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Abstract Distorted plant diversity patterns due to
ungulate herbivory could be explained by changes in
community assembly processes, but the effects of
ungulate herbivory on plant community assembly re-
main unclear. Here, we examined the role of deer her-
bivory in the regulation of the assembly processes of a
forest floor plant community by assessing species and
functional diversity in over- and no-grazing plots (con-
trol and exclosure plots, respectively) in Shiretoko Na-
tional Park in Japan. Compared with the exclosure plot,
vegetation coverage was considerably lower, and species
richness and diversity were higher in the control plot.
Functional traits associated with competitive ability
(leaf area and chlorophyll content) were significantly
higher in the exclosure plot. The pattern of functional
diversity changed from overdispersion to clustering with
an increase in local crowdedness. This trait clustering
indicates that the local communities that were free from
ungulate disturbance gradually became dominated by
some competitively superior plant species, which led to
low species diversity and biotic homogenization. In
contrast, the reduction in vegetation due to overgrazing
by deer resulted in an increase in the relative importance
of stochastic assembly processes, which enabled the
coexistence of various species, including less competitive
ones. Our results emphasize that although deer over-
abundance is of concern, their complete exclusion has a
negative consequence from an ecological perspective.

Because deer herbivory is an inherent process that affects
the biodiversity of plants on the forest floor, the estab-
lishment of fences requires careful consideration to en-
sure the conservation of ecological processes and their
associated biodiversity.
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Introduction

In terrestrial ecosystems worldwide, overgrazing by
large ungulates (e.g., deer) has created major problems
that have impacted the biodiversity, as well as other
properties, of the ecosystems that these animals inhabit
(Rooney 2001; Côté et al. 2004; Mori et al. 2015). Al-
though herbivory is an inherently consumptive process
in forest ecosystems, the overabundance of ungulates
has been attributed to human activities, including
anthropogenic warming (Forchhammer et al. 1998;
Loison et al. 1999), land-use change (Bobek et al. 1984;
Roseberry and Woolf 1998), reduced hunting pressure
(Brown et al. 2000; Riley et al. 2003), and the loss of
keystone predator species (Rooney 2001), and it has
been proposed to have adverse effects on vegetation
(Côté et al. 2004; Takatsuki 2009). Deer have direct and
indirect impacts on the biotic interactions among coex-
isting plant species (Rooney and Waller 2003). The
former includes selective herbivory that is associated
with the palatability of plants (Augustine and
McNaughton 1998), while the latter is exemplified by
changes in habitat conditions due to browsing that can
result in gap formation and altered nutrient cycling
(Wardle et al. 2002; Bardgett and Wardle 2003). As a
result, the structure, composition, and diversity of plant
communities can be substantially altered (Russell et al.
2001; Horsley et al. 2003). To safeguard vegetation from
overgrazing by ungulates, fences designed to exclude
these large herbivores have often been established in
various regions, but their effects on local plant diversity
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have been mixed (Côté et al. 2004; Inatomi et al. 2012).
To understand these contradictory results, a rigorous
assessment of how intense herbivory alters the structure
of biodiversity is necessary, and in doing so, it is worth
focusing on the theory of community assembly. How-
ever, while most research on the consequences of
establishing ungulate fences has primarily quantified the
changes in biodiversity patterns, the underlying assem-
bly processes have not been fully assessed. To better
guide conservation and management activities in the
face of ungulate overabundance, this gap in our
knowledge must be urgently addressed.

There are two possible processes of community
assembly: deterministic and stochastic (Chase et al.
2011). The deterministic process is based on niche theory
(Hutchinson 1959), and when this process is dominant,
community composition should depend on local biotic
and abiotic environmental conditions. In contrast, when
stochastic processes are dominant, community assembly
is primarily shaped randomly (Chase et al. 2011). The
biotic interactions among species often act strongly at a
fine scale (de Bello et al. 2013); thus, these interactions
are affected by local factors, such as environmental
conditions or disturbances, which have been shown to
have various effects on community assembly by altering
the relative importance of deterministic and stochastic
processes (Chase 2007; Vellend et al. 2007; Chase et al.
2011). This may also be the case for deer herbivory
(Begley-Miller et al. 2014; Ohashi and Hoshino 2014).

Recently, there has been a rapid increase in the use of
trait-based approaches to reveal community assembly
processes at local scales (Kraft et al. 2008, 2014; Angert
et al. 2009; Cadotte et al. 2011; Weiher et al. 2011;
Götzenberger et al. 2012). Functional traits are any
measurable features that potentially affect individual
performance or the fitness of organisms (Cadotte et al.
2011). Functional traits determine whether individuals
survive or species persist (Lavorel et al. 1997), as well as
how they interact with one another, which provide
information regarding the strength of competition and
the efficiency of consumptive interactions (Davies et al.
2007). When multiple trait dimensions are considered,
the ecological differentiation between species may be
elucidated because these sets of traits are likely relevant
to the ecological tolerance, ecological niche, and com-
petitive ability of a species (Cadotte et al. 2011; Mouillot
et al. 2013). Importantly, functional diversity (FD), the
dispersion of species in multidimensional trait space,
provides information regarding how ecologically similar
or dissimilar species are assembled (Petchey and Gaston
2007; Laliberté and Legendre 2010). In theory, a sig-
nificant departure from random assembly can generate
two opposing patterns that are suggestive of determin-
istic processes, and these patterns can emerge as either
low or high FD, which indicate trait clustering or
overdispersion, respectively. Under the classical para-
digm, ecologically dissimilar species can coexist through
niche partitioning, which is based on the theory that the
coexistence of functionally similar species is limited by

interspecific competition (i.e., limiting similarity; Ma-
cArthur and Levins 1967; MacArthur 1972; Chesson
2000). These niche differences can rise from species-
specific interactions with resources, specialist consumers,
pathogens, mutualists, or temporal environmental
heterogeneity (Tilman 1982, 1988; Chesson 2000; Sam-
mul et al. 2006; Chesson and Kuang 2008), and trait
overdispersion is thought to be the consequence of this
process. In contrast, shared adaptive characteristics
among syntopic species promote the co-existence of
species with similar traits. Under intense abiotic inter-
actions, traits related to ecological tolerances are
important (Cornwell et al. 2006; Grime 2006), but under
resource-rich conditions, species with high competitive
ability are superior to less competitive ones (Kunstler
et al. 2012; Kraft et al. 2014). These processes promote
trait clustering (Mayfield and Levine 2010). Likewise,
the trait-based approach allows the important mecha-
nisms underlying community assembly (Götzenberger
et al. 2012) and the biodiversity response (Mori et al.
2013) to be inferred.

Serious ecological concerns regarding the overabun-
dance of sika deer (Cervus nippon yesoensis) (e.g., over-
grazing/browsing) throughout Japan have been
frequently expressed (Takatsuki 2009), and these con-
cerns even extend to areas with pristine vegetation that
have been designated as protected areas. In Shiretoko
National Park (located on the northeastern tip of
Hokkaido, Japan), deer overabundance has resulted in
numerous ecological issues, including negative impacts
on forest understory plant communities (Kaji et al. 2004;
Mori et al. 2015). To conserve forest vegetation, deer
exclosure fences were established in the early 2000s, and
since more than a decade has passed, we expect that the
presence and absence of selective deer herbivory has
considerably changed the biotic interactions among the
plant species in these forests. This is because these areas
are now characterized by both an overabundance and an
underabundance of deer, which are expected to have
impacted the forest understory communities. Here, we
aimed to detect the ecological effects of sika deer on the
mechanisms of plant species coexistence, as well as the
consequences for the patterns of biodiversity, by
assessing the differences in community assembly pro-
cesses between these two ecological extremes (i.e., deer
overgrazing and no overgrazing). We envision that this
study will inform management treatments and policies
that are designed to cope with deer overabundance in
the study area and in other regions.

Methods

Study site

This study was conducted in Shiretoko National Park,
which is located in northeastern Hokkaido, the north-
ernmost island of Japan (Mori et al. 2016a), and is
registered as a United Nations Educational, Scientific,



and Cultural Organization World Natural Heritage Site
because of its high biodiversity. The mean annual
temperature and precipitation at the study site between
2004 and 2014 were 6.5 �C and 1271 mm, respectively
(http://www.data.jma.go.jp/obd/stats/etrn/index.php).
In this region, the population of sika deer has increased
since the late 1980s, and in areas of high deer density,
the ground layer of the plant community has been
transformed. To address this problem, deer exclosure
fences have been constructed in these areas. Horobetsu
is one of the most highly populated areas on the
Shiretoko Peninsula, and it is located in the northcen-
tral part (44�06¢00¢¢N 145�01¢42¢¢E) of the peninsula.
The forest here is characterized as a mixed coniferous
and broad-leaved natural forest that is dominated by
Abies sachalinensis, Quercus crispula, and Kalopanax
septemlobus, and the forest floor is typically covered
with snow from November to May (Kubota 2000).
Since around 2000, the density of deer in this area has
been as high as approximately 5–10 deer/km, as esti-
mated by light censuses that were conducted in autumn
(http://dc.shiretoko-whc.com/). To reduce the deer
grazing pressure on the vegetation, exclosure fences
were constructed in 2003, and as a result, the coverage
of the ground-layer plants inside the boundaries of the
fences has increased.

Field data collection

To quantify the effects of deer foraging on the compo-
sition of the ground-layer plant community, we

established two study plots in the forest. The exclosure
plot had fences to protect the vegetation from deer
herbivory, and the control plot, which was located
outside the boundaries of the fence, was exposed to deer
herbivory. The sizes of the exclosure and control plots
were 80 m · 120 m (0.96 ha) and 100 m · 100 m
(1.00 ha), respectively, and they were located close to-
gether so that there was little difference in the species
composition of the canopy trees (The Forestry Agency
of Japan 2004). These exclosure and control plots were
partitioned into 96 and 100 10 m · 10 m subplots,
respectively, and at the center of each subplot, we
established a 1 m · 1 m quadrat (i.e., there were 96 and
100 quadrats in the exclosure and control plots,
respectively). Each plant species smaller than 50 cm in
height within each quadrat was taxonomically identified,
and its percent cover was estimated by a guided visual
observation using a 1 m · 1 m nylon mesh that was
divided into 100 10 cm · 10 cm grids. This survey was
conducted from late June to early July 2014, the season
during which most of the herbaceous species appear on
the forest floor after thawing.

To evaluate the effects of biotic and abiotic condi-
tions on plant community structure, we measured sev-
eral environmental variables, including three soil
variables (water content (WC), electrical conductivity
(EC), and pH) and four stand structural variables (tree
species richness, stem number, total basal area of the
trees, and canopy openness), of the 10 m · 10 m sub-
plots. We used the total vegetation ground cover on the
forest floor as an indicator of local crowdedness, which
can have important consequences for species composi-
tion via the prevention of seed colonization and the
limitation of light availability at fine scales (Berntson
and Wayne 2000; Mori and Takeda 2003), and this
metric was arcsine-transformed to improve its nor-
mality (Snedecor and Cochran 1967; Sokal and Rohlf
2012). Soil WC (%) and soil EC (mS/cm) values were
the means of three repeated random measurements in
the 1 m · 1 m quadrats, and they were quantified by
inserting a soil moisture meter (DM-18, Takemura
Denki, Tokyo, Japan) and an EC tester (soil test HI
98331, Hanna Instruments, Chiba, Japan), respectively,
into the top 10 cm of the soil. For soil pH, we collected
a soil sample of approximately 0.3 cm3 from a depth of
2 cm in each quadrat, mixed it with the same amount
of tap water, and performed the measurement with a
pH meter (LAQUA twin B-71X, Horiba, Ltd., Kyoto,
Japan). We calculated canopy openness with Cano-
pOn2 (http://takenaka-akio.org/etc./canopon2) using
hemispherical photographs taken by a Sony NEX-5
camera (Sony, Tokyo, Japan) mounted with a fish-eye
lens (MADOKA, Yasuhara Co., Ltd., Tokyo, Japan)
at the center of each subplot. The stand structural
variables were sourced from the Forestry Agency of
Japan (2014), which measured the size and species
identity of all trees taller than 2 m at every
10 m · 10 m subplots.

Fig. 1 Comparison of a species richness, b Shannon’s diversity
index, c Bray–Curtis dissimilarity index, and d coverage (%) values
for each quadrat between the exclosure and control plots. The
numbers of samples used in a, b, and d are 96 and 100 for the
exclosure and control plots, respectively, and in c, they are 4560
and 4950. Significance was assessed with a t-test
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Trait data collection

We used 10 plant functional traits related to growth,
survival, and the response to environmental change
(Pérez-Harguindeguy et al. 2013), including leaf area
(LA; mm2), specific leaf area (SLA; mm2 g�1), chloro-
phyll content (measured by the SPAD device unit [see
below]), maximum plant height (plant height; cm), leaf
phenology, life form, growth form, herbaceous or
woody, seed mass (g), and dispersal mode. For LA,
SLA, and chlorophyll content, we collected and mea-
sured five samples from five individuals of each plant
species (25 leaf samples for each species). First, we col-
lected a fully formed adult leaf and measured its
chlorophyll content using a Minolta SPAD-502 (Osaka,
Japan), and then we immediately scanned the leaf before
drying, and calculated the LA from the scanned images
using Image-J (Rasband 1997–2008). We used the leaf-
lets for plant species with compound leaves. To calculate
the SLA, we dried the leaves for 72 h at 80 �C to obtain
their dry weights. The values of the other traits were
extracted from the literature and encyclopedias (ESM 1).
Trait measurement and sample collection followed the
protocols outlined in Pérez-Harguindeguy et al. (2013).

Data analysis

To describe the effect of deer presence/absence on plant
communities, we calculated species richness and Shan-
non’s index values as measures of species diversity
(Magurran and McGill 2011). To examine changes in
plant community structure, we also determined the
Bray–Curtis index, which is one of the most commonly
used measures of vegetation compositional dissimilarity
(Anderson et al. 2011). To evaluate differences in the
species abundance distribution between the two plots,
we plotted the frequency of occurrence of each plant
species within all quadrats (the frequency of occurrence
across all quadrats) by their dominance rank within the
meta-community (hereafter, the species dominance-rank
curve). We visually checked for differences in the curves
and in the lists of dominant species between the two
plots.

Furthermore, we calculated the community-weighted
mean (CWM) trait values, which are the mean trait
values of all species in the community weighted by their
relative abundance (Garnier et al. 2004), for five numeric
plant traits that are likely related to plant responses to
deer herbivory: LA, SLA, chlorophyll content, plant
height, and seed mass. It is known that deer selectively
graze large LAs of Trillium grandiflorum (Knight 2003),
and the SLA is the ratio of leaf area to leaf mass, which
is positively correlated with the leaf nitrogen (N) con-
centration and negatively correlated with leaf longevity
(Reich et al. 1997). Chlorophyll is highly correlated with
tissue N (Markwell and Blevins 1999). These traits,
which are related to the abundances of resources in
leaves, are likely affected by deer herbivory. Maximum
plant height is also associated with competitive ability
(Vojtech et al. 2008) and vulnerability to deer herbivory,
and seed mass is related to survival and establishment in
the face of environmental hazards (Pérez-Harguindeguy
et al. 2013). Although deer herbivory could increase the
intraspecific variations in trait values, we used the mean
values for each species to calculate the CWM values in
this study.

We calculated functional diversity using the func-
tional dispersion (FDis) index that was developed by
Laliberté and Legendre (2010). The FDis is the mean
distance of all species in the community in multidimen-

Fig. 2 Species dominance-rank curves of the exclosure and control
plots. Dominance and species rank are based on the number of
occurrence frequencies across all quadrats

Table 1 Differences in the community-weighted mean trait values (CWM) of five plant functional traits between the exclosure and control
plots

Functional trait Exclosure CWM Control CWM

Mean SD Mean SD P-value

Leaf area (cm2) 57.92 12.243 46.9 14.842 <0.001
SLA (cm2 g�1) 398.18 78.342 412.58 67.008 0.171
Chlorophyll content (SPAD) 32.1 2.104 31.38 2.65 <0.05
Plant height (cm) 7.72 4.011 8.06 3.43 0.529
Seed mass (g) 16.29 8.967 19.65 18.627 0.11

SPAD is the unit that is highly correlated with chlorophyll concentrations. P-values are from t-tests



sional trait space weighted by their relative abundance,
and we selected this index because FDis is independent
of species richness, can account for species abundances,
and can be used for multiple traits (Laliberté and
Legendre 2010). In this study, we calculated FDis using
all of the functional traits that we measured (10 traits) to
express the ecological differentiation between species
(Cadotte et al. 2011; Mouillot et al. 2013). To evaluate
the magnitude of deviation from a random assembly, we
calculated the standardized effect size (SES) of the FDis,
which was defined as (FDisobs � FDisnull)/FDissd, where
FDisobs is the observed FDis in actual communities, and
FDisnull and FDissd are the mean and standard deviation
of FDis values that are calculated by 999 randomiza-
tions, respectively. We repeated this procedure for the
exclosure and control plots. Randomization was based
on the independent swap algorithm (Gotelli and Gotelli
2000), which maintains the species occurrence frequency
and sample species richness based on the meta-commu-
nity. Positive and negative SES values indicate higher
(trait overdispersion) and lower (trait clustering) func-
tional diversity, respectively, than expected at random;
thus, to examine how biodiversity was structured, we
tested for a correlation between the diversity measures
(SES of the FDis and Shannon’s diversity) and envi-
ronmental variables across quadrats. We used a stan-
dardized major axis (SMA) regression to describe how
these variables were related (Warton et al. 2006; Sokal
and Rohlf 2012).

Results

Field sampling

There were a total of 54 species in all of the study sites,
of which 35 were found inside the fence (exclosure), and
43 were found outside the fence (control). Twenty-four
species were common to both plots. The four dominant
species were Dryopteris expansa, Maianthemum dilata-
tum, Sasa kurilensis, and Toxicodendron orientale, but
their coverage was low in the control plot (Fig. S1). In
addition, almost all of the other species that were com-
mon to both plots had lower coverage in the control plot
than in the exclosure plot.

Species diversity

Mean species richness and Shannon’s diversity were
significantly higher in the control plot (P < 0.001; t test)
(Fig. 1a, b), as was the mean Bray–Curtis dissimilarity
value (P < 0.001; t-test) (Fig. 1c). In contrast, the mean
ground cover of the vegetation was significantly higher
in the exclosure plot (P < 0.001; t-test) (Fig. 1d). The
dominance-rank curve exhibited different forms between
the two plots (Fig. 2). In the exclosure plot, the domi-
nance of each species decreased sharply as species rank
decreased; thus, species were divided into dominant and

rare species. In contrast, the control plot exhibited a
smooth curve that had more species with intermediate
frequencies.

Functional diversity

The control plot had a significantly lower LA and
chlorophyll content compared with the exclosure plot
(Table 1), but other traits (SLA, plant height, and seed
mass) were not significantly different. There was no
significant difference between the exclosure and control
plots in terms of functional diversity (SES) (the mean
SES values were �0.09 and 0.09, and the variances were
0.97 and 0.51, respectively).

In terms of the relationship between the SES and the
environmental variables, there was a significantly nega-
tive correlation between the SES and local crowdedness
in the exclosure plot (R = �0.248, P < 0.05) (Table 2;
Fig. 3a). However, there were no other significant cor-
relations between the SES and the environmental vari-
ables in either plot (Table 2), including local crowdedness
in the control plot (R = �0.110, P = 0.285) (Fig. 3b).
In the exclosure plot, there was a significantly negative
correlation between the environmental variables and
Shannon’s diversity (R = �0.317, P < 0.01) (Fig. 4a),
but in the control plot, there was no significant correla-
tion between the environmental variables and Shannon’s
diversity (R = �0.116, P = 0.254) (Fig. 4b).

Discussion

By focusing on the taxonomic and functional charac-
teristics of plants on the forest floor, we found that deer
herbivory played a significant role in shaping local plant
communities. Most importantly, using a trait-based
approach, we detected changes in the community
assembly processes at a local scale, which may explain
the mechanisms underlying the patterns of biodiversity.

Taxon- and trait-based evaluation

We compared several metrics of the forest floor plant
community between the plots with (exclosure plot) and
without (control plot) fences. The significantly lower
local crowdedness in the control plot compared with the
exclosure plot (Fig. 1d) suggests that deer herbivory
played a significant role in suppressing the growth and
survival of plants on the forest floor, and the species
richness, Shannon’s diversity, and Bray–Curtis dissimi-
larity values were all higher in the control plot than in
the exclosure plot (Fig. 1a–c). Previous reports on the
effects of deer herbivory on plant diversity have pro-
vided mixed results depending on whether deer primarily
consume the dominant species (Côté et al. 2004). In our
study site, some dominant species had higher levels of
abundance in the exclosure plot than in the control plot



(Fig. S1), and the dominance-rank curve of the exclo-
sure plot also showed a more skewed pattern than that
of the control plot (Fig. 2). These results indicate that
the dominant species with high competitive abilities
interfered with the prosperity of the other species in the
exclosure plot. Moreover, these results are consistent
with the work of Schütz et al. (2003), who reported that
a reduction in dominant species due to deer herbivory
could enhance plant species richness. Taken together, we
suggest that dominance reduction by deer herbivory is
one of the important determinants of the maintenance of
species diversity, and furthermore, that the lack of her-
bivory likely decreases the dissimilarity among local
assemblages, leading to the homogenization of com-
munities through the disproportionate representation of
dominant species. Some studies reported that deer her-
bivory decreases plant diversity by leaving a limited
subset of unpalatable species or, in the extreme case of
intensive herbivory, bare soil and little plant cover
(Takahashi and Kaji 2001; Rooney et al. 2004; Webster
et al. 2005). Although it is difficult to practically com-
pare the impacts of deer over/under-grazing on vegeta-
tion across regions, the level of the impacts on our plots
may not have been as intense as these extreme cases.
While the overabundance of deer has been a concern in
the study region (Kaji et al. 2004; The Forestry Agency
of Japan 2007, 2012), the intensity of deer herbivory in
our study site could be at a level that can, to some ex-
tent, maintain plant diversity (as explained by the
intermediate disturbance hypothesis; Grime 1973; Con-
nell 1978). In other words, fencing has been affecting the
understory plant communities in an adverse way by
virtue of unnaturally excluding deer.

To further evaluate the compositional characteristics
of forest floor plant communities in response to under-
and overgrazing by deer, we used a trait-based ap-
proach. Here, we observed higher CWM trait values in
LA and chlorophyll content in the exclosure plot than in
the control plot (Table 1), which may be due to the
selective grazing of large leaves (Knight 2003) and the
vulnerability of more nutritious leaves to deer herbivory
(Ammer 1996), respectively. Based on the skewed

dominance-rank curve, CWM trait values are likely to
be highly influenced by dominant species in the exclo-
sure plot, and although the survival of these species
cannot be explained by these traits alone, high values of
these two traits are thought to be more advantageous
under low herbivory pressure. In summary, plants with
large leaves and high chlorophyll content are more
competitive, but they are also more vulnerable to deer
herbivory.

Community assembly processes

Because functional diversity deviated from that expected
at random, we examined the community assembly pro-
cesses at the local scale. In the control plot, the stan-
dardized functional diversity values were distributed
around zero (Fig. 3b), and there was no significant
relationship between standardized functional diversity
and the environmental variables (Table 2). These results
suggest that deterministic assembly processes, such as
interspecific competition or environmental filtering, were
weak; that is, stochastic processes predominated in the
control plot. When vegetation coverage is reduced by
deer, the likelihood of competitive exclusion (i.e., species
exclusion by some species with more competitive traits)
might decrease, which may increase the opportunities
for species establishment (Grime 2006; Mayfield and
Levine 2010). The observed pattern in the control plot is
consistent with the idea that disturbance promotes ran-
dom assembly processes (del Moral 2009); when food
resources are depleted through selective herbivory, deer
are known to graze on plants regardless of their
palatability (Waller and Alverson 1997; Takahashi and
Kaji 2001; Côté et al. 2004). Therefore, we infer that
intensive deer herbivory has reduced vegetation cover-
age (Fig. 1d), regardless of the species traits at the study
site. Stochastic processes often enhance species diversity
(e.g., Chase 2010), thereby allowing various species to
emerge independently of their traits.

In the exclosure plot, we observed a different pattern
of functional diversity along the local crowdedness

Fig. 3 Correlation between standardized functional diversity and
local crowdedness index, which is arcsine transformed, of a the
exclosure plot and b the control plot. The regression line is the
standardized major axis (SMA) between the two components

Fig. 4 Correlation between Shannon’s diversity and the local
crowdedness index, which is arcsine transformed, of a the exclosure
plot and b the control plot. The regression line is the standardized
major axis (SMA) between the two components



gradient, i.e., a shift from trait overdispersion to trait
clustering (Fig. 3a), which suggests a gradual change in
the relative importance of these different assembly pro-
cesses. The mechanism for trait overdispersion is often
interpreted as a consequence of niche partitioning that
arises from limiting similarity (Chesson 2000), and in
this study, more niches became available to more species
as local crowdedness decreased. Niche partitioning
promotes the coexistence of various species, thereby
resulting in higher species diversity in less crowded
localities (Fig. 4a). In terms of trait clustering, a few
species became dominant while the majority of species
decreased in abundance under fenced (Fig. 2) and
crowded conditions, and this could have resulted from
intense competition for light and nutrients (Berntson
and Wayne 2000). These results suggest that weaker
competitors had been excluded by competitively supe-
rior species, which led to trait clustering (Mayfield and
Levine 2010), and the disappearance of weaker com-
petitors could result in lower species diversity in more
crowded localities (Fig. 4a).

In the exclosure plot, only local crowdedness was
correlated with the functional diversity patterns of each
quadrat; thus, to further understand the mechanisms
underlying the functional diversity gradient, we must
determine which factors caused the differences in local
crowdedness among the localities (i.e., quadrats).
Unfortunately, our snapshot datasets did not provide a
complete picture, but the monitoring data support our
interpretation of the factors that caused the variability in
local crowdedness among the localities. According to a
report by the Forestry Agency of Japan (2014), the
abundance of dominant species has sharply increased
since the construction of the fence (Fig. S2), which
suggests that crowded localities have continued to ex-
pand and that trait clustering is still ongoing.

Implications

Deer overabundance has been caused by human
activities, and to mitigate its negative consequences,
deer exclosure fences have been constructed around the

world with the aim of conserving vegetation. Fences
have been reported to be efficient at promoting the
regeneration of trees in forests (Shimoda et al. 1994;
Nomiya et al. 2003; Kumar et al. 2006), as well as
conserving specific species (Fletcher et al. 2001; Tamura
et al. 2005) and vegetation ground cover (Kurten and
Carson 2015; Tamura 2015). From the perspective of
ecosystem-based management, we envision that estab-
lishing fences is not an absolute solution, as the
importance of considering natural processes has re-
cently been recognized as essential for the conservation
of biodiversity and the sustainability of forest ecosys-
tems (Christensen et al. 1996; Lindenmayer and
Franklin 2002; Mori 2011). While its impact is often of
concern in some situations, deer herbivory is also an
inherent process that promotes species coexistence and
community assembly through the relaxation of com-
petitive relationships among plant species, and this was
reaffirmed by our study. However, our results cannot
be generalized because of the lack of spatial and tem-
poral replication, and we were also unable to account
for the reproductive status of the individual plants in
the community, which could have important conse-
quences for biodiversity conservation. Nonetheless, our
results indicate that establishing fences is important if
deer herbivory is severely impacting the vegetation.
However, to restore and conserve plant diversity, it
may be necessary to control the intensity of herbivory
by opening/closing the fences, rather than completely
eradicating deer herbivory. Therefore, adaptive man-
agement and restoration grounded on a mechanistic
understanding of ecosystem processes (Mori et al.
2016b) are needed to adequately manage the deer
population and its impact on plant diversity.
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