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Both overabundant ungulates and invasive shrubs negatively impact forest floor plants, but few studies
have investigated their interaction. We tested for direct effects and interactions of white-tailed deer,
Odocoileus virginianus, and the invasive shrub, Lonicera maackii, on forest floor plant richness and compo-
sition in five sites in southwest Ohio. In each site a deer exclosure and an unfenced plot (each 20 � 20 m)
were established in 2010; in half of each plot all L. maackiiwas removed. Each spring and summer, 2011–
2014, percent cover of each plant species in 50 � 20 cm subplots was recorded.
Herb layer species richness was greater where L. maackii was removed, and this effect tended to be

stronger where deer were excluded. Species composition in the spring was not affected by treatments,
whereas summer species composition (in one year) was affected by L. maackii treatment. Cover of grami-
noids, spring herbs, and vines were lower where L. maackii was intact, whereas cover of shrubs and tree
seedlings were lower, and cover of bare ground higher, where deer had access.
Our findings reveal that deer and L. maackii negatively impact different components of the forest herb

layer. However, the combined effects on species richness tended to be antagonistic (less than additive),
possibly due to deer browse reducing the cover of this invasive shrub. This suggests that the diversity of
the herb layer will be enhanced more by both removal of invasive shrubs and reduction of the deer pop-
ulation than by either management action alone.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Studies of plant-animal interactions have typically focused on
direct effects (Krivtsov, 2004; Strauss and Irwin, 2004) rather than
indirect effects, as indirect effects are more difficult to observe,
predict, and quantify (Krivtsov, 2004; White et al., 2006). Indirect
effects between plant and animal species are fundamental to
understanding the workings of complex ecosystems (Wootton,
2002) and may be important for understanding invasions (White
et al., 2006). While plant communities are often negatively
impacted by invasive plants (Mack et al., 2000; Vilà et al., 2011;
Jauni and Ramula, 2015) and overabundant generalist herbivores
such as ungulates (Vavra et al., 2007), the interactive effects of
these two drivers have not been well studied.

In many parts of the United States densities of white-tailed
deer, Odocoileus virginianus (hereafter ‘deer’) are well above histor-
ical levels (McShea, 2012), after rebounding from widespread
population declines and extirpations in the early-to-mid 1800s
(Côté et al., 2004; Sotala and Kirkpatrick, 1973). This overabun-
dance of deer has negatively impacted tree survival, recruitment,
growth, and regeneration (Bradshaw and Waller, 2016; Côté
et al., 2004; Csigi and Holzmueller, 2015; Horsley et al., 2003;
Meiners and Martinkovic, 2002; Russell et al., 2001, 2017). At even
moderate densities, deer greatly alter structure and composition of
forests (Rooney, 2009). At densities as low as 3–10 deer/km2, deer
negatively impact preferred browse species (Côté et al., 2004;
Horsley et al., 2003). These preferences for forage can influence
the winners and losers of competition over time, acting as a driver
of change (Wiegmann and Waller, 2006), and increasing the preva-
lence of grasses, ferns and other species deer find unpalatable
(Horsley et al., 2003; Rooney, 2009). Deer have also been shown
to negatively impact plant species richness (Habeck and Schultz,
2015; Rooney, 2009; Relva et al., 2010; Wiegmann and Waller,
2006). Additionally, areas with abundant deer show increased
decomposition rates and decreased litter mass when compared
to areas of deer exclosure (Bressette et al., 2012).

While the individual direct effects of deer and invasive shrubs
on forest communities are well studied, only a modest number of
studies have investigated indirect effects of deer on invasive plants,
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Fig. 1. Predictions of plant community responses (e.g. species richness, cover) A.
based on the null hypothesis that effects of deer and Lonicera maackii are additive, B.
based on the alternative hypothesis that effects of deer and L. maackii are non-
additive and synergistic in nature, and C. based on the alternative hypothesis that
effects of deer and L. maackii are non-additive and antagonistic in nature.
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or interactive effects of deer and invasive plants on plant commu-
nities. Studies of indirect effects of deer on invasive plants suggest
that some invasive plants are facilitated, even obligatorily so, by
overabundant deer in forest settings (Dávalos et al., 2015a;
Knight et al., 2009; Kalisz et al., 2014; Shen et al., 2016).

Studies of simultaneous and interactive effects of deer and inva-
sive plants are rare. Aronson and Handel (2011) investigated the
interactive effects of deer exclosure and removal of the invasive
grass, Microstegium vimineum, finding a positive effect of M. vimi-
neum removal, but not deer or their interaction, on plant species
richness, and positive effects of removal of each stressor on sur-
vival and growth of tree seedlings. Waller and Maas (2013) found
that Alliaria petiolata and deer negatively affected growth of four
herb species and survival of one of those, and a significant interac-
tion on growth of a tree species, with greater negative effects of A.
petiolata in the absence of deer (Waller and Maas, 2013). Dávalos
et al. (2015b) investigated the effects of deer and three invasive
plants on recruitment of three rare plants, and found that one of
these was negatively impacted by deer but positively impacted
by M. vimineum.

We investigated the interaction of deer and Lonicera maackii
(Rupr.) Herder (Caprifoliaceae), Amur Honeysuckle, a large shrub
from northeast Asia (Luken and Thieret, 1996) that is one of several
bush honeysuckle species that are invasive in the eastern United
States. The current distribution of L. maackii spans the eastern half
of the United States; L. maackii is considered invasive and is regu-
lated in eight of those states (EDDMapS, 2016). Negative effects of
L. maackii on forest composition have been documented in com-
parative and experimental studies. Compared to uninvaded stands,
stands invaded by L. maackii had lower densities and species rich-
ness of tree seedlings and saplings and herbs (Hartman and
McCarthy, 2008). Within stands, areas under L. maackii shrubs have
lower species richness and cover of all species and of tree species
with canopy potential (Collier et al., 2002) and lower tree seedling
survival (Loomis et al., 2015). Experimental removal of L. maackii
increased native and exotic plant species richness (Orrock et al.,
2015), tree seedling survival and growth (Gorchov and Trisel,
2003), and herb growth and reproduction (Gould and Gorchov,
2000; Miller and Gorchov, 2004). Additionally, leaves of L. maackii
decompose more rapidly than native tree species (Poulette and
Arthur, 2012), leading to decreased litter mass and increased bare
ground, factors often required for the establishment of other non-
native species (Bartuszevige et al., 2007; Kuhman et al., 2013;
Oswalt and Oswalt, 2007).

Christopher et al. (2014) found interactive effects of deer and
L. maackii on the abundance of annuals and spring perennials:
where L. maackii was present there was no effect of deer, but
where L. maackii was removed or absent deer decreased the
abundance of both. There was also an interactive effect of L.
maackii and deer on Maianthemum racemosum; leaf count was
reduced by L. maackii only where deer were excluded. Conversely,
Orrock et al. (2015) found no significant interactions of mam-
malian consumers (including deer) and L. maackii on native spe-
cies abundance and richness or exotic species abundance or
richness. However, Gorchov and Trisel (2003) found that biomass
of Acer saccharum seedlings planted where they were accessible
to deer had greater biomass where L. maackii shoots were present
than where they had been removed, but biomass of seedlings
protected from deer was slightly lower where L. maackii shoots
were present. That suggests L. maackii protects plants from deer
damage, as does Cipollini et al.’s (2009) finding that herbaceous
plants had higher reproduction and greater size beneath both
standing dead and living shrubs of L. maackii. Conversely,
Hartman and McCarthy (2004) and Loomis et al. (2015) found
no significant effects of protection from deer browse on tree
seedling growth and survival.
We investigated whether the effects of deer and invasive shrubs
are additive, or whether they interact synergistically or antagonis-
tically. If deer and L. maackii individually negatively affect forest
floor plants without interactive effects of these two drivers, these
effects are ‘additive’ (Fig. 1A). We predict that compositional
changes should follow this trend, as deer and L. maackii affect



206 J.R. Peebles-Spencer et al. / Forest Ecology and Management 402 (2017) 204–212
composition in different ways. Specifically, we predict species
palatable to deer will be less abundant, and unpalatable species
more abundant, in areas with deer (Horsley et al., 2003). In areas
with L. maackii shrub cover, we predict a large negative impact
on tree seedlings and a smaller effect on forbs (Collier et al.,
2002; Hartman and McCarthy, 2008). As shading by the early leaf
flush of L. maackii hinders spring perennials’ access to sunlight
(Miller and Gorchov, 2004), we also predict spring perennials will
be more impacted by L. maackii than summer perennials.

Alternatively, deer and L. maackii may impact forest plants in a
synergistic manner, where their joint effects are more negative
than the sum of the two individual effects (Fig. 1B). This could be
caused by certain indirect effects; e.g. if deer are attracted to areas
with L. maackii (refuge-mediated apparent competition, sensu
Orrock et al. (2010)), plant responses to shading by L. maackii
makes them more susceptible to deer browse, or plant responses
to deer browse makes them less tolerant to shading.

Antagonistic interactions occur if the joint negative effects of
deer and L. maackii are less negative than the sum of the two indi-
vidual effects (Fig. 1C). This would result if deer avoid browsing in
areas with L. maackii, e.g., due to the physical barrier, so that L.
maackii decreases the negative effect of deer (Gorchov and Trisel,
2003; Cipollini et al., 2009), or if deer browse on L. maackii, reduc-
ing its cover and therefore reducing its shading of other plant spe-
cies. We predict that deer and L. maackii will show antagonistic
interactions on tree seedlings and forest floor plant species rich-
ness, with deer avoiding areas of L. maackii, allowing for increased
survival and growth of tree seedlings and other preferred species.
2. Materials and methods

2.1. Field methods

This study utilized deer exclosures and paired deer access plots
arranged in a split-plot design in five sites in the Miami University
Natural Areas, Butler County, Ohio (39�290–39�310N, 84�420–84�4
30W; Peebles-Spencer, 2016). Sites were separated by �1 km and
chosen to have (1) closed-canopy mature deciduous forest, (2)
level topography, and (3) a similar, moderate level of invasion by
L. maackii (stem basal area 0.58–1.57 m2 ha�1, Peebles-Spencer,
2016). Within each site, two similar 20 m-by-20 m plots were
selected; one each randomly assigned to deer exclosure and deer
access treatments. Fencing 3 m high was placed around the deer
exclosure plots in summer 2010. In fall of 2010, basal diameter
of each L. maackii stem was measured in each half (10 � 20 m) of
each plot. Lonicera maackii basal area did not differ between treat-
ment types (P = 0.9305, linear mixed effects model, with site
included as a random factor, Peebles-Spencer, 2016). Half-plots
were randomly assigned to be L. maackii removed or intact (Sup-
plementary material, Fig. A.1). Stems of L. maackii > 1 mm in diam-
eter were clipped at the base, removed from the plots, and stumps
treated with Tordon RTU, a herbicide composed of a combination
of 5.4% Picloram (4-amino-3, 5,6-trichloropicolinic acid) and
20.9% 2,4-Dichlorophenoxyacetic acid (Dow AgroSciences, 2011).
By late summer 2011, some of the treated shrubs had re-
sprouted; these new stems were cut and treated again with Tordon
RTU.

We sampled the forest floor vegetation in plots twice per grow-
ing season, in late spring and mid-summer, in 2011–2014 (Peebles-
Spencer, 2016) using a modified version of Daubenmire plots
(Abrahamson et al., 2011). Each half-plot included two, 20 m tran-
sects along which we placed nine 0.1 m2 (20 cm-by-50 cm) sub-
plots, centered every 2 m. Within each subplot, all species <1 m
tall were identified and the area of each was estimated. Data were
pooled for each 10 � 20 m half-plot and used to calculate species
richness and cover of each species under 1 m, for spring and sum-
mer of each year (Peebles-Spencer, 2016). In every year and season
after spring 2012 we also determined the area of bare ground (vis-
ible soil) for each sub-plot. In addition, in summer 2014, the num-
ber of reproductive plants of Alliaria petiolata, an invasive biennial,
and the number of inflorescences or infructescences of Sanicula
odorata, a native perennial, were censused to assess effects of deer
and L. maackii on reproduction of these species. These species were
the most prevalent invasive (A. petiolata) and native (S. odorata)
species in the plots in spring of 2014.
2.2. Data analysis

Most analyses were completed using R version 3.1.1 (R Core
Team, 2014) utilizing the nlme (linear mixed effects models,
Pinheiro et al., 2014), indicspecies (indicator species analysis,
Cáceres and Legendre, 2009), ggplot2 and sciplot packages
(Morales et al., 2012; Wickham, 2009). Significance was deter-
mined at the a = 0.05 level.

The effects of deer exclusion and L. maackii removal on species
richness were assessed via split-plot, repeated measures analysis
of variance (ANOVA) utilizing linear, mixed effects models. After
testing for normality and skewness, richness was modeled individ-
ually by season as spring or summer richness = deer ⁄ L. maackii ⁄
year + error, with deer and L. maackii treatments, as well as year,
as fixed effects, and site as a random effect. If the 3-way interaction
was non-significant, that term was then dropped from the model,
leaving spring or summer richness = deer ⁄ L. maackii + deer ⁄
year + L. maackii ⁄ year + error.

To assess the effects of treatments on bare ground coverage in
each year and season, we carried out split-plot ANOVAs, utilizing
a linear, mixed effect model, bare ground = deer ⁄ L. maackii
+ error, with deer and L. maackii treatments as fixed effects, and
site as a random effect. If the 2-way interaction was non-
significant (all years and seasons except spring 2012), it was
dropped from the model, leaving bare ground = deer + L. maackii
+ error.

To assess the effects of treatment on plant community compo-
sition in each year and season we carried out distance-based mul-
tivariate analysis using DISTLM version 5 (Anderson, 2004).
DISTLM is similar to permutational MANOVA except that it permits
partitions of the variation in species dissimilarity among treat-
ments involving blocked, split-plot, or unbalanced designs. We cal-
culated Bray-Curtis dissimilarity using square-root transformed
cover data from the 20 half-plots. The significance of treatment
effects were evaluated with a split-plot model, with deer as the
whole-plot factor, L. maackii as the nested factor, and site as a ran-
dom effect. Hypothesis tests of treatment effects on species dissim-
ilarity were conducted using 9999 permutations of the data, where
the permuted sample units are represented by the denominator
term of the F-ratio (sites for deer effects, and subplots for L. maackii
effects). A design matrix is required to specify the appropriate ran-
domization and hypothesis test for a split-plot design (Anderson,
2004).

For each year and season combination that had a significant
treatment effect on composition, we carried out an indicator spe-
cies analysis. Indicator species analysis uses data on species pres-
ence or absence as well as cover to assess strength and statistical
significance of the relationship between species occurrence/abun-
dance and groups of sites receiving different treatments (Bakker,
2008; Cáceres and Legendre, 2009; Cáceres et al., 2010; Hill
et al., 1975). Indicator values (IV) are calculated with higher values
indicating species that only occur in that group and lower values
indicating species that occur across all groups (Bakker, 2008). Tests
were run with 999 permutations.
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We further investigated treatment effects on community com-
position by analyzing the cover of plant functional types in spring
and summer of 2014, the last year of the study. Species were
assigned to the functional types used by Christopher et al.
(2014), according to Gleason and Cronquist (1991) and
Hochstedler et al. (2007). These groups were vines, shrubs, trees,
graminoids, ferns, spring perennials, summer perennials, annuals,
and biennials. Percent cover of each functional type was tested
with split-plot ANOVA, using a linear mixed-effects model: cover =
deer ⁄ L. maackii + error. Deer and L. maackii treatments were
included as fixed effects, with site included as a random effect.
Functional types that were not present in �5 half-plots were
excluded from analyses. In each case the 2-way interaction was
not significant and was dropped from the model.

Similarly, we analyzed cover of invasive plant species in spring
and summer 2014 with split-plot ANOVAs, using the same linear
mixed effects model as for functional types (above). Species were
classified ‘invasive’ if listed as ‘Introduced’ in the lower 48 states
in USDA NRCS (2015), as most of these were invasive in our area.
Cover of L. maackii was excluded from the sum of the cover of all
invasive species. If the 2-way interaction was not significant, it
was dropped from the model.

Initial (2011) cover of A. petiolata and S. odorata were assessed
via split-plot ANOVA, modeled with a linear mixed effects model,
including deer and L. maackii as fixed effects, and site as a random
effect. Because the 2-way interaction was non-significant, it was
Fig. 2. Box plots of A. spring and B. summer plant species richness across the 4 years of t
represent areas with L. maackii removed (RE). Deer treatment is indicated on the x-axis, A
statistics in online supplementary material, Table A.1.

Table 1
Indicator species of significant compositional treatment effects.

Indicator of Indicator value P

Honeysuckle intact 0.876 0.003
Honeysuckle removed 0.878 0.007
Honeysuckle removed 0.707 0.035
Honeysuckle removed 0.691 0.047
dropped from the model, leaving cover = deer + L. maackii + error.
Reproductive data for these two herbs, number of individuals with
flowers or fruits, did not meet assumptions for parametric analysis,
so were instead analyzed with Mann-Whitney tests.

3. Results

3.1. Species richness

Removing Lonicera maackii had a positive effect on spring
(F1,59 = 17.26, P = 0.0001, Fig. 2A) and summer (F1,59 = 20.24,
P < 0.0001, Fig. 2B) species richness over the course of the study
(Table A.1). Spring species richness differed among years
(F3,59 = 7.19, P = 0.0003), though summer species richness did not.
There was no direct effect of deer on spring or summer plant spe-
cies richness. However, there was a marginally significant interac-
tion between deer exclosure and L. maackii removal on summer
plant species richness (F1,59 = 3.76, P = 0.0573); in areas where deer
had access the negative effect of L. maackii presence on plant spe-
cies richness was smaller than in it was areas where deer were
excluded (Fig. 2B).

3.2. Species composition

Species composition differed significantly among sites each
season and year (P = 0.0001, Table A.2), making it difficult to detect
he study. Gray boxes represent areas with Lonicera maackii intact (PR), white boxes
C for areas with deer access and EX for deer exclosures. Repeated measures ANOVA

Common name Scientific name

Amur Honeysuckle Lonicera maackii
Virginia Creeper Parthenocissus quinquefolia
Solomon’s Seal Polygonatum biflorum
Wild Licorice Galium circaezans
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treatment effects. Lonicera maackii removal affected summer spe-
cies composition in 2013 (Pseudo F1 = 2.1842, P = 0.0055), but
not in any other season or year. Deer exclosure and the interaction
between L. maackii and deer did not affect spring or summer spe-
cies composition in any year.

3.3. Indicator species

Because summer 2013 was the only season where composition
was affected by one of the treatments, we carried out indicator
species analysis only for this season (Table 1). Removal of L.
maackii was indicated by the presence of the vine Parthenocissus
quinquefolia L. and the perennial herbs Polygonatum biflorum (Wal-
ter) Elliott and Galium circaezans Michx. The L. maackii-present
treatment was indicated by the presence of L. maackii in the herb
layer.

3.4. Cover of functional types

The L. maackii ⁄ deer interaction was not significant for any
functional group in either spring or summer 2014, so analyses
were repeated with this term dropped from the ANOVA model.
Deer exclusion increased the cover of tree seedlings and shrubs
Table 2
Significance of treatment effects on cover of plant functional types in spring and summer 2
Significant terms (P < 0.05) indicated in bold font. In each case the interaction term was

Season Functional type

Spring Biennials
Deer
Honeysuckle

Graminoids
Deer
Honeysuckle

Spring perennial forbs
Deer
Honeysuckle

Summer perennial forbs
Deer
Honeysuckle

Vines
Deer
Honeysuckle

Shrubs
Deer
Honeysuckle

Trees
Deer
Honeysuckle

Summer Biennials
Deer
Honeysuckle

Graminoids
Deer
Honeysuckle

Spring perennial forbs
Deer
Honeysuckle

Summer perennial forbs
Deer
Honeysuckle

Vines
Deer
Honeysuckle

Shrubs
Deer
Honeysuckle

Trees
Deer
Honeysuckle
in the herb layer in summer 2014, with tree seedlings showing a
trend in the same direction in spring 2014 (Table 2, Fig. 3). Tree
seedlings also had greater cover in the L. maackii removal treat-
ment in spring 2014. Shrub cover was lower where L. maackii
was removed, but this difference was due more to cover of Ligus-
trum sp. than to L. maackii.

Lonicera maackii removal increased the cover of graminoids
(significantly in spring, non-significant trend in summer), spring
perennials, and vines (for the latter two groups, significantly in
summer, but only a trend in spring) (Table 2, Fig. 3).

Deer exclusion tended to reduce the cover of biennials (chiefly
A. petiolata), in summer (Table 2, Fig. 3).

3.5. Bare ground

There was greater area of bare ground (no leaf litter) in
areas of deer access in spring 2014 and summer 2012, 2013,
and 2014 (Fig. 4; Table A.3). In spring 2013, bare ground area
was affected both by L. maackii removal and the interaction
of deer and L. maackii: percent bare ground was greatest in
areas where L. maackii was intact and deer had access, and
the other treatment combinations had similar, low levels of
bare ground.
014, the last year of the study. Values determined using split-plot analysis of variance.
not significant and was dropped from the model.

numDF denDF F-value p-value

1 4 2.678860 0.1770
1 9 1.340441 0.2768

1 4 2.511832 0.1882
1 9 10.457304 0.0103

1 4 1.934583 0.2366
1 9 4.644981 0.0595

1 4 0.808971 0.4193
1 9 0.720032 0.4181

1 4 0.042014 0.8476
1 9 4.336452 0.0670

1 4 0.377925 0.5720
1 9 4.494003 0.0630

1 4 6.980870 0.0575
1 9 5.569606 0.0426

1 4 7.273418 0.0543
1 9 0.478555 0.5065

1 4 3.706170 0.1265
1 9 4.592648 0.0607

1 4 4.191315 0.1100
1 9 22.599129 0.0010

1 4 0.866571 0.4046
1 9 0.893694 0.3692

1 4 0.688176 0.4534
1 9 6.069718 0.0359

1 4 9.424057 0.0373
1 9 5.100910 0.0503

1 4 8.843975 0.0410
1 9 1.433882 0.2617



Fig. 3. Box plots of cover of plant functional types by treatment in A. spring and B.
summer, 2014. Gray boxes represent areas with Lonicera maackii intact (PR), white
boxes represent areas with L. maackii removed (RE). Black circles are outliers. Deer
treatment is indicated on the x-axis: AC, deer access and EX, deer exclosures.
Functional types ‘SprPer’ and ‘SumPer’ refer to spring and summer perennial forbs.
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Fig. 4. Box plots of percent bare ground in spring 2013 and 2014 and summer 2012,
2013, and 2014. White boxes represent areas with L. maackii removed; gray boxes
L. maackii present. Deer treatment is indicated on the x-axis: AC, deer access and EX,
deer exclosures. ANOVA statistics reported in online supplementary material
Table A.3.
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3.6. Invasive species

The total cover of non-L. maackii invasive plant species was not
affected by L. maackii, deer, or their interaction in spring or sum-
mer of 2014 (Peebles-Spencer, 2016).

3.7. Herb reproduction

All reproduction of S. odorata in summer 2014 (44 of 44 repro-
ducing individuals) occurred in areas of deer exclosure; the num-
ber of reproducing individuals differed between deer treatments
(Mann-Whitney Test, W = 25, p = 0.015) with no influence of L.
maackii treatment (Peebles-Spencer, 2016). Almost all reproduc-
tion of A. petiolata in summer 2014 (7 of 8 reproducing individuals)
occurred in areas of deer access (Mann-Whitney Test, W = 71.5,
p = 0.049). There were no effects of L. maackii, deer, or their inter-
action on S. odorata cover in summer of 2011 or A. petiolata cover in
spring 2011, suggesting initial equivalence of S. odorata and A. peti-
olata cover across treatment types (Peebles-Spencer, 2016).
4. Discussion

This study found many negative direct effects of L. maackii and
of deer on plant communities. The only significant interaction
between L. maackii and deer treatments was on percent cover of
bare ground, where the effect was synergistic. There was also a
marginally significant effect on species richness, in which the
interaction was antagonistic.

4.1. Lonicera maackii direct effects

Removal of L. maackii had a positive effect on plant species rich-
ness during the course of the study, consistent with the findings of
comparable studies of Collier et al. (2002) and Hartman and
McCarthy (2008). Most functional groups (trees, spring perennial
forbs, vines, and graminoids) had greater cover in areas of L. maackii
removal, likely due to increased light availability (Chen and Matter,
2017). The effects of L. maackii that we observed on tree cover were
both as predicted and consistent with the findings of others (Collier
et al., 2002; Gorchov and Trisel, 2003; Hartman and McCarthy,
2008). Our finding that spring, but not summer, perennials
increased where L. maackii was removed matched our prediction
based on the greater sensitivity of spring perennials to shading.
Miller and Gorchov (2004) found greater growth and reproduction
of spring perennials where L. maackii was removed, while Collier
et al. (2002) and Christopher et al. (2014) found L. maackii effects
on abundance of both spring and summer perennials.While the sig-
nificant effect of L. maackii on the cover of graminoids was not pre-
dicted, it matches Christopher et al.’s (2014) findings.

Shrubs were the one functional type to have lower cover in the
L. maackii removal treatment. This was not simply an artefact of
the removal treatment, since we only measured cover below 1 m,
and recruits of L. maackii were present in this stratum in all treat-
ments. In fact, lower cover of another invasive shrub, Ligustrum sp.,
contributed more to this treatment difference than lower L. maackii
cover.

The effect of L. maackii on the area of bare ground was only sig-
nificant in the spring of 2013, even though L. maackii leaves
decompose at an accelerated rate compared to other native species
(Poulette and Arthur, 2012).

4.2. Deer direct effects

Area of bare ground was greater in areas of deer access in nearly
every year and season it was measured. While this bare ground
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was not quantified until summer 2012, the effect size was larger in
2014 than 2012 (Fig. 4), suggesting an increase over time. Similar
effects of deer on bare ground (Knight et al., 2009) and leaf litter
depth (Heckel et al., 2010) have been reported, and are likely
caused by increased leaf fragmentation by deer trampling.

The predicted effect of deer on plant species composition was
not observed in this study, but treatment differences were difficult
to detect due to compositional differences among sites and years.
Deer exclusion significantly increased the cover of shrubs and
trees, but not other functional types in the herb layer, consistent
with a recent meta-analysis (Habeck and Schultz, 2015) that found
that deer exclusion generally enhances metrics of woody plants,
but not herbaceous plants.

Our finding that all reproduction of S. odorata occurred in areas
of deer exclosure is likely due to deer grazing on S. odorata inflores-
cences, as stems in areas of deer access often had just the tips with
inflorescences removed, and cover of this species was not an indi-
cator of deer exclosure. Deer florivory can be extensive - up to 88–
90% of all floral structures in one species of Iris experienced floriv-
ory (Wang and Mopper, 2008) - and can negatively affect seed pro-
duction and resource allocation in flowering plants. Knight et al.
(2009) found that much smaller proportion of native plants flower
in areas of deer access compared to areas of deer exclusion.

The opposite pattern was detected for A. petiolata, where all but
one of the reproducing individuals occurred in areas of deer access,
in congruence with Kalisz et al.’s (2014) finding that deer facilitate
growth and reproductive success of this invasive biennial, and that
A. petiolata populations declined towards local extinction over six
years of deer exclosure. Alliaria petiolata is not eaten by deer
(Averill et al., 2016), and release from competition with plants that
deer do browse likely accounts for its flowering in deer access
plots, and perhaps the trend for greater cover of biennials in these
plots. Greater cover of biennials in deer access plots may also be
due to the greater cover of bare ground in this treatment, since
establishment of A. petiolata is higher in areas of less litter
(Bartuszevige et al., 2007). Although leaf litter disturbance pro-
motes the establishment of some other non-native species
(Kuhman et al., 2013; Oswalt and Oswalt, 2007), total cover of
invasive species other than L. maackii was not affected by deer in
this study.

Our finding that deer exclosure did not affect species richness
contrasts with those of Wiegmann and Waller (2006) and
Rooney (2009), who found lower richness in areas of deer access.
Habeck and Schultz’s (2015) meta-analysis found deer exclosure
increased woody, but not total, plant species richness.

4.3. Interactions

While we predicted that deer and L. maackii would have addi-
tive effects (Fig. 1A) on plant composition, due to each driver
affecting different species, this prediction was not realized. There
was some evidence for additive effects on tree seedling cover; in
spring 2014 this was negatively affected by L. maackii, and margin-
ally negatively affected by deer, without a significant interaction.
However, one year earlier (in both spring and summer 2013), tree
cover showed a significant interaction between deer and L. maackii
effects: only where L. maackiiwas removed was there greater cover
of tree seedlings in areas of deer exclosure than deer access
(Peebles-Spencer, 2016). This effect is likely due to L. maackii
branches conferring protection from browse to tree seedlings, as
indicated by Gorchov and Trisel (2003) and Cipollini et al. (2009).
Because this pattern was not significant in 2014, it may be ephem-
eral, or too weak to be statistically significant with our level of
replication.

We found only one significant interaction, a synergy (Fig. 1B)
between deer access and L. maackii cover on bare ground cover
in spring 2013, where the combined effects were greater than
would be predicted from the sum of the two effects. However, in
later years this interaction receded, leaving only a consistent effect
of deer.

There was also a trend (P = 0.0573) for an interaction between
deer and L. maackii on plant species richness in summer: where
deer were excluded, species richness was much lower in areas
with L. maackii than in areas of L. maackii removal, but in areas
of deer access, species richness was similar between L. maackii
treatments. This pattern is antagonistic (Fig. 1C), with areas of
both deer and L. maackii presence having a less negative overall
effect on richness than predicted from the additive response of
the two treatments by themselves. This trend is consistent with
our prediction of an antagonistic interaction on species richness,
based on deer browse on L. maackii sufficient to reduce its cover
and mitigate its negative effect on forest floor plants. Martinod
and Gorchov (2017) found that >20% of first-year twigs of L.
maackii in this study area showed signs of deer browse over a
12 month period. We found that where deer were excluded, there
was higher L. maackii cover at heights of 0.5–1.5 m (Peebles-
Spencer, 2016), within the 0.3–2 m height range in which deer
typically browse (Rooney and Waller, 2003). Additionally, the
basal area of L. maackii shrubs that were small enough to have
extensive twigs within the deer browse range (largest stem 3–
29 mm in basal diameter) was significantly greater in deer exclo-
sures (Peebles-Spencer, Haffey, and Gorchov, unpubl.), suggesting
that deer reduce L. maackii growth as well as cover.
5. Conclusions and management recommendations

Our results suggest that considering indirect effects, such as
deer browse on L. maackii mitigating this shrub’s negative effect
on tree seedlings, contributes to understanding the roles of inva-
sive plants and overabundant herbivores in complex natural sys-
tems. While we found negative impacts of both deer and L.
maackii on native plant community parameters, over the course
of this study some parameters were not as negatively affected as
would be predicted if the impacts were additive. These findings
have implications for management of stands impacted by both
abundant deer and invasive shrubs. Management of either factor
without also managing the other factor is likely to result in no
appreciable improvement in parameters such as plant species rich-
ness. We argue it is necessary to reduce both deer and invasive
shrub abundance in order to improve native plant communities
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