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ABSTRACT

Forest biodiversity is declining due to a wide variety of anthropogenic factors. Forest and wildlife management
can be part of the problem or part of the solution. Our objective was to examine the influence of white-tailed
deer exclusion on the response of understory communities to a gradient in overstory disturbance. We expected
that greater overstory disturbance would act synergistically with deer exclusion to increase understory species
richness and abundance. In northern Wisconsin, USA, we monitored changes in understory vegetation in a
temperate hardwood forest following four overstory treatments (no-harvest controls and three gap sizes) and two
deer treatments (deer access or exclosure). By the seventh year following gap creation, understory species
richness and the abundance of multiple species groups had increased, especially when deer were excluded.
Effects were most pronounced in larger gaps, particularly among saplings of less shade-tolerant tree species. The
tree seedling community responded similarly, but less strongly, to treatments. In contrast, change in the short-
stature shrub and herbaceous community seven years following gap and deer treatments was limited and spe-
cies-specific. Environmental conditions at the groundlayer, such as light availability and soil moisture content,
rarely differed by treatment in our study. Increased density of understory vegetation at seven years post-treat-
ment may have negated early pulses in resource availability resulting from gap creation. Gap creation alone
increased species richness and abundance of woody taxa, whereas deer exclusion alone had little effect on the
understory community. When treatments were applied in combination, we saw the greatest change in the plant
community. Our study provides evidence that, when accompanied by a reduction in deer population density,
relatively intense overstory disturbance (e.g., group-selection harvest) may be an effective management strategy
for restoring forest heterogeneity.

1. Introduction

Schumacher and Carson, 2013), likely due to factors such as fire sup-
pression and white-tailed deer (Odocoileus virginianus) herbivory.

Anthropogenic changes to the environment and movement of spe-
cies beyond their native ranges lead to a global phenomenon, biotic
homogenization, where a few species increase in abundance as many
others decline (e.g., McKinney and Lockwood, 1999). Such homo-
genization has been documented across plant guilds in temperate for-
ests of North America (e.g., Wiegmann and Waller, 2006; Schulte et al.,
2007; Rooney, 2009; Schumacher and Carson, 2013). For example, Acer
spp. are replacing species like Quercus spp., Pinus spp. Betula spp. and
Tsuga canadensis (e.g., Shotola et al., 1992; Stearns and Likens, 2002;
Schulte et al., 2007; Nowacki and Abrams, 2008; Rogers et al., 2009;

A narrow distribution of canopy opening sizes in even-aged forests
compared to unmanaged forests, e.g., old-growth stands (Goodburn,
1996), may also play a role in biotic homogenization. Creating gaps in a
range of sizes serves to better mimic natural disturbance regimes
(Seymour et al., 2002) and may be necessary for the successful re-
generation of shade-intolerant and mid-tolerant tree species (McClure
and Lee, 1993; Kobe et al., 1995; Webster and Lorimer, 2005; Gasser
et al., 2010). Gaps can also stimulate growth of herb species that are
more shade intolerant (e.g., Collins et al., 1985; Moore and Vankat,
1986; Burton et al., 2014). In a northern Wisconsin forest, small-seeded,
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less shade-tolerant species were more common as gap size increased in
a thinned forest matrix (Kern et al., 2013), and graminoids were more
abundant in medium to large-sized gaps three years after their creation
in the experiment we utilized for this study (Burton et al., 2014). Si-
milarly, light availability was a key driver of understory spatial pat-
terning in a study comparing old-growth and second-growth hardwood
stands (Scheller and Mladenoff, 2002), and of understory diversity in an
experiment testing uneven-aged silvicultural techniques (Smith et al.,
2008).

The response of forest vegetation to canopy gaps may also depend
on the abundance of herbivores, particularly ungulate species. In recent
study areas across eastern deciduous forests, white-tailed deer densities
often averaged =8 deer km™? (e.g., Anderson and Loucks, 1979; Van
Deelen et al., 1996; Waller and Alverson, 1997; Rooney et al., 2002;
Kain et al., 2011). Overabundant deer are regarded as a key threat to
eastern deciduous forests (Waller and Alverson, 1997), causing declines
or regeneration failures of palatable tree species. Deer also pre-
ferentially browse many forbs (Miller et al., 1992; Anderson, 1994;
Balgooyan and Waller, 1995; Fletcher et al., 2001), some of which are
particularly intolerant to browsing because they produce only one flush
of growth. Thus, a subset of native forbs, shrubs and trees may decrease
relative to less-palatable, more-tolerant grasses, sedges, and clonal ferns
in areas with an abundance of deer (Gill, 1992; Rooney, 2001;
Wiegmann and Waller, 2006; Goetsch et al., 2011; Frerker et al., 2014).
Dominance by ferns or graminoids, which can form “recalcitrant layers”
because they block the development of more diverse communities, are
particularly problematic when heavy deer browsing is concurrent with
overstory removal (Royo and Carson, 2006).

In this study, we focused on two potential methods for reversing
homogenization of understory plant communities: reducing deer pres-
sure and creating overstory gaps. We capitalized on extensive pre-
treatment data about both the woody and herbaceous components of
the understory, and report how our longer-term results compare to
short-term treatment effects reported previously (Burton et al., 2014;
Forrester et al., 2014). We hypothesized that deer exclusion and in-
creasing gap size would act synergistically to increase species richness
and the abundance of understory species. To test our hypothesis, we
compared changes in vegetation seven years after applying a combi-
nation of deer exclosures, three sizes of gaps, and deer-access and intact
(no-harvest) overstory controls.

2. Materials and methods
2.1. Study site

Our project was set on 280 ha within the Flambeau River State
Forest, Wisconsin, USA (45.617778, —90.785556) where average
(1971-2000) air temperatures in January and July are —13° and 19 °C,
and mean annual precipitation is 84 cm (Midwest Regional Climate
Center, http://mcc.sws.uiuc.edu). Topography at the site is flat to
gently sloping. Soils are Aquic or Oxyaquic Glossudalfs that comprise
deep silt loams overlaying dense till (David Hvizdak, USDA, NRCS), and
that experience seasonally perched or high water tables. The site was
clearcut in the mid-1920s. It is now dominated by second-growth Acer
saccharum (Forrester et al., 2014), which represents 56% of the stand’s
basal area (BA), as well as Tilia americana (16%) and Fraxinus americana
(12%). On average, our sampling area had a basal area of 29 m? ha™!
prior to treatment (Sabo et al., unpublished). For additional site details,
see Forrester et al. (2014). From 2006 to 2013, deer population den-
sities in the area were 8-12 deer km ™2, according to post-hunt esti-
mates by the Wisconsin Department of Natural Resources (Robert
Rolley, personal communication).

2.2. Experimental design

We worked within a long-term experiment that was designed to test
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Fig. 1. Plot layout indicating the 4-m? quadrats (squares) in the central (inner
circle) and transition (outer circle) zones in each subplot within the plots. In no-
harvest plots, we sampled the 9 quadrats in the large circular subplot only. The
radii of the subplot zone widths are 4 m for small, 8 m for medium, and 11 m for
large. Light availability, soil compaction and soil moisture were only measured
in quadrats along north to south transect (those marked with *). The shaded
areas indicate where saplings were not measured in the harvested plots. In no-
harvest plots, we only sampled saplings in the central zone.

the effects of forest structure on ecosystem processes by creating vari-
able-sized gaps and excluding deer (as well as other manipulations that
were not used during our study) (Dyer et al., 2010). Each treatment
(deer-access/gap, exclosure/gap, exclosure/no-harvest, and deer-ac-
cess/no-harvest) was replicated five times using 0.64 ha plots. In Jan-
uary 2007, when the ground was frozen and under snow, gap subplots
of three different sizes (small = 50m? medium = 200m? and
large = 380 m?) were created in each gap treatment plot by cutting and
removing all trees and saplings with a diameter at breast height
(DBH) > 5cm (central, circular zone of subplot; Fig. 1). Uncut “tran-
sition” zones of 4, 8 and 11 m surround the 50-m?, 200-m? and 380-m?
gaps, respectively.

Canopy gaps were not created in the remaining two treatments (no-
harvest, with and without exclosure), but subplots identical in dimen-
sions to the 380-m? gap subplots (380-m? central zone and 11-m-wide
transition zone) were established. Exclosure treatments were applied
during the fall of 2007, by installing high-density polypropylene fence
(5 X 5cm mesh), at a 2.1-m height, around the perimeter of each plot
to exclude deer (Forrester et al., 2014). Plots were randomly assigned
treatments and, within them, subplots were randomly oriented.

2.3. Data collection

Pre-treatment (2006) and seven years after treatment (2013), per-
cent cover of the understory vegetation (herbs, shrubs and trees less
than 1.4 m in height) was estimated within a series of 4-m> permanent
quadrats (Fig. 1). We sampled nine quadrats in each of the 380-m? and
200-m? gap subplots, and five in each of the 50-m? gap subplots. In no-
harvest treatments, we sampled nine quadrats (Fig. 1) per plot. In all
quadrats, we estimated mid-summer % cover of all vascular plants by
species and height (h) class (h; < 30cm, 30 < h, < 100cm,
100 < hz < 140cm, and hy > 140 cm) using a scale consisting of 11
cover (c) classes: ¢; < 0.5%, 05=<cy < 1%, 1=<c3 < 2.5%,
25=<c4 < 5%, 5=<cs5 < 15%, 15 <ce < 25%, 25 <c; < 50%,
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50 < cg < 75%, 75 < cg < 95%, 95 < c10 < 100%, and c;; = 100%
(Gauch, 1982).

Saplings (0.5cm < DBH < 5cm) were tallied by species and DBH
(D) class (0.5cm =Dy < 1.0cm, 1.0cm <D, < 2.5cm,
2.5cm < D3 < 5.0 cm) within the entire central zone and the north,
east and west transition quadrants of gap treatments. Owing to their
location, the sampled areas adjacent to but outside of the central gap
area in the north, east and west transition zones received additional
solar radiation and had higher soil moisture availability than those
within intact forest (Raymond et al., 2006; Schatz et al., 2012), which is
why we included these as part of the treatment area. In no-harvest
plots, similar sapling measurements were made, but only in the (intact)
central subplot zone (i.e., not the north, east or west transition zone).

Prior to treatment (2006), in addition to measuring all saplings in
the manner described above, we measured the basal area of small trees
(5 =<DBH < 10cm) and large trees (DBH = 10 cm) within the same
areas to characterize structure of the pre-treatment overstory (Dyer
et al., 2010). Since the environment of 50-m? gap subplots was likely to
be influenced by large trees beyond the 4-m transition zone boundaries,
we included, for these subplots only, trees with DBH = 10cm in an
additional 5-m wide radius beyond the north, east and west transition
zones.

In 2013, we assessed treatment effects on light availability and soil
characteristics known to influence community composition. In every
subplot, we estimated canopy openness (i.e., light transmittance) at 0.3-
m and 2-m heights based on measures of photosynthetic photon flux
(PPF) under diffuse light conditions (uniformly overcast sky, dusk or
dawn), using Onset HOBO pendant loggers (Onset, Bourne, MA, USA).
PPF was measured in three quadrats across a north-south transect
within every subplot (Fig. 1). To calculate openness, the resulting va-
lues were divided by the PPF simultaneously measured by a sensor
positioned above the forest overstory adjacent to the study site.

Soil measurements in 2013 included moisture content (SMC),
compaction, and relative availability of ammonium and nitrate. SMC,
expressed as percent on a volume basis, was measured monthly during
the growing season using time-domain reflectometry probes (6 cm
length, Delta TH20, Dynamax Inc., Houston, TX), which were inserted
into mineral soil, after removal of the duff layer, once in each of the
transition north, central north and central south quadrats. No mea-
surements occurred within 24 h of rainfall. In the four corners of the
same quadrats, compaction was measured with a hand-held penet-
rometer (Lang Penetrometer, Inc., Gulf Shores, AL, USA). The relative
availability of soil ammonium and nitrate was assessed, near quadrats
in the north and south zones of 380-m? subplots of gap and no-harvest
treatments, during summer (May through early August) and fall (early
August until late October), using ion-exchange membrane probes (Plant
Root Simulator, Western Ag Innovations, Saskatoon, Canada).

2.4. Data analysis

To assess the influences of gap creation and deer exclusion on the
composition and vertical structure of the understory plant community,
we examined change in the horizontal percent cover of groundlayer
(herb and short-stature shrub) species and tree seedlings, by height
class, in each subplot. We substituted the midpoint percent cover for
each species’ cover class before calculating the ratio of cover (C) in
2013 to that in 2006 (Cs013/C2006) and transforming it using the ex-
pression 1/[1 + ¢€2013/€2006"(=1)1 e ysed the transformation to make
change data positive, which allowed a wider range of statistical ana-
lyses. Groundlayer species were grouped according to growth form
and/or native range (Table A.1). Rare tree species (< 7% cover in any
plot in 2006 or 2013) that were not analyzed individually were divided
into shade-tolerant and less-tolerant groups based on Niinemets and
Valladares (2006) (Table A.1). For saplings, we calculated change by
subplot, over seven years (2006-2013), in (1) BA and stem density in
each of the three DBH classes, (2) species richness (number of species);

388

Forest Ecology and Management 433 (2019) 386-395

and, for use in multivariate analyses, (3) BA by species (across all three
DBH classes) after transformation (1/[1 + ©2018/€2006*C1)1y.

Prior to multivariate analyses, we deleted data for species that oc-
curred in less than 5% of our subplots in each height class, resulting in
128 groundlayer variables, 29 tree (and arborescent shrub) seedling
variables, and 18 species for the sapling dataset. We employed PERM-
ANOVA, using Euclidean distance and 100 permutations, to test the
significance of differences in vegetation change among deer exclusion
and gap treatments. To test if treatment groups differed significantly in
community dispersion change (change in B-diversity), or distance to
group centroids, we employed PERMDISP (Anderson, 2004), using
Euclidean distance and 999 permutation tests.

We also used non-metric multidimensional scaling (NMDS) to ex-
plore the influences of treatments on the composition of groundlayer
and understory tree communities. Due to the nature of our change data
transformation, we used Euclidean distance to calculate the dissim-
ilarity matrices for species change. Then, environmental vectors (gap
size as a continuous variable, deer converted to a binary variable, and
pre-treatment overstory BA), normalized between 0 and 1, were fit to
the ordination results. When an environmental variable was sig-
nificantly correlated with NMDS axis scores (P < 0.1), we overlaid its
linear vector onto the two-dimensional ordination of species composi-
tion data.

Finally, we used analysis of variance (ANOVA), including fixed-ef-
fect and mixed models, to further test the significance of observed
changes in the abundance of individual species and species groups, and
the species richness of several groups, in response to treatments. To
account for the nested, unbalanced design, where gap plots contained
all three gap sizes while no-harvest subplots were isolated in separate
plots, we first tested each gap size separately against the no-harvest
control, with overstory and fence treatments, and pre-treatment
overstory BA, as predictors of sapling abundance. For groundlayer ve-
getation and seedling responses, overstory and fence treatments, pre-
treatment overstory BA and height class were fixed effects, and plot was
a random effect. We then assessed the significance of relationships
between change and gap size using mixed models with plot (and sub-
plot for groundlayer vegetation and seedling data) as a random effect,
and gap size, fence treatment and pre-treatment BA (and height for
groundlayer vegetation and seedling data) as fixed effects. Adopting the
same model structures as those used for sapling data, we also tested the
significance of treatment effects on environmental factors, at seven
years post-treatment (2013), using separate ANOVAs for openness (at
0.3m and 2.0 m heights), availabilities of soil nitrate and ammonium
summed across the season, compaction and SMC (averaged across the
summer), with overstory and fence treatments as the predictors.
Response variables were transformed when necessary to reduce het-
eroscedasticity.

Parametric statistics were conducted in JMP Pro 11. Multivariate
statistics were performed in R v. 3.2.2 and Vegan package 2.0-10
(Oksanen et al., 2013). The overall sample size was 40 subplots and 20
plots, unless otherwise noted, with n = 5 plots for each of the four
gap x fence treatments.

3. Results
3.1. Sapling community change

Overall composition of the sapling community responded to the
overstory and fence treatments. PERMANOVA tests of the sapling
community found differences among gap size (F; 39 = 15.0, P < 0.05)
and fence (Fj39 = 12.3, P < 0.05) treatments and their interaction
(F1,39 = 7.1, P < 0.05). PERMDISP showed that gap and fence treat-
ments both affected the distance to sapling change centroids (model
F;35=6.0, P < 0.001). Permutated pairwise comparisons differed
between 15 of the 26 possible pairs, and, notably, no-harvest subplots
differed from 50-m?® gap subplots only within exclosures (Fig. A.2).
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[1 + eC2013/€2006"(=1y  of 2) BA of saplings (0.5cm <DBH < 5cm,
stress = 0.16), b) percent cover of tree and arborescent shrub seedlings by
height class (stress = 0.26), and c) percent cover of herbs and short-stature
shrubs by height class (stress = 0.25). Vector overlays show significant en-
vironmental variables (gap size [as a continuous variable: 0, 50, 200, 380 m?]
and deer [converted to a binary variable: exclosure = 0, deer access = 1]
treatments, but not pre-treatment overstory basal area [BA]) that correlate with
vegetation composition axes, with deer access and increasing gap size having
nearly opposite effects on the sapling community.

NMDS (stress = 0.16, dimensions = 2, Fig. 2a, Table A.2) again showed
that sapling composition change varied with overstory (P < 0.05) and
deer (P < 0.001) treatments, but pre-treatment overstory BA did not
affect sapling abundance.

Gap size had a positive effect on species richness in the sapling/
arborescent shrub community (Fig. 3a, Tables A.3 and A.4), and it was
amplified with deer exclusion. Three species of saplings/arborescent
shrubs, Betula alleghaniensis, Sambucus racemosa and Cornus alternifolia,
were observed in 50-m? gaps but were absent in no-harvest plots and
were not found in any plot prior to treatment. In the 200-m? and 380-
m? gaps, these species were joined by three others—Prunus virginiana, P.
pensylvanica and Corylus cornuta—which, again, were absent from no-
harvest plots and all plots prior to treatment.

Changes in overall sapling density (across all DBH classes) did not
differ between 50-m?* gaps and no-harvest plots, or between fence
treatments (model P = 0.77). The overall number of saplings did in-
crease in 200-m? relative to controls (P < 0.05) and 380-m? gaps
(P = 0.001). There were more saplings in exclosure v. deer-access areas
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in 380-m? gaps, but not in the no-harvest plots (P = 0.03 for
gap X fence interaction). Across all treatments and species, sapling
density increased most in D; compared to D, and D3 (318 v. -65 and 68
stems ha~?, respectively). Therefore, most density results include only
the smallest DBH class (D;).

ANOVAs of change in D, sapling abundance (Tables A.3 and A.4,
Fig. 4) also revealed treatment effects on individual species and/or
species groups. In 200m? gaps compared to no-harvest controls, the
density of arborescent shrubs, Ostrya virginiana, rare tolerant trees and
Fraxinus americana increased. In 380 m? gaps v. controls, arborescent
shrubs and Fraxinus americana were again greater, as well as Carya
cordiformis and Acer saccharum. Densities of O. virginiana increased
more in deer access plots while C. cordiformis and A. saccharum in-
creased more inside exclosures. Comparing the three gap sizes, the
density of D; arborescent shrubs, Ulmus spp. and rare less-tolerants
increased with gap size, with rare less-tolerants growing primarily in-
side exclosures.

3.2. Change in the tree seedling community

PERMANOVA tests indicated that the tree seedling community re-
sponded to overstory (Fj 39 = 4.3, P < 0.05) and fence (Fj 39 = 1.6,
P < 0.05) treatments. NMDS also detected a fence treatment difference
(P < 0.05, stress = 0.25, dimensions = 2, Fig. 2b, Table A.2). However,
neither fence nor overstory treatment affected the distance to centroids
of tree seedling change (model F; 3, = 0.8, P = 0.6, PERMDISP).

Gap creation increased the richness of the seedling community and
the cover of several species, particularly in taller height classes (Fig. 3b,
Fig. A.1, Tables A.5 and A.6). The fence treatment alone did not affect
change in tree and arborescent shrub species richness or abundances,
but its interactions with gap and with height were significant in several
cases (Fig. 5, Tables A.5 and A.6). For instance, the cover of rare less-
tolerants in the tallest height class increased more within 380-m? gaps
inside fences compared to no-harvest, deer-access areas.

3.3. Change in the herb and short-stature shrub community

PERMANOVA indicated that the herb and short-stature shrub
(groundlayer) community was affected by gap size (Fjsz9= 2.2,
P < 0.01), but not by fence or pre-treatment overstory BA. PERMDISP
results for groundlayer composition change showed that overstory and
fence treatments did not differ in distance to centroids. Likewise,
treatments and pre-treatment BA were not significant environmental
overlays for the NMDS of overall groundlayer community change
(stress = 0.25, Fig. 2¢, Table A.2).

Across the experiment, average richness of groundlayer species in-
creased through time from 24.8 to 31.7 species (Fig. 3). The most
pronounced effect was on richness of short-stature shrubs, which in-
creased with gap size and, as gap size increased, especially in taller
height (h) classes. For example, in h3, the number of species rose from
none pre-treatment to an average of 1.2, 1.4, 2.2 and 2.1 species per
subplot in 0, 50, 200 and 380-m? subplots, respectively, in 2013 (Table
A.6). Exotic herb richness increased significantly through time in gaps,
changing by an average of 0, 0.3, 0.7, and 0.8 species in 0, 50, 200 and
380-m? subplots, respectively (Fig. 3, Table A.6). Moreover, change was
more pronounced in plots with higher pre-treatment overstory BA
(Table A.6).

Abundance of short-stature shrubs and native and exotic forbs
varied with treatments (Fig. 6, Fig. A.1, Tables A.5 and A.6). Similar to
richness, positive changes in cover of short-stature shrubs and exotic
forbs typically increased with gap size. Compared with no-harvest
controls, native forb cover was significantly greater in 50-m? and 200-
m? gaps but not 380-m? gaps. The increase was greatest in 50-m? gaps
inside exclosures within h, (6 v. 2.1% in 50-m? gaps v. no-harvest
controls), but the fence treatment was only significant as an interaction
term with height.
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3.4. Change in the environment

Canopy openness at 0.3 m was greater in 50-m? gaps (Fig. A.3) than
no-harvest plots, particularly inside exclosures (8.5 v. 13.4% in ex-
closures with no-harvest v. 50-m? gaps, respectively, interaction
P < 0.05). No environmental variables differed between 200-m? gaps
and no-harvest plots in either fence treatment. In 380-m? gap v. no-
harvest models, canopy openness at 2m was greater in gaps (21.2 v.
11.1%, respectively, P < 0.01, Fig. A.3). In our mixed models with plot
as a random effect and fence, gap size and fence X gap as fixed effects,
canopy openness at 0.3 m was higher inside exclosures compared to
deer-access areas (13.0 v. 9.5%, P < 0.05). Soil compaction, SMC and
the availabilities of nitrate and ammonium did not differ across treat-
ments (P > 0.07, Figs A.4 — A.6).

4. Discussion

Seven years after treatment, effects of canopy gaps and deer ex-
clusion were evident, and the effects were most pronounced when
treatments were combined. Differences among treatments were greater
for saplings and tree seedlings than for groundlayer species. Our hy-
pothesis that the abundance of a broad suite of species would increase
nearly a decade after overstory disturbance in fenced areas was gen-
erally supported for woody species, but herbs showed little response.

Community-level tests all agreed that gap creation and deer exclu-
sion brought about sapling compositional change and that they had
similar, compounding effects. Our observation that deer exclusion led
to greater numbers of saplings and higher tree species richness con-
tributes to the large body of literature documenting the detrimental
effects of overabundant deer on the regeneration of ecologically and
economically important tree species as well as on non-timber
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arborescent species that are rarely examined. In no-harvest plots, we
saw little difference in sapling community dynamics between fence
treatments, likely due to the dearth of regeneration opportunities in
lower light environments. This study provides additional evidence that
inconsistencies in the effectiveness of exclosures to increase species
diversity across studies could be due to the confounding influences of
variation in overstory structure (Wright et al., 2012; Sabo et al., 2017).

Several lines of evidence supported our hypothesis that deer pres-
sure reduces community responses to gaps, similar to other reports from
northern temperate forests (e.g., Holmes and Webster, 2011; Nuttle
et al., 2013). Deer browsing of species such as Carya cordiformis can
negate growth responses that gap theory (e.g., Runkle, 1981; Kneeshaw
and Prévost, 2007) predicts from increased availabilities of light and
soil resources. Our tests provide evidence that inconsistencies across
studies in the effectiveness of gaps to increase species diversity could be
because of the confounding effects of variable deer abundance (Kern
et al., 2017).

Our results expand temporally on a previous study at the same site
that examined growth of tagged trees four years after gap creation and
deer exclusion (Forrester et al., 2014). Short-term deer effects were
limited to preferential browsing on sprouts of certain species and gaps
conferred no consistent advantage to less shade-tolerant species. After
three additional years, we see that ingrowth into the sapling layer leads
to a shift in patterns and differences among treatments, with increases
of richness in gaps and fences being driven by less-tolerant species. This
highlights the value of longer-term studies that allow for lag times, due
to germination and growth, before regeneration reaches the sapling
stage. Continued tracking of saplings at our site is necessary to uncover
how many of these gap exploiters will persist through the stem exclu-
sion phase, or be out-competed by shade-tolerant advance regeneration.
Given that Acer saccharum increased more than any other species in no-
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harvest plots but contributed proportionally less to compositional shifts
with time as gap size increased, sizable gaps may reverse “maple-iza-
tion” (Neuendorff et al., 2007) in favor of more diverse forests.

Compared to that of saplings, change in the composition of the tree
seedling community by year seven responded similarly, but less dra-
matically, to gap creation and deer exclusion. As we mentioned, some
advance regeneration has grown out of the seedling layer into the
sapling class. Shorter-stature seedlings and sprouts might have been less
responsive to gap creation if competitors usurped the pulses in light
availability and soil resources that may accompany canopy disturbance
(Scharenbroch and Bockheim, 2007). In support, we found scant dif-
ferences in environmental variables by seven years post-treatment.
Regarding the lack of response to exclusion, short trees may be pro-
tected from herbivory by snow pack in the winter (Allison, 1990; Gill,
1992) or by tall understory species during the growing season (Gill,
1992). To the contrary, however, observations in white pine plantations
under natural forest canopies showed reduced browse incidence as
stems increased from ground-level to above 150 cm (Saunders and
Puettmann, 1999).

Unlike the arborescent components, the groundlayer community
showed weak responses to deer exclusion and overstory condition at
seven years post-treatment. Notable exceptions include exotic forb
richness, native forb cover and short stature shrub cover and height
changes, all of which were generally enhanced with gap size. At one,
two and three years post-treatment in the same experiment, Burton
et al. (2014) also examined the response of the understory community
to gap creation (but not to deer exclusion). In the short-term, they
found that the richness and productivity of graminoids and shrubs in-
creased with gap size. Differences in methods (Burton et al., 2014)
preclude direct comparisons, but partial divergences between these
studies provide evidence for the transience of some groundlayer

responses. This contrasts with the strong community differences that
were found following gap creation in a 13-year experiment (Kern et al.,
2014). In their study, however, the pre-treatment forest matrix was
thinned rather than closed canopy, and researchers analyzed quadrat-
level data at different locations within their gaps (similar to Burton
et al., 2014) rather than considering the overall gap effect, as we did.

In agreement with our study, Kern et al. (2014) did not find com-
munity-level effects of deer exclusion on groundlayer composition after
four years. It is possible that we are premature in expecting community-
level summer herb responses to deer exclusion after only seven years
and that the increases in native forb height inside exclosures may be an
early stage of expansion of these species. Other researchers have noted
slow recovery of groundlayer species following deer population re-
duction (e.g., Webster et al., 2005; Tanentzap et al., 2012; Habeck and
Schultz, 2015), with possible explanations including legacy effects of
historic conditions that limit recovery (Royo et al., 2010a, b; Nuttle
et al., 2014, Thomas-Van Gundy et al., 2014; Pendergast et al., 2016).
Alternatively, the lack of a pronounced response by herbs may relate to
the relatively low deer density in this area. Landscape-level estimates of
8-12 deer km 2 (Robert Rolley, personal communication) were just
above the threshold suggested for maintaining forest diversity (Horsley
et al., 2003; Tremblay et al., 2006).

Consistent with the groundlayer community response, we saw little
effect of treatments on environmental variables measured in 2013. This
was surprising, as most studies of temperate forest gaps show differ-
ences in openness, which is typically measured at a height of 1 m (e.g.,
Beckage et al., 2000; Royo et al., 2010a, b; Burton et al., 2014). Light
availability at 0.3 m did increase temporarily at our site following gap
creation (according to significant differences with treatment detected in
2009, Burton et al. unpublished data), as did light availability at 1 m,
and SMC (Burton et al., 2014). By year seven, however, we no longer
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observed consistent treatment-mediated modifications of environ-
mental conditions. Here, we show that increased vegetation density
nearly negated increases in light availability at 0.3 m due to gap crea-
tion. Similar to our study, light profiles by height (0.2-5m) and with
time following selection harvest (1-13years) in northern hardwood
forests of Quebec demonstrated a pulse in light availability until ap-
proximately 7 years post-harvest (Beaudet et al., 2004). Low levels of
light reaching the forest floor by seven years post-treatment likely re-
duced opportunities for germination and survival of sun-loving species
in response to overstory disturbance at our site, similar to seedling
responses under dense shrub cover in the southern Appalachians
(Beckage et al., 2000).

In addition to fleeting environmental differences resulting from our
treatments, conditions prior to the experiment, or disturbance legacies
(Johnstone et al., 2016), may also have affected our outcomes. Pre-
treatment overstory BA tempered the manner in which gap creation
influenced understory species. Negative relationships with pre-treat-
ment BA were synergistic with gap creation, providing open conditions
for longer time periods to encourage short-stature shrub, Carya cordi-
formis and Fraxinus americana abundance. Positive correlations with
pre-treatment BA, in conjunction with positive gap effects, may indicate
that more dramatic shifts in the overstory environment led to greater
change in sapling and exotic forb richness, as well Ostrya virginiana
cover. The spatial distributions of pre-treatment overstory trees, and
subsequent coarse woody debris following gap creation, likely influ-
enced microsite environments that drove composition (similar to Bace
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et al.,, 2015). Future researchers may want to consider finer-scale
changes in the understory community against detailed pre- and post-
treatment environmental maps. Such studies may serve as a bridge
between highly controlled experiments conducted in artificial en-
vironments and projects, like ours, that attempt to closely mimic nat-
ural and management-scale processes.

5. Conclusions and management implications

While most studies focus on tree regeneration or understory species
alone, our more holistic view of the forest plant community allowed us
to demonstrate how different components respond to the same drivers.
Prior to treatment, some less tolerant saplings (e.g., Carya cordiformis
and Fraxinus americana) were likely already well-established seedlings
that were able to quickly capitalize on gap creation and lack of deer
herbivory. Tree seedlings measured seven years post-treatment could
have been very small or even nonexistent at the time of gap creation.
Shorter-stature trees, shrubs and herbs that showed strong responses to
canopy gaps initially (Burton et al., 2014) may be less responsive at
year seven due to denser sapling layers intercepting gap-mediated re-
source additions. By continuing to follow these plots, we have the op-
portunity to learn if the herb community is merely slow at responding
to deer exclusion, if additional disturbances are necessary for persistent
responses to gap creation, or if these treatments are most effective for
shifting tree communities.

Overall, our results do suggest that gap dynamics help to reverse
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biotic homogenization by allowing less-tolerant species to regenerate
(Yamamoto, 2000). Single-tree selection, which is commonly practiced
in northern hardwood forests, yields canopy openings similar to our
experiment’s smallest gap size, 50 m% Small gaps encouraged the es-
tablishment and growth of only a few more species relative to un-
harvested plots, indicating low utility for increasing diversity. By ad-
justing management regimes towards small-group selection (similar to
our 380 m? gaps), foresters may disadvantage shade-tolerant species
such as Ostrya virginiana and Acer saccharum, and encourage less-tol-
erant trees and shrubs. Further diversifying vertical and horizontal
forest structure to better simulate the range of characteristics in natural
gaps (e.g., creating tip-up mounds or additional retention of coarse
woody debris and snags) could further enhance community hetero-
geneity (Yamamoto, 2000; Kern et al., 2017). Exotic forbs also bene-
fited from gap creation in our study, however. This finding serves as a
reminder to be vigilant about monitoring for problematic invaders be-
fore and after logging operations.

The long-term success of diversifying the overstory is difficult to
extrapolate from sapling data. Regional modeling efforts, however,
indicate that controlling tall individuals of less-desirable species could
influence gap capture (Cole and Lorimer, 2005; Webster and Lorimer,
2005; Hanson et al., 2011). Canopy recruitment may prove fickle due to
climate (e.g., Poznanovic et al., 2013), pests including emerald ash
borer (e.g., Kashian and Witter, 2011) and the complex contributing to
hickory decline (Juzwik et al., 2008), or other site conditions (Kern
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et al., 2013, 2017). Competitive exclusion of tree seedlings by shrubs is
a management concern in some areas (e.g., Royo and Carson, 2006;
Kern et al., 2012, 2013) but we found increases in the richness and
cover of both groups with gap size (similar to Falk et al., 2010). While
operationally challenging, treatments that include a diversity of gap
sizes may be optimal for promoting species diversity in the short-term,
until more widespread studies can better account for confounding site
variables that result in different responses to canopy openings.

To further improve the likelihood of forest communities benefiting
from gap creation, managers need to consider deer herbivory. The po-
tential for diminishing non-preferred browse species such as O. vir-
giniana, increasing overall sapling richness, BA and density, or conser-
ving species of special concern may be worth the investment in stand-
level deer management. Dramatically increasing the size of gaps for
patch cut treatments may stimulate a protective shrub layer to foster
palatable, shade-intolerant species (Walters et al., 2016), although this
method needs considerable testing at a broad range of sites prior to
widespread use. There are several examples of private and public or-
ganizations partnering to balance white-tailed deer herd populations
despite frequently competing interests by hunters and land managers
(e.g., deer management assistance programs run by natural resource
agencies in several states including Arkansas, Kentucky, Louisiana,
Mississippi, Pennsylvania and Virginia, and a deer cooperative with a
broad group of stakeholders [Stout et al. 2013]). Where such options
are not yet viable, foresters may opt to install commercial scale
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exclosures to achieve similar results (e.g., Pennsylvania Bureau of
Forestry, 2013). As additional collaborations form, we have the po-
tential to discover unexpected management opportunities to address
multiple drivers of forest homogenization simultaneously at operational
scales in order to restore ecosystem functions.
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