R ns ** ns
Eastern hemlock ns * ns ** ns ** *

Bitternut hickory ns ns ns ek ns ns ns
Northern white cedar ns ns ns ns ns ns ns

Notes: Fitting the main effects of light with a 3-knot spline was supported by Bayesian information criterion (BIC) scores (> 2
BIC scores lower) over linear fits for all species except sugar maple and northern white cedar. See Appendix S1 for a more
complete summary of these models. ns P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

abundant shrub-herb species group). Unlike
Rubus, Sambucus abundance diminished greatly
in gaps > 1500 m?2 (data not shown). The propor-
tion of light transmitted through shrub-herb
canopies decreased as gap size increased, such
that only ~2% of light incident on the top of the
shrub-herb canopy reached the 20 cm reference
height in the largest patch cut gaps (Fig. 1C).
Decreasing shrub-herb light transmission (i.e.,
increasing canopy density) with increasing gap
light resulted in shrub-herb vegetation negat-
ing the effects of gap size on light availability
at 20 cm height; beneath shrub-herb canopies
light was < 5% of open sky regardless of gap
size (Fig. 1D). There was higher proportional
light transmittance through the shrub-herb can-
opy in unfenced than fenced plots, presumably
due to deer herbivory (Fig. 1C). This resulted
in higher light at the 20 cm reference height in
unfenced than fenced plots, with greater differ-
ences between smaller harvest gaps than larger
harvest gaps (Fig. 1D).

Height responses to light, deer, and shrub—herb
vegetation

For seedling height, the main effects of light
were significant (P < 0.05) for 15 of 16 species.
Fencing main effects were significant for 11
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of 16 species, with shorter, slower-growing
species less affected than taller, faster-growing
species. In contrast, weeding main effects on
height were significant for four species, with
three of those being shorter, slower-growing
conifers (Table 2, Appendix S1). Numerous
significant interactions among light, fencing,
and weeding effects, plus differences in the
light distributions of plots among species and
fencing x weeding treatment combinations (due
to differences in mortality over 4 yr among
them) necessitated that we compare height
among species treatment combinations as func-
tions of light (Fig. 2), qualitatively by gap
size categories (Fig. 3), and, between Good
Hart and Levering, at common light values
(Fig. 4).

Among the four fencing x weeding treatment
combinations, fenced:weeded seedlings, uncon-
strained by the negative impacts of deer herbiv-
ory and shrub-herb vegetation, were generally
the tallest, and responded most strongly to gap
light. Height increased with light up to approx-
imately 35-45% of gap light for most species
and then plateaued or decreased with further
increases in light. Hereafter, we use the maxima of
height vs. light regressions in the fenced:weeded
treatments as a relative index of species growth
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Fig. 2. Seedling height responses to harvest gap light. Data are plot means. For each species and
fencing x weeding treatment combination, regression fits are shown if P <0.05. Fits are either linear or modified
with a 3-knot spline depending on Bayesian information criterion scores (see Methods). Species are arranged
from top left to bottom right in descending order of species predicted height maxima in the fenced:weeded
treatment (see Table 1). The scale of the y-axis is different for each row of panels.

potential (i.e., faster-growing vs. slower-growing)
(Table 1).

In fenced plots (i.e., no deer impacts), shrub—
herb vegetation negatively affected height, and
more so at higher than lower light for nine of
16 species (i.e., light x weeding or light x weed-
ing x fencing interactions were significant; Table 2,
Figs. 2 and 3). This pattern parallels increases in
shrub-herb density with increasing light (Fig. 1C).
In unfenced plots, deer browsing negatively
impacted height for most species, with decreases
generally greater for faster-growing species
(Table 2, Figs. 2 and 3). For unfenced:weeded
seedlings, deer browsing negated the effects of
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light on height for all species except balsam fir,
white pine, and white spruce.

Deer browsing impacts at Levering mostly
confirm and extend the results from Good Hart
(i.e., seven vs. four growing seasons, respec-
tively). For seven of 11 species common to both
sites, height was negatively impacted at both
sites (Fig. 4). Of the other four species common to
both sites, deer browsing impacted sugar maple
and white pine at Good Hart but not Levering.
This suggests that deer browsing pressure might
be somewhat lower at Levering than Good Hart,
which is consistent with our casual observations.
The other two, balsam fir and eastern hemlock,
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Fig. 3. Mean seedling height in the 4th growing season by harvest gap category. The scale of the y-axis is

different for each row of panels.

were impacted at Levering but not Good Hart,
but height for these slower-growing species
was not diminished by deer at Levering until
their 6th and 7th growing seasons, respectively.
Between the two sites, there were four other spe-
cies that showed no height reductions from deer:
browsing-avoided American beech (only Lever-
ing) and white spruce (both sites), and slower-
growing bitternut hickory and northern white
cedar, which are only at Good Hart and perhaps
not yet affected by browsing.

Levering data also indicate that some species
strongly negatively impacted by deer still main-
tained positive height growth over the last 7 yr,
albeit more slowly than for fenced seedlings,
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while others did not. Those maintaining positive
height growth include American elm and white
ash, whereas those with little change in height
over the years include red maple, red oak, and
yellow birch (Fig. 4).

Contrary to the uniformly negative impacts of
deer and shrub-herb vegetation, the interaction of
these factors (i.e., unfenced:unweeded) increased
seedling height relative to deer only effects
(unfenced:weeded) for faster-growing paper
birch, yellow birch, and aspen, with this pattern
driven by height differences only in the largest,
highest-light patch cut gaps (Figs. 2 and 3). Sev-
eral other species also showed a trend (supported
in some cases by significant fencing x weeding
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interactions; Table 2) for greater seedling heights
in unfenced:unweeded than unfenced:weeded
plots, but differences were modest and did not
show the same dependence on gap size/light that
faster-growing species exhibited (e.g., American
chestnut, red maple; Fig. 3). For a few species and
gap sizes, mean heights of unfenced:unweeded
seedlings exceeded those of seedlings impacted
by shrub-herb vegetation alone (fenced:un-
weeded) (e.g., balsam fir, white spruce, and bitter-
nut hickory in small-group selection gaps; Fig. 3),
but again, differences were modest and untested
statistically (see Methods).

Survival responses to light, deer, and shrub—herb
vegetation

Compared to height, the main effects of light
and fencing on survival were weaker and
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significant for fewer species (eight for light,
seven for fencing), whereas the main effects of
weeding were stronger and significant for more
species (10) (Table 3, Appendix S2). Like height,
there were several significant interactions among
effects and most were for light x weeding inter-
actions (eight species). Unlike height data, sur-
vival data have similar gap/light distributions
among species and fencing x weeding treatment
combinations due to our planting criteria. This
allows us to compare weeding and fencing
effects on survival both with (Figs. 5 and 6)
and without (Table 4) having to consider the
inconsistent effects of light/gap size (Table 3)
on these relations.

Among the four treatment combinations,
survival for all species was greatest, or nearly
so, in the fenced:weeded treatment (Table 4).
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Table 3. Levels of significance (partial P > x2 vales) for the effects of fencing, weeding, harvest gap light, and
their interactions on seedling survival from parametric survival models.

Species Fencing Weeding FxW Light FxL WxL FxWxL
Paper birch ns * ns ns ns * ns
Yellow birch ns ns ns ** ns * ns
American chestnut ** ** ns ns ns ns ns
Quaking aspen ** ** ns ns ns ns ns
American elm ns ns ns x* ns x* ns
Black walnut — — — HEEE — — ns
Red maple KN ns * *% ns X4 3%
White ash ns ns ns wex ns wx ns
Red oak ** * ns ns ns ** ns
Sugar maple ns * ns ** ns ns ns
White spruce ns ** ns ns ns * ns
White pine ns orxk ns ns * ** ns
Balsam fir HHEE ** ns ns ns ns ns
Eastern hemlock AR * ns R * ns ns
Bitternut hickory ns ns ns ns ns ns ns
Northern white cedar e * ns wex ns ns ns

Notes: See Appendix S2 for a more complete summary of these models. ns P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001;

**#P <0.0001.
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Fig. 5. Seedling survival (end of 1st-end of 4th year in treatments) vs. gap light availability by weeding
treatments (fencing treatments pooled). Only those species where light and/or light x weeding effects on survival
were significant (P < 0.05) are shown (Table 3, Appendix S2).

Three-year survival for fenced:weeded seed-
lings varied appreciably among species, from
40% for northern white cedar to 96% for white
spruce. Deer decreased survival the most for
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hemlock (64%) and cedar (83%) with reductions
not exceeding 36% (balsam fir) for other species.
Given that hemlock and cedar heights were unaf-
fected by fencing (Table 2, Fig. 2), our survival
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data indicate that seedlings of these species do
not survive browsing damage. In contrast, faster-
growing paper birch, yellow birch, and American
elm had high survival despite seedlings being
browsed so heavily that unfenced:unweeded
seedling heights were 10-20% of fenced:weeded
seedling heights (Table 4 vs. Fig. 2). On the other
end of the spectrum, fencing affected neither
survival nor height for slower-growing spruce
and hickory. The greatest reductions in survival
from shrub-herb vegetation (i.e., fenced:un-
weeded vs. fenced:weeded) were for slower-
growing northern white cedar (50%), white
pine (41%), and eastern hemlock (38%), despite
cedar and hemlock being considered the most
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shade-tolerant species in our study (Tables 1 and
4). In contrast to height, for which shrub-herb
vegetation partially ameliorated negative deer
impacts, survival among the four treatment com-
binations was lowest for unfenced:unweeded
seedlings for nearly all species (i.e., fencing and
weeding had additive, not interacting effects on
survival).

For seedlings responding primarily to light
availability and not deer and/or shrub-herb vege-
tation (i.e., fenced:weeded seedlings), patterns of
survival varied among species and in a manner
roughly consistent with variation in their shade
tolerance scores (Table 1, Figs. 5 and 6). Survival
increased with gap light, plateauing in small- to
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Table 4. Parametric survival model estimates of the proportion of seedlings that lived from the end of the 1st
to the end of the 4th growing season by fencing x weeding treatment combinations and the significance level
of fencing and weeding main effects and interactions for models used to develop estimates.

Treatment combinationf Significance

Species UF:.UW UF:-W F:UW EW Fencing Weeding  Interaction
Paper birch 0.59 0.67 0.59 0.68 *
Yellow birch 0.68 0.64 0.66 0.79
American chestnut 0.40 0.64 0.63 0.76 e **
Quaking aspen 0.24 0.45 0.41 0.65 o **
American elm 0.84 0.84 0.85 0.86
Black walnut 0.91 0.66 0.74 0.88
Red maple 0.62 0.58 0.70 0.87 o *
White ash 0.64 0.77 0.70 0.71
Red oak 0.57 0.65 0.64 0.79 ** *
Sugar maple 0.28 0.43 0.40 0.54 *
White spruce 0.83 0.90 0.88 0.96 *
White pine 0.38 0.55 0.37 0.63 *
Balsam fir 0.41 0.50 0.58 0.79 e i
Eastern hemlock 0.16 0.17 0.29 0.47 o *
Bitternut hickory 0.51 0.46 0.50 0.63
Northern white cedar 0.05 0.07 0.20 0.40 o *

Notes: The effects of light were not included in the generation of model estimates. See Table 3 and Fig. 5 for models including

light. *P < 0.05; **P < 0.01; ***P < 0.0001; ****P < 0.0001.

T Treatment combinations are unfenced:unweeded (UF:UW), unfenced:weeded (UF:W), fenced:unweeded (F:UW), and

fenced:weeded (F:W).

large-group selection gaps for some lesser-
tolerant species (e.g., the birches, red oak, white
pine), whereas survival decreased with increasing
light/gap size for shade-tolerant eastern hemlock
and northern white cedar. Shrub-herb vegeta-
tion modified survival responses to gap light for
12 species with significant light x weeding inter-
actions for eight of the species (Table 3), consis-
tently indicating increasingly negative impacts
of shrub-herb vegetation in higher light (Fig. 5)
and in larger harvest gaps (Fig. 6). For example,
at 5% light, white pine survival was ~60% for both
weeded and unweeded seedlings, but as light
increased to 70% in patch cuts, survival increased
to ~70% for weeded seedlings and decreased
to ~6% for unweeded seedlings. Compared to
strong light x weeding interactions on survival
(Table 3) and strong light x fencing interactions
on height for some species (Table 2), light x fenc-
ing interactions on survival were universally
weak (Table 3) and only significant for eastern
hemlock and white pine. In these two cases, how-
ever, light x fencing interactions did not impact
the general pattern of light x weeding interactions
(e.g., survival for eastern hemlock decreased
with increasing light for weeded and unweeded
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seedlings [Fig. 5] regardless of whether seedlings
were fenced or not [data not shown]).

What explains the positive interactions of
shrub—herb vegetation and deer herbivory
on tree seedling performance?

The positive impacts shrub-herb vegetation
had on paper birch, yellow birch, and aspen
height in unfenced, high-light patch cut plots
can be partly explained by how gap size/light
and shrub-herb vegetation affect the likelihood
of becoming browsed (Fig. 7). For most species,
as gap size/light increases, browsing probability
decreases in unweeded plots and increases in
weeded plots. For example, faster-growing yel-
low birch seedlings have an approximately 75%
chance of being browsed in 5% light in weeded
and unweeded plots. However, as light increases
to 70% (middle of patch cut gaps), browsing
probability declines to 25% for unweeded
seedlings and increases to 100% for weeded
seedlings. Thus, shrub-herb vegetation appears
to provide some protection to seedlings from
browsing deer, especially in higher-light envi-
ronments where shrub-herb density is greater
(Fig. 1).
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Fig. 7. Browsing probability vs. light for unfenced plots. Regressions are generalized linear model fits (see
Methods). The level of significance from general linear models of browsing probability predicted by weeding
(W) and light (L) effects, and their interactions (W x L) are indicated; ****P < 0.0001; **P < 0.001; **P < 0.01;

*P <0.05; no symbol P > 0.05.

We also found that herbivory by deer can
either increase or decrease light to tree seedlings
depending on the balance between increased
light transmission through browsed canopies vs.
decreased light to shorter, browsed seedlings.
In fenced plots, light environments for faster-
growing species were little affected by shrub-
herb vegetation, as seedlings were able to main-
tain their canopies at or above the shrub-herb
canopy (Fig. 8, Appendix S3), whereas seedlings
of slower-growing species were beneath shrub-
herb canopies and experienced low light levels.
In unfenced plots, deer decreased light most for
faster-growing, heavily browsed species, like
elm, by decreasing seedling height to such an
extent that their canopy positions were shifted
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from dominant to subordinate relative to shrub-
herb vegetation (Fig. 8). In contrast, deer her-
bivory of shrub-herb vegetation increased light
availability to seedlings of those slower-growing
species that had little to no height reduction from
browsing (i.e., white spruce, white pine, balsam
fir, and bitternut hickory [Table 2, Fig. 2]). The
increases in light from deer were modest (Fig. 8),
but within the range where seedling growth rates
responded strongly to light (Fig. 2). Deer appear
to boost light levels the most around 15-30% gap
light, which is consistent with the weak trend of
greater height for unfenced than fenced white
spruce, balsam fir, and bitternut hickory (but not
white pine) in single-tree and/or small-group
selection gaps (Fig. 3).
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Fig. 8. Seedling light availability vs. gap light availability in fenced:unweeded and unfenced:unweeded
plots. Level of significance for main effects of fencing (F), light (L) and their interactions (F x L, only when
significant) are shown; ***P < 0.0001; **P < 0.001; **P < 0.01; *P < 0.05; ns P > 0.05. Straight lines or 3-knot splines
are fitted to unfenced (solid line) and fenced (hatched line) treatments when light and fencing main effects or
interactions were significant, a single solid line is fitted when only light effects were significant, and least squares
means, adjusted for light, are presented for fenced (F) and unfenced (UF) treatments when only fencing effects
were significant. See Appendix S3 for a more complete summary of these models.

Species gap size optima and performance ranks
Fenced:weeded seedlings generally had a
broad range of optimal gap sizes; from large-
group selection gaps and patch cuts for faster-
growing species and small-group to patch cuts
for slower-growing species (Table 5). Strong
shrub—herb impacts in high light shifted opti-
mal gap size to a smaller range and size of
gaps for nearly all species (e.g., Figs. 3 and
6, Table 5). Shifts in optima were particularly
dramatic for eastern hemlock and northern
white cedar because of the high seedling mor-
tality shrub-herb vegetation elicited in larger
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gap size categories (Fig. 6). Adding the effects
of deer herbivory to shrub-herb effects (i.e.,
unfenced:unweeded) shifted optimal gap size
for several species, and especially the faster-
growing, more shade-intolerant species to
patch cuts, where browsing was less likely
to occur. For red maple, sugar maple, and
northern white cedar, height and/or survival
were impacted so severely that no optimal
gap size could be assigned (Figs. 3 and 6,
Table 5).

Evidence for gap size (large-group vs.
single-tree) and fencing x weeding treatment
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Table 5. Optimal gap size for tree seedlings for three fencing x weeding treatment combinations.

Optimal gap size category

Species Fenced:Weeded Fenced:Unweeded Unfenced:Unweeded
Paper birch LG-P LG-P P
Yellow birch LG-P LG P
American chestnut LG LG P
Quaking aspen LG-P LG P
American elm LG-P SG-LG SG
Red maple LG-P LG —
White ash LG-P P SG-P
Red oak LG-P SG-LG SG
Sugar maple LG-P LG —
White spruce SG-P SG-LG SG-P
White pine 5G-P 5G p
Eastern hemlock SG-P ST UN-ST
Balsam fir SG-P SG-P SG-P
Bitternut hickory SG-LG SG-LG SG
Northern white cedar SG-P ST —

Notes: Optimal gap size is the range of harvest gap sizes where mean seedling height is > 75% of the maximum height gap
category for the treatment combination considered and seedling height and survival is > 33% of the maximum value among all
gap size and treatment combinations. Gap size categories are unharvested (UN), single-tree (ST), small-group (SG), large-
group (LG), patch (P), and no applicable optimal gap size (—).

combination contrasts eliciting rank order
changes in growth, survival, or growth vs. sur-
vival among species were mixed. There was no
evidence for rank order reversals (i.e., a neg-
ative Spearman p) for any comparison of 3-yr
height growth and/or survival in large-group
vs. single-tree selection gaps. Instead, results
ranged from appreciable changes in rank order
(Spearman’s p nearer to 0) to little change in
rank order (Spearman’s p nearer to 1) (Figs. 9
and 10, and data not shown).

For height growth, shrub-herb vegetation
had minimal impacts on species rank order in
large-group selection gaps, whereas deer + veg-
etation had strong effects (i.e., shrub-herb veg-
etation, fenced:weeded vs. fenced:unweeded,
Spearman’s p = 0.94, P < 0.001, whereas deer +
vegetation, fenced:weeded vs. unfenced:un-
weeded, p = 0.27, P = 0.360). In contrast, deer
impacts on height growth rank order were not
as dramatic in single-tree selection gaps, where
rank order changes were similar for shrub-
herb vegetation and deer + vegetation (p = 0.63,
P =0.012 and p = 0.58, P = 0.018, respectively)
(Fig. 9). However, the rank of particular species
differed between the contrasts (e.g., American
chestnut ranked 1st in growth in the fenced:un-
weeded treatment while white ash ranked 1st in
unfenced:unweeded).
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There were substantial height growth rank
order differences between gap sizes, with the
greatest difference for the fenced:weeded pair
(p = 0.144, P = 0.593), where growth differences
between gap sizes were largest (-0.8 to 7.7 cm/
yr in single-tree selection gaps vs. 5-92 cm/yr in
large-group selection gaps) and least between
unfenced:unweeded pairs (p = 0.590, P = 0.0353)
(Fig. 9). Among all 15 possible treatment com-
bination pairs, the largest height growth rank
order differences were between the treatment
combinations that were among the most envi-
ronmentally different (i.e., single-tree selection
unfenced:unweeded vs. large-group selection
fenced:weeded [p = 0.053, P = 0.846]).

Changes in species survival rank order
between treatment combination pairs were
generally more modest than for height growth
(Fig. 10 vs. Fig. 9). In large-group selection
gaps, shrub-herb vegetation impacted rank
order (fenced:weeded vs. fenced:unweeded,
p = 0.73, P = 0.002) more than deer + vegeta-
tion (fenced:weeded vs. unfenced:unweeded,
p = 0.83, P = 0.001), whereas deer + vegetation
elicited greater changes in rank order (p = 0.55,
P = 0.035) than vegetation alone (p = 0.76,
P =0.002) in single-tree selection gaps. Survival
rank order changes between harvest gap size
categories were similar for all three treatment
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Fig. 9. Species mean annual growth rate (end of
Ist—end of 4th year) for weeding x fencing treatment
combinations for single-tree selection and large-group
selection harvest gaps. The left to right order of species
corresponds to species ranks of mean annual growth
rate for fenced:weeded seedlings in large-group
selection gaps (i.e., upper right panel). See Appendix
S4 for species correspondence to x-axis order. “x”
indicates that there were no or few seedlings for these
treatment combinations to distinguish these from “0”
values.

pairs (range in p = 0.67-0.70). Similar to height
comparisons, the greatest change in survival
rank order was for pairs that were among the
most environmentally different; fenced:weeded
seedlings in single-tree selection gaps vs.
unfenced:unweeded seedlings in large-group
selection gaps (p = 0.51, P = 0.051).

Among the 36 possible growth vs. survival
treatment combination pairs, rank order correla-
tions ranged from p = 0.00, P = 0.996 for survival
in fenced:weeded, single-tree selection gaps vs.
growth in fenced:unweeded, large-group selec-
tion gaps to p = 0.501, P = 0.058 for survival in
fenced:unweeded, large-group selection gaps
vs. growth in fenced:weeded, large-group selec-
tion gaps. Thus, growth and survival rank order
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was most positively associated (albeit weakly)
in large-group selection gaps without deer, and
were most different when contrasting rank order
of survival in low light and growth in large
gaps under ideal conditions (fenced:weeded).
Although there was no evidence of inverse rank
order for growth vs. survival between the par-
ticular treatment combinations contrasted, there
was for contrast based on survival restricted to
the last annual interval (3rd—4th year) and the
lowest-light plots (i.e., harvest gap and unhar-
vested plots <5% light; Table 1) vs. height
growth rate of fenced:weeded seedlings in high-
light, large-group selection gaps (Fig. 11). This
suggests that the negative impacts of low light
levels on the survival of trees seedlings that
grow rapidly in high light are just beginning to
occur after four growing seasons in experimental
treatments.
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Fig. 11. Mean annual growth rate for fenced:
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seedlings alive at the end of the 3rd year in treatments
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DiscussioN

Harvest gap size mediates gap light, shrub—herb
vegetation, and deer herbivory impacts on
regenerating tree seedlings

In mesic NH forests, harvest gap size has
multiple impacts on regenerating tree seedling
environments. In addition to obvious effects
on light transmission to the understory, har-
vest gap size also affects the density of poten-
tially competing shrub-herb vegetation and
the probability of seedlings being browsed
by deer. These factors had complex interact-
ing effects on tree seedling growth and
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survival, with species-specific responses asso-
ciated with variation in height growth poten-
tial, shade tolerance, and responses to browsing
pressure.

Before harvest gap creation, shrub-herb veg-
etation cover is sparse and short-statured in
the low (2-6%) light beneath the undisturbed,
closed-canopy forest. Following harvesting,
shrub-herb stature and density increase; slowly
the first growing season following harvest and
more rapidly thereafter (M. B. Walters, unpub-
lished manuscript). Regardless of gap size, shrub—
herb responses to gap harvesting result in light
levels beneath their canopies that are compara-
ble to those beneath closed-canopy forest. Thus,
harvest gap increases in light to the forest floor
stratum, where tree seedlings germinate and
establish, are ephemeral. This dynamic suggests
that faster-growing and earlier-establishing
seedlings are in a better position, via height
advantages, to avoid light competition with
developing shrub-herb vegetation compared to
later-establishing and slower-growing seedlings.
The greater ability of shade-tolerant species to
survive in low light could partially offset the
disadvantage of slower growth in coping with
shrub-herb competition. However, data from
our study indicate that seedling height growth
potential (maximum height in fenced:weeded
plots) was more important than shade tolerance
(i.e., seedling survival at < 5% light) in alleviat-
ing mortality from shrub-herb vegetation, but
both factors contributed (Fig. 12).
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Fig. 12. Mortality from shrub-herb vegetation (from Table 4, where mortality (%) = 1 — (survival

fenced:unweeded/survival fenced:weeded)) vs. maximum seedling height and shade tolerance score from
Table 1. For mortality predicted by the combination of maximum height and shade tolerance in multiple

regression (right panel), partial P values were 0.0122 for
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height and 0.0810 for shade tolerance.
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Given these patterns, an important caveat to
our conclusions regarding shrub-herb effects is
that our results are influenced by the particular
tree seedlings, treatments, and sites we used.
Our seedlings were 1 yr old when planted at the
beginning of the second growing season follow-
ing harvest gap creation, and we weeded (i.e.,
clipped) shrub-herb vegetation in unweeded
plots the first couple of months following trans-
planting. Patterns in seedling responses to exper-
imental treatments within and among species
could have differed somewhat from what we
found had seedlings established naturally and/or
at a different time (e.g., first or third year follow-
ing harvest or already established prior to har-
vest [i.e., advance regeneration]). Furthermore,
our sites are classified as the most resource-rich
habitat type regionally (Burger and Kotar 2003),
which supports an especially well developed
and competitive shrub-herb layer following dis-
turbance (J. Willis, unpublished manuscript). Thus,
shrub-herb impacts on tree seedlings could be
weaker on less fertile sites than the one we used.

In stands characterized by deer populations of
~10.4/km?2, deer impacts on tree seedlings were
nearly universal, with 15 of 18 species across the
two sites affected. However, the magnitude of
impacts on survival and/or height varied appre-
ciably among species. To help make sense of this
variation, we characterize tree species responses
to deer as falling into one of four categories:
heavily browsed with high mortality, sensitive/
preferred (eastern hemlock, northern white cedar,
pin cherry), heavily browsed but survive, toler-
ant/preferred (paper birch, yellow birch, Amer-
ican chestnut, quaking aspen, American elm,
red maple, sugar maple, red oak), moderately
browsed and capable of maintaining positive
growth despite deer, tolerant/somewhat avoided
(black walnut, white ash, white pine, balsam
fir), and avoided (white spruce, bitternut hickory,
American beech). Of the three species not found
in the region of our study sites, black walnut
was somewhat avoided and bitternut hickory
was avoided by browsing deer. However, these
species have been found to be heavily browsed
in other studies conducted within their native
ranges (Benfeldt et al. 2001, Forrester et al. 2014).
Perhaps learned behavior contributes to brows-
ing preferences and deer at our study site are
unfamiliar with hickory and walnut seedlings.
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Species native to our Upper Great Lakes study
region that are in the tolerant/somewhat avoided
and avoided categories are among the region’s
most abundant species in the tree regeneration
layer (i.e., American beech, white ash, white
spruce, white pine [Kain et al. 2011, Matonis et al.
2011, Hidding et al. 2013; M. B. Walters, personal
observation]). Conversely, species most impacted
in this study are among those known to be declin-
ing regionally, with deer browsing implicated as
a contributing cause (i.e., hemlock, yellow birch,
cedar, and red oak [Rooney et al. 2000, Hofmeyer
et al. 2009, Salk et al. 2011, Thomas-Van Gundy
et al. 2014]). In summary, our results indicate that
in single-tree to large-group selection gaps, most
NH tree species are either killed by deer brows-
ing (i.e., hemlock, cedar) or are maintained by
browsing at a stature (i.e.,, <2 m tall; M. B. Wal-
ters et al., unpublished manuscript) where they are
at continual risk of competition with shrub-herb
vegetation and rebrowsing by deer. Given these
associations and that deer densities in our study
area (~10.4/km?2) are average compared to the
larger region (e.g., Shi et al. 2006), it is clear that
deer are exerting a strong filter on tree regen-
eration composition and density in selection-
managed forests over large extents of the Upper
Great Lakes region.

Deer and vegetation have unexpected interacting
effects on tree seedlings

Interactions between deer, shrub-herb vege-
tation, and gap size had two unexpected positive
effects on tree seedling environments; deer
herbivory can increase light to tree seedlings
beneath shrub-herb canopies and shrub-herb
vegetation can protect tree seedlings from deer.

The degree that deer browsing pressure
increases light penetration through shrub-herb
canopies likely depends on the composition
of the shrub-herb canopy. We witnessed deer
browsing on the developing shoots of the dom-
inant Rubus spp. shrubs, but circumstances
suggest that browsing of Sambucus shrubs was
mostly responsible for elevated light levels. Gaps
with elevated light levels in unweeded plots
were mostly in the middle of our light gradi-
ent (2040% light). At these light levels Sambu-
cus density was greatest in fenced plots, while
being heavily browsed or absent in unfenced
plots. However, the degree that increased light
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penetration benefits a tree seedling’s light envi-
ronment depends on the degree that deer browse
the tree seedlings too. All else equal, dimin-
ished tree seedling stature via browsing should
decrease light availability and the competitive
status of tree seedlings relative to proximal com-
peting vegetation (Schwinning and Weiner 1998).
In our study, those species benefitting most from
deer herbivory of shrub-herb vegetation are
slower-growing, browsing-avoided species, with
the best example being white spruce. One impli-
cation of this pattern is that canopy recruitment
of lesser-browsed species can be accelerated by
deer herbivory not only because their height
growth is less impacted than other trees they are
competing with, but also because their growth
environments are improved.

The second unexpected interaction we found
was that shrub-herb vegetation decreased the
probability of deer browsing on tree seedlings
and with greater effects as harvest gap size
increased. This effect resulted in the faster-
growing, browsing-tolerant/-preferred species
being able to escape browsing in the largest
patch cut gaps. Unlike unweeded seedlings,
weeded seedlings were heavily browsed in patch
cuts, suggesting that deer do not have a behav-
ioral aversion to browsing in large harvest gaps.
Instead, as gap size increases, the increasingly
thick shrub-herb layer could locally overwhelm
the supply of browse relative to the demand of
browsing deer, physically deter deer movement,
and/or make tree seedlings more difficult for
deer to detect. We do not have the data to assess
the relative importance of these alternative mech-
anisms.

Shrub—herb vegetation and deer affect gap size
optima and gap partitioning

Without the impacts of shrub-herb vegetation
and deer (i.e., fenced:weeded), all species grew
best in larger gaps. High densities of competing
shrub-herb vegetation in larger gaps shifted
species gap size optima to smaller gaps, and
these shifts were greatest for the smallest-
statured, most shade-tolerant species. Perhaps
reflecting the multifactor impacts of gaps on
tree seedlings, patterns among species in gap
size optima more clearly reflected field-
observation-based shade tolerance classifications
(i.e., Baker 1949, Niinemets and Valladares 2006)
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when seedlings were grown with competing
shrub-herb vegetation than without. Layered
upon the impacts of shrub-herb vegetation, deer
herbivory had strong and overriding impacts
on gap size optima, either generally pushing
species optima to higher light levels where deer
herbivory was less likely to occur, or impacting
growth or survival so strongly that canopy
recruitment was unlikely in any gap size cat-
egory (i.e., no optima assigned).

While gap size optima reveal gap size ranges
where a species grows/survives best and how
deer herbivory and shrub-herb vegetation
impact these patterns, they provide no informa-
tion about how these factors impact rank order in
performance among species. The premise under-
lying the gap partitioning hypothesis is that spe-
cies partitioning results from rank order changes
in the performance (growth and/or survival) of
young trees over gap size gradients (Denslow
1980, Gray and Spies 1996, Busing and White
1997, Schnitzer and Carson 2001, Walters et al.
2014). At its least complex, gradients of gap size
might only produce gradients of gap light (i.e.,
fenced:weeded treatment) and gap partitioning
based on a tradeoff between survival in small
low-light gaps and growth in large, high-light
gaps (Kobe et al. 1995). After 4 yr in treatments,
we found some evidence for this mechanism, but
only when we considered growth in high-light,
large-group selection gaps vs. survival for the lat-
est interval (3rd—4th year) in plots receiving <5%
light. There was no such tradeoff with 1st—4th
year survival in single-tree selection gaps, where
survival was generally high for all species. This
indicates either that growth vs. survival tradeoffs
do not occur between light levels found in single-
tree selection gaps vs. large-group selection gaps
or that species differences in shade-induced mor-
tality have not yet developed in single-tree selec-
tion gaps.

Low-light survival vs. high-light growth is not
the only possible performance contrast underly-
ing changes in species competitive hierarchies
over gap light gradients; differences in growth,
survival, and growth vs. survival ranks could all
be important. However, while we found that spe-
cies height growth rank order changed between
gap sizes, the low variation in height growth in
single-tree selection gaps suggests that those
differences are unimportant for performance
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differences in low-light environments. Instead,
high-light growth vs. low-light survival is likely
more important.

As recognized by Grubb (1977), many other
factors in addition to gap light, both related and
unrelated to gap size, may affect species perfor-
mance rank order. Among these are biophysical
factors other than light (e.g., temperature), soil
resource availability (Walters et al. 2014), compet-
ing vegetation (this study), and deer herbivory
(this study). In large-group selection gaps where
there is large variation in species growth poten-
tial, dense shrub-herb vegetation had strong
effects on growth, but had little effect on rank
order, whereas deer herbivory strongly modi-
fied growth and growth rank order. Deer and
shrub-herb impacts on height rank order were
more modest in single-tree selection gaps; how-
ever, height rank order for seedlings subject to
deer impacts was similar in small and large gaps.
Collectively, these patterns indicate that deer can
override the performance hierarchies established
by harvest gap size, and as such, may be more
influential in structuring forest communities and
successional trajectories than overstory harvest
designs in NH forests with high deer popula-
tions in the Upper Great Lakes region.

Although survival rank order changes between
treatment combinations were neither as large as
for height nor easily interpretable, the modest
changes in rank order that occurred could still be
important ecologically. Furthermore, like incip-
ient reversal in rank order between low-light
survival and high-light growth after 4 yr, long-
term patterns in rank order changes in survival
between treatment comparisons may just be
beginning to occur and their relationships to spe-
cies traits may become more clear in the future
(e.g., some species, such as American elm and
paper birch, have been browsed heavily by deer,
but with little effect on mortality yet).

In summary, the shade tolerance-related differ-
ences in gap size optima and inverse rank order
between low-light survival (albeit incipient) and
high-light growth we found among species sug-
gest that tree diversity in NH stands can be pro-
moted by varying gap size. While some studies
of natural seedling dynamics support this notion,
others do not. The easiest explanation for these
differences is that like shrub-herb vegetation
and deer browsing in our study, there are many
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spatiotemporally varying factors that can affect
tree seedling distributions in addition to gap
light gradients. Other studies have found vege-
tation and/or deer impacts on gap sorting. Kern
et al. (2013) showed minimal effects of gap size
on regeneration composition and indicated that
shrub-herb competition and deer herbivory were
likely responsible. Nuttle et al. (2013) showed
that browsing deer are capable of negating gap
size effects on tree seedling composition and
limit regeneration to a few browsing-avoided/-
tolerant species. Other factors affecting the com-
position and density of seedling populations in
NH forests include a scarcity of decaying wood
and mineral soil substrates required by small
seeded species (e.g., paper birch, yellow birch,
hemlock) (D’Amato et al. 2015, Willis et al. 2015)
and a lack of local seed sources (Caspersen and
Saprunoff 2005). Considering the large number
of factors affecting tree seedling populations, it is
unsurprising that associations between gap size/
light and tree seedling compositional changes are
often weak. Despite these complexities, increases
in the proportion of seedlings of shade-intolerant
species in larger gaps have been observed in some
studies. Typically, increases are modest, with
regeneration overwhelmingly dominated by
shade-tolerant species in all gap sizes (Bolton and
D’Amato 2011, Matonis et al. 2011, Poznanovic
et al. 2013, D’Amato et al. 2015). However, in
larger gaps, the superior height growth rates of
intolerant species (Beaudet and Messier 1998,
Walters et al. 2014, this study) likely give them a
greater per capita chance of obtaining a canopy
position than slower-growing, shade-tolerant
species. Although large growth rate advantages
for shade-intolerant species may be restricted to
seedlings and smaller saplings (Forrester et al.
2014), obtaining height advantage early in life
may have long-term consequences for compet-
itive hierarchies given asymmetric competition
for light (Schwinning and Weiner 1998).

How do we modify management of northern
hardwood forests to increase tree regeneration
diversity?

Large extents of NH forests are managed by
selection silviculture systems (Pond et al. 2014),
and significant proportions are subject to heavy
deer browsing pressure. Regeneration targets
of abundant and desirable and/or diverse species
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are often not met, with regeneration often poorly
stocked and/or dominated by a few shade-
tolerant species that are tolerant of, or avoided
by, browsing deer (Bolton and D’Amato 2011,
Matonis et al. 2011, Kern et al. 2012, 2013,
Poznanovic et al. 2013). Importantly, none of
the cited studies used harvest gaps as large as
patch cuts and they are not prescribed by forest
managers. Collectively, these patterns suggest
that larger patch cuts and alternatives to selec-
tion silviculture should be evaluated in areas
of high deer populations. Limited trials demon-
strate that even-aged shelterwood systems can
be used to manage NH stands (e.g., Godman
and Tubbs 1973). Shelterwood systems might
be particularly promising, as they have at least
three advantages over other even-aged and
uneven-aged systems for overcoming the par-
ticular regeneration shortcomings that deer-
impacted NH stands face. First, because a
residual overstory is maintained for seedling
establishment, the system is better designed to
increase stand-level seed availability of diverse
and desirable tree species than clearcut/patch
cut systems. Second, the residual overstory seed
sources can be held for nearly as long as nec-
essary (one to two decades) to increase the
likelihood of establishing desirable tree regen-
eration via mast seed years, temporary down-
turns in deer density, and other factors. Third,
the density of the overstory can be adjusted
to promote understory environmental conditions
conducive to the development of protective
shrub-herb vegetation.

Given that shrub-herb vegetation confers
some protection to tree seedlings, we do not
recommend controlling it with herbicides or
other means in areas with high deer popula-
tions. However, shrub-herb vegetation compe-
tition can also decrease regeneration diversity
and density and result in regeneration delays.
Thus controlling shrub-herb vegetation in areas
of low deer populations could be beneficial in
some cases. Controlling shrub-herb vegeta-
tion is probably unnecessary for regenerating
shade-tolerant trees in smaller gaps or intoler-
ant species in larger gaps, because shrub-herb
vegetation impacts in small gaps are small, and
faster-growing intolerant species are able to cope
with competing shrub-herb vegetation in large
gaps if they establish early. However, vegetation
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control could help promote the regeneration of
slower-growing, less-shade-tolerant species (e.g.,
red oak, white pine, red maple), which are par-
ticularly sensitive to shrub-herb vegetation and
need larger, higher-light gaps to successfully
regenerate.

For areas with lower deer populations and the
typical management scenario of no shrub-herb
vegetation control, our optimal gap size values
for fenced:unweeded treatments provide guid-
ance on best gap sizes for promoting particular
species. Most shade-intolerant and mid-tolerant
species grew best in large-group selection gaps.
Other species, mostly mid-tolerant, did equally
well in small-group and large-group selection
gaps. Slower-growing mid-tolerant and tolerant
conifers grew best in single-tree and/or small-
group selection gaps. These results generally
follow classic shade tolerance expectations and
indicate that the stand-scale application of silvi-
cultural systems that vary gap size from single-
tree to large-group selection could succeed in
regenerating the maximum number of species
if the local species pool of established seedlings
is not limiting. However, at just regionally aver-
age deer populations (Shi et al. 2006, this study)
this practice would likely be unsuccessful, with
regeneration dominated by avoided and some-
what avoided species (beech, ash, spruce [this
study], ironwood [Matonis et al. 2011]) regard-
less of gap size, and shade-intolerant species
requiring larger harvest gaps than group selec-
tion gaps to successfully regenerate.

An important addendum to our silvicultural
system recommendations is that they will not
work if seedlings of target species are not present.
For example, potential seedling populations of
target species may be limited by insufficient local
seed sources (Caspersen and Saprunoff 2005). In
these situations, artificial regeneration could be
used to supplement natural regeneration. If artifi-
cial regeneration is needed or desired, we recom-
mend planting as soon after harvest as possible
to maximize the potential for escaping shrub-
herb vegetation competition, and that attention
be paid to gap size, vegetation competition, and
deer impacts on regeneration derived from this
study and others to inform species selection. In
addition, our silvicultural suggestions, based
upon our results and limited trials (e.g.,, God-
man and Tubbs 1973), may not necessarily be
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applicable over the entirety of the broad range of
site qualities and deer densities that characterize
NH forests. For example, shrub-herb vegetation
density is lower on lower quality sites than on the
site used for this study (Burger and Kotar 2003;
J. Willis, unpublished manuscript); thus, it could
have weaker protective effects and weaker com-
petitive effects on tree seedlings than we observed.
The broader geographic applicability of our silvi-
cultural recommendations needs to be evaluated.

ACKNOWLEDGMENTS

The authors are extremely thankful to the Michigan
Department of Natural Resources, Forest Management
Division. In addition to providing most of the funding
for the project, they were important cooperators
involved in every aspect of the study. Among others,
David Neumann, Ron Murray, and the Management
Team were of great help. We also thank Fred Prince
Jr. (1925-2011) and Forests for the Future for getting
us started on this project at the Levering site and
for the support of the USDA Forest Service. The
remaining authors of this report were saddened by
the passing of Kurt Gottschalk just prior to the orig-
inal submission of this report. He was a great col-
league, and we are fortunate to have spent time
with him in the beautiful hardwood forests of
Northern Michigan and philosophizing over beers
at Clyde’s. Rest well Kurt.

LiTeraTURE CITED

Anderson-Teixeira, K. J., A. D. Miller, J. E. Mohan, T.
W. Hudiburg, B. D. Duval, and E. H. DeLucia. 2013.
Altered dynamics of forest recovery under a chang-
ing climate. Global Change Biology 19:2001-2021.

Angers, V. A., C. Messier, M. Beaudet, and A. Leduc.
2005. Comparing composition and structure in
old-growth and harvested (selection and diameter-
limit cuts) northern hardwood stands in Quebec.
Forest Ecology and Management 217:275-293.

Baker, F. S. 1949. A revised shade tolerance table.
Journal of Forestry 47:179-181.

Beaudet, M., and C. Messier. 1998. Growth and
morphological responses of yellow birch, sugar
maple, and beech seedlings growing under a
natural light gradient. Canadian Journal of Forest
Research 28:1007-1015.

Beland, M., and B. Chicoine. 2013. Tolerant hardwood
natural regeneration 15 years after various silvi-
cultural treatments on an industrial freehold of
northwestern New Brunswick. Forestry Chronicle
89:512-524.

ECOSPHERE « www.esajournals.org

WALTERS ET AL.

Bellefleur, P, and Y. Petillion. 1983. Experimentation
on the interspecies competition by selective elimi-
nation of forest species. Canadian Journal of Forest
Research 13:522-532.

Benfeldt, E. S., C. M. Feldhake, and J. A. Burger. 2001.
Establishing trees in an Appalachian silvopasture:
response to shelters, grass control, mulch, and fer-
tilization. Agroforestry Systems 53:291-295.

Bolton, N. W,, and A. W. D’ Amato. 2011. Regeneration
responses to gap size and coarse woody debris
within natural disturbance-based silvicultural sys-
tems in northeastern Minnesota, USA. Forest Ecol-
ogy and Management 262:1215-1222.

Burger, T. L., and ]. Kotar. 2003. A guide to forest
communities and habitat types of Michigan. The
Department of Forest Ecology and Management,
University of Wisconsin-Madison, Madison, Wis-
consin, USA.

Burns, R. M., and B. H. Honkala. 1990. Silvics of North
America, Volume 1. Agriculture handbook. Volume
654. USDA Forest Service, Washington, D.C., USA.

Busing, R. T., and P. S. White. 1997. Species diversity
and small-scale disturbance in an old-growth tem-
perate forest: a consideration of gap partitioning
concepts. Oikos 78:562-568.

Caspersen, J. P, and M. Saprunoff. 2005. Seedling re-
cruitment in a northern temperate forest: the rel-
ative importance of supply and establishment
limitation. Canadian Journal of Forest Research
35:978-989.

Coté, S. D., T. P. Rooney, C. D. Tremblay, and D. M.
Waller. 2004. Ecological impacts of deer overabun-
dance. Annual Review of Ecology, Evolution, and
Systematics 35:113-147.

Crow, T.R., D. S. Buckley, E. A. Nauertz, and ]. C. Zasa-
da. 2002. Effects of management on the composi-
tion and structure of northern hardwood forests in
Upper Michigan. Forest Science 48:129-145.

Curtis, R. O., and E. M. Rushmore. 1958. Some effects
of stand density and deer browsing on reproduc-
tion in an Adirondack hardwood stand. Journal of
Forestry 56:116-121.

D’Amato, A. W,, P. F. Catanzaro, and L. S. Fletcher.
2015. Early regeneration and structural respons-
es to patch selection and structural retention in
second-growth northern hardwoods. Forest Sci-
ence 61:183-189.

Denslow, J. S. 1980. Gap partitioning among tropical
rainforest trees. Biotropica 12:47-55.

Duveneck, M. J., and R. M. Scheller. 2015. Climate-
suitable planting as a strategy for maintaining
forest productivity and functional diversity. Eco-
logical Applications 25:1653-1668.

Duveneck, M. J., R. M. Scheller, M. A. White, S. D.
Handler, and C. Ravenscroft. 2014. Climate change

August 2016 % Volume 7(8) ** Article e01397



effects on northern Great Lake (USA) forests: a case
for preserving diversity. Ecosphere 5:1-26.

Fahey, R. T.,, and C. G. Lorimer. 2013. Restoring a
midtolerant pine species as a component of late-
successional forests: results of gap-based planting
trials. Forest Ecology and Management 292:139-1409.

Falk, K. J., K. A. Elliott, D. M. Burke, and E. Nol. 2010.
Early seedling response to group selection harvest-
ing in a northern hardwood forest. Forestry Chron-
icle 86:100-109.

Forrester, J. A., C. G. Lorimer, J. H. Dyer, S. T. Gow-
er, and D. J. Mladenoff. 2014. Response of tree
regeneration to experimental gap creation and
deer herbivory in northern temperate forests. For-
est Ecology and Management 329:137-147.

Frazer, G. W., C. D. Canham, and K. P. Lertzman. 1999.
Gap light analyzer (GLA): imaging software to ex-
tract canopy structure and gap light transmission
indices from true-colour fisheye photographs, us-
er’s manual and program documentation (version
2.0). Simon Fraser University/Institute of Ecosys-
tem Studies, Burnaby, British Columbia/Millbrook,
New York, USA.

Gasser, D., C. Messier, M. Beaudet, and M. ]J. Lecho-
wicz. 2010. Sugar maple and yellow birch regen-
eration in response to canopy opening, liming,
and vegetation control in a temperate deciduous
forest of Quebec. Forest Ecology and Management
259:2006-2014.

Godman, R. M., and C. H. Tubbs. 1973. Establishing
even-age northern hardwood regeneration by the
shelterwood method: a preliminary guide. Research
Paper NC-99, USDA Forest Service, North Central
Forest Experiment Station, St. Paul, Minnesota, USA.

Gray, A. N,, and T. A. Spies. 1996. Gap size, within-
gap position, and canopy structure effects on co-
nifer seedling establishment. Journal of Ecology
84:635-645.

Grubb, P. J. 1977. The maintenance of species-richness
in plant communities: the importance of the regen-
eration niche. Biological Reviews 52:107-145.

Harlow, R. F., and R. L. Downing. 1969. The effects of
size and intensity of cut on production and utili-
zation of some deer foods in the Southern Appa-
lachians. Transaction of the Northeastern Fish and
Wildlife Conference 26:45-55.

Hidding, B., J. P. Tremblay, and S. D. Co6té. 2013. A large
herbivore triggers alternative successional trajecto-
ries in the boreal forest. Ecology 94:2852-2860.

Hill, H. R. 2001. Deer pellet group surveys. Michigan
Department of Natural Resources, Wildlife Divi-
sion. Report no. 3449, Lansing, Michigan, USA.

Hofmeyer, P. V,, L. S. Kenefic, and R. S. Seymour. 2009.
Northern white-cedar ecology and silviculture in
the northeastern United States and southeastern

ECOSPHERE « www.esajournals.org

WALTERS ET AL.

Canada: a synthesis of knowledge. Northern Jour-
nal of Applied Forestry 26:21-27.

Kain, M., L. Battaglia, A. Royo, and W. P. Carson. 2011.
Over-browsing in Pennsylvania creates a depau-
perate forest dominated by an understory tree: re-
sults from a 60-year-old deer exclosure. Journal of
the Torrey Botanical Society 138:322-326.

Kern, C. C, P. B. Reich, R. A. Montgomery, and T. F.
Strong. 2012. Do deer and shrubs override canopy
gap size effects on growth and survival of yellow
birch, northern red oak, eastern white pine, and
eastern hemlock seedlings? Forest Ecology and
Management 267:134-143.

Kern, C. C,, A. W. D’Amato, and T. F. Strong. 2013. Di-
versifying the composition and structure of man-
aged, late-successional forests with harvest gaps:
What is the optimal gap size? Forest Ecology and
Management 304:110-120.

Kneeshaw, D. D., and M. Prevost. 2007. Natural cano-
py gap disturbances and their role in maintaining
mixed-species forests of central Quebec, Canada.
Canadian Journal of Forest Research 37:1534-1544.

Kobe, R. K., S. W. Pacala, J. A. Silander, and C. D. Can-
ham. 1995. Juvenile tree survivorship as a compo-
nent of shade tolerance. Ecological Applications
5:517-532.

Long, Z. T, T. H. Pendergast IV, and W. P. Carson.
2007. The impact of deer on relationships between
tree growth and mortality in an old-growth beech-
maple forest. Forest Ecology and Management
252:230-238.

Marx, L., and M. B. Walters. 2008. Survival of tree
seedlings on different species of decaying wood
maintains tree distributions in Michigan hemlock-
hardwood forests. Ecology 96:505-513.

Matonis, M. S., M. B. Walters, and J. D. A. Millington.
2011. Gap-, stand-, and landscape-scale factors
contribute to poor sugar maple regeneration after
timber harvest. Forest Ecology and Management
262:286-298.

Mattson, K. M., and W. E. Moritz. 2008. Evaluating
differences in harvest data used in the sex-age-kill
deer population model. Journal of Wildlife Man-
agement 72:1019-1025.

McClure, J. W., T. D. Lee, and W. B. Leak. 2000. Gap
capture in northern hardwoods: patterns of estab-
lishment and height growth in four species. Forest
Ecology and Management 127:181-189.

Neuendorff, J. K., L. M. Nagel, C. R. Webster, and M.
K. Janowiak. 2007. Stand structure and composi-
tion in a northern hardwood forest after 40 years of
single-tree selection. Northern Journal of Applied
Forestry 24:197-202.

Niese, J. N., and T. F. Strong. 1992. Economic and
tree diversity trade-offs in managed northern

August 2016 % Volume 7(8) ** Article e01397



hardwoods. Canadian Journal of Forest Research
22:1807-1813.

Niinemets, U., and F. Valladares. 2006. Tolerance to
shade, drought, and water-logging of temperate
Northern Hemisphere trees and shrubs. Ecological
Monographs 76:521-547.

Nobis, M., and U. Hunziker. 2005. Automatic thresh-
olding for hemispherical canopy-photographs
based on edge detection. Agricultural and Forest
Meteorology 128:243-250.

Nuttle, T,, A. A. Royo, M. B. Adams, and W. P. Carson.
2013. Historic disturbance regimes promote tree
diversity only under low browsing regimes in
eastern deciduous forest. Ecological Monographs
83:3-17.

Nuttle, T., T. E. Ristau, and A. A. Royo. 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. Journal of Ecology 102:221-228.

Nyland, R. D., A. L. Bashant, K. K. Bohn, and J. M.
Verostek. 2006. Interference to hardwood regener-
ation in northeastern North America: controlling
effects of American beech, striped maple, and
hobblebush. Northern Journal of Applied Forestry
23:122-132.

Pond, N. C,, R. E. Froese, and L. M. Nagel. 2014. Sus-
tainability of the selection system in northern hard-
wood forests. Forest Science 60:374-381.

Poznanovic, S., C. R. Webster, and J. K. Bump. 2013.
Maintaining mid-tolerant tree species with
uneven-aged forest management: 9 year results
from a novel group-selection experiment. Forestry
86:555-567.

Poznanovig, S. K., A. J. Poznanovic, C. R. Webster, and
J. K. Bump. 2015. Spatial patterning of underrep-
resented tree species in canopy gaps 9 years after
group selection cutting. Forest Ecology and Man-
agement 331:1-11.

Randall, J. A., and M. B. Walters. 2011. Deer density
effects on vegetation in aspen forest understories
over site productivity and stand age gradients. For-
est Ecology and Management 261:408—-415.

Ricklefs, R. E. 1977. Environmental heterogeneity and
plant species diversity: a hypothesis. American
Naturalist 111:376-381.

Ripley, T. H., and R. A. Campbell. 1960. Browsing
and stand regeneration in clear and selectively cut
hardwoods. Transactions of the North American
Wildlife Conference 25:407—415.

Rooney, T. P, R. J. McCormick, S. L. Solheim, and
D. M. Waller. 2000. Regional variation in recruit-
ment of hemlock seedlings and saplings in the
upper Great Lakes, USA. Ecological Applications
10:1119-1132.

ECOSPHERE « www.esajournals.org

WALTERS ET AL.

Rooney, T. P, S. L. Solheim, and D. M. Waller. 2002.
Factors affecting the regeneration of northern
white cedar in lowland forests of the Upper Great
Lakes region, USA. Forest Ecology and Manage-
ment 163:119-130.

Royo, A. A, and W. P. Carson. 2006. On the formation
of dense understory layers in forests worldwide:
consequences and implications for forest dynam-
ics, biodiversity, and succession. Canadian Journal
of Forest Research 36:1345-1362.

Salk, T. T., L. E. Frelich, S. Sugita, R. Calcote, J. B.
Ferrari, and R. A. Montgomery. 2011. Poor recruit-
ment is changing the forest structure and species
composition of an old-growth hemlock-hardwood
forest. Forest Ecology and Management 261:1998—
2006.

Schnitzer, S. A., and W. P. Carson. 2001. Treefall gaps
and the maintenance of species diversity in a trop-
ical forest. Ecology 82:913-919.

Schulte, L. A., D.]. Mladenoff, T. R. Crow, L. C. Merrick,
and D. T. Cleland. 2007. Homogenization of
northern U.S. Great Lakes forests due to land use.
Landscape Ecology 22:1089-1103.

Schwinning, S., and ]. Weiner. 1998. Mechanisms de-
termining the degree of size asymmetry in compe-
tition among plants. Oecologia 113:447-455.

Shi, H., E. J. Laurent, J. LeBouton, L. Racevskis, K. R.
Hall, M. Donovan, R. V. Doepker, M. B. Walters, F.
Lupi, and J. Liu. 2006. Local spatial modeling of
white-tailed deer distribution. Ecological Model-
ling 190:171-189.

Shields, J. M., and C. R. Webster. 2007. Ground-layer
response to group selection with legacy-tree re-
tention in a managed northern hardwood forest.
Canadian Journal of Forest Research 37:1797-1807.

Shields, J. M., C. R. Webster, and L. M. Nagel. 2007.
Factors influencing tree species diversity and Betu-
la alleghaniensis establishment in silvicultural open-
ings. Forestry 80:293-307.

Stoeckeler, J. H., R. O. Strothmann, and L. W. Krefting.
1957. Effect of deer browsing on reproduction in
the northern hardwood-hemlock type in northeast-
ern Wisconsin. Journal of Wildlife Management
21:75-80.

Sturrock, R. N., S. J. Frankel, A. V. Brown, P. E. Hen-
non, J. T. Kliejunas, K. J. Lewis, J. J. Worrall, and A.
J. Woods. 2011. Climate change and forest diseases.
Plant Pathology 60:133-149.

Thomas-Van Gundy, M., J. Rentch, M. B. Adams, and
W. Carson. 2014. Reversing legacy effects in the
understory of an oak-dominated forest. Canadian
Journal of Forest Research 44:350-364.

Walters, M. B., J. L. Willis, and K. W. Gottschalk. 2014.
Seedling growth responses to light and mineral N
form are predicted by species ecologies and can

August 2016 % Volume 7(8) ** Article e01397



help explain tree diversity. Canadian Journal of
Forest Research 44:1356-1368.

Webster, C. R., and C. G. Lorimer. 2005. Minimum
opening sizes for canopy recruitment of midtoler-
ant tree species: a retrospective approach. Ecologi-
cal Applications 15:1245-1262.

Willis, J. L., M. B. Walters, and K. W. Gottschalk.
2015. Scarification and gap size have interacting

WALTERS ET AL.

effects on northern temperate seedling establish-
ment. Forest Ecology and Management 347:237-
246.

Witt, J. C., and C. R. Webster. 2010. Regeneration dy-
namics in remnant Tsuga canadensis stands in the
northern Lake States: potential direct and indirect
effects of herbivory. Forest Ecology and Manage-
ment 260:519-525.

SUPPORTING INFORMATION

Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/

ecs2.1397/supinfo

ECOSPHERE « www.esajournals.org

29

August 2016 % Volume 7(8) ** Article e01397



