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Eutrophication of aquatic ecosystems is a serious global issue. Stream nitrate
concentrations at the University of Tokyo Chichibu Forest have increased since 2000
after the opening of the new highway in 1998. Nitrogen oxide emissions from automobile
exhausts were the most likely source of increased nitrate input in the forest ecosystem.
Around the area, the sika deer Cervus nippon Temminck population has greatly
increased since around 2000 and intensively browsed the understory vegetation. We
hypothesized that the degradation of the understory vegetation caused by the deer
overpopulation was one of the causes of increased nitrate output. Monthly observations
were carried out from April to October 2013 to investigate the understory vegetation at
the heights of 0-30 and 100-150 cm above the ground inside (without deer) and outside
(with deer) of a deer exclusion fence. Plant taxa and % coverage of each taxon at each
layer were recorded. The in vivo nitrate reductase activity (NRA) (= nitrate assimilation
rate) was determined for each plant taxa each month. Compared to inside the fence,
the understory vegetation outside was poor with smaller % coverage and less diverse
community structure, and was occupied by unpalatable plant taxa that were uncommon
or absent inside the fence. Contrary to our expectation, the phylogenetic diversity of the
community assemblage outside the fence showed greater evenness (less clustering)
than inside. The NRA peaked in early in the season or late in the season. In contrast
to a previous report, no significant difference in the NRA was found between woody
and herbaceous plants. Although the difference was no more than that of vegetation
coverage, the estimated community-level NRA inside the fence was 5.6 times higher
than that of the outside. The difference was greatest early in the season. These results
support our hypothesis.
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INTRODUCTION

Eutrophication of aquatic ecosystems is a serious global issue
(Chislock et al., 2013). Nitrogen overload that results in the
alleviation of nitrogen limitations to biological functions and
increase in nitrate mobility in soils is called nitrogen saturation,
which has been reported in various temperate forests, especially
in Europe and North America (Aber et al., 1998). Because
the nitrogen budget of a forest ecosystem is determined by
the balance between nitrogen input and output (Vitousek and
Howarth, 1991), it is necessary to evaluate possible causes
of input-output nitrogen saturation. Nitrogen deposition has
increased approximately five times over the past 100 years
(Galloway and Cowling, 2002). Approximately 80% of the
deposited anthropogenic nitrogen originates from the industrial
production of nitrogen-based fertilizers, whereas the other 20%
relates to emissions from fossil fuel (Gruber and Galloway,
2008). However, almost all the nitrogen deposition in forest
ecosystems is attributed to the latter. Nitrogen absorption by
plants determines the output. Some studies have reported that
understory vegetation in old-growth stands played a more
important role in preventing nitrate leaching than canopy
trees (Goodale et al., 2000; Furusawa et al., 2005). Therefore,
the degradation of the understory vegetation by increased
herbivore densities may influence leaching from soil and
thereby affect the nitrate output. In Alaska, moose density
has had a substantial effect on nutrient cycling, ostensibly
through browsing and inputs from fecal and urinary nitrogen
(Molvar et al., 1993).

Overpopulation by the Sika deer Cervus nippon Temminck has
caused various problems in forest and agricultural ecosystems.
The degradation of the understory vegetation by deer grazing and
the mortality of adult trees by debarking are major direct effects
of the deer (Takatsuki, 2009). In some places in Japan, forest
ecosystems have changed to grassland ecosystems by regime
shifts caused by deer overpopulations (Shibata and Hino, 2009).

In the University of Tokyo Chichibu Forest (UTCF), the
influence of deer overpopulation on the forest ecosystem has
become obvious since around 2000 (Kamata et al., 2020)
with an increase in dead tree skeletons, the degradation of
understory vegetation, and an increase in plants unpalatable to
deer (Sakio et al., 2013). A population of an endangered species,
Cypripedium japonicum Thunberg, grows in the understory
of a Zelkova serrata (Thunberg) Makino plantation that was
planted 1934. In 2006, UTCF constructed an exclosure fence
(5 m x 20 m) to protect the endangered population from
deer grazing. The great difference in the understory vegetation
between the inside and outside of the fence is evidence of the
substantial influence of deer grazing on the understory vegetation
(Supplementary Figure S1).

On the other hand, the construction of a new highway started
inside the territory of the UTCF from the middle of the 1980s.
To monitor the impact of the road construction and gallets
from the tunnels, UTCF began monitoring the water quality
of the two branch rivers of the Arakawa River System in 1989
(The University of Tokyo Forests, 1998). One of these branches
is actually the main stream of the Arakawa River. According

to monitoring reports (The University of Tokyo Forests, 1998;
Gomyo et al, 2011), nitrate (NO3 -N) concentrations in the
stream water have increased since 2000. The emission of NOx
from automobile exhausts was the most likely cause of the
increase in nitrate input in the forest ecosystem. Although the
influence of sika deer overpopulation became obvious around the
same time (Kamata et al., 2020), no studies have been conducted
to determine indirect impact of the overpopulation on nitrate
leaching (output) via the degradation of understory vegetation.

Plants absorb inorganic nitrogen, such as ammonium (NHI-
N) and NO; -N, in the soil. All vascular plants can utilize
NH; -N; however, not all plants can utilize NO; -N. Organic
nitrogen supplied to the soil will be mineralized to NH; and
then nitrified to NO3 by bacteria. Soil particles are negatively
charged in most parts of Japan because the soil is volcanic
and acidic. Ammonium nitrogen is a positively charged cation
that is usually attached to the negatively charged soil particles,
whereas NO; -N is a negatively charged anion that is not
attached to soil particles, so that NO; -N has higher mobility
in the soil. For these reasons, the free NO; -N easily leaches
from the soil (the forest ecosystem) to stream water (aquatic
ecosystem). If a large amount of NO; flows into streams,
it will lead to eutrophication of the aquatic ecosystem. The
utilization of NOj varies greatly among plant taxa (Al Gharbi
and Hipkin, 1984; Gebauer et al, 1998). It is known that
the NO; reductase activity (NRA), which is an index of the
ability of NOj utilization by plants, is generally higher in
herbaceous plants than woody plants (Smirnoff et al., 1984). We
hypothesized that the degradation of the understory vegetation,
especially of herbaceous plants, by the deer overpopulation was
one of the causes of the increased NO; concentration in the
stream water in UTCF.

In this study, we surveyed seasonal changes in the understory
vegetation inside and outside the deer exclusion fence. The
percentage of coverage and NRA of each plant taxon was
determined. Taxonomic diversity and phylogenetic diversity
were estimated from the vegetation data to evaluate the
influence of deer on the understory plant community assemblage.
A community-level NRA was estimated inside and outside of
the fence by using the percent coverage and NRA values. The
indirect influence of deer on the increase of stream water NO3
was discussed, as well as the direct influence of deer on the
diversity of the understory vegetation.

MATERIALS AND METHODS

Research Site

The survey was conducted in an 80-year-old Z. serrata
plantation (planted 1934) at the UTCF located about 1,030
m asl. (35°56'35”N, 138°4900"E). An endangered species,
C. japonicum, grows in the understory, which is registered to the
Red Data of Saitama Prefecture. Due to the rapid increase of Sika
deer (Kamata et al., 2020), a 5 m x 20 m exclosure fence was
installed in 2006 to protect C. japonicum from deer grazing. We
expected that the effect of deer could be estimated by comparing
the vegetation inside and outside of the fence.
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Vegetation Survey and Samples for the

in vivo Assay

The monthly vegetation surveys and plant material sampling for
the in vivo NRA assays were conducted on April 11, May 7, June
4, July 8, August 8, September 9, and October 15, 2013.

Twelve 1 m x 1 m quadrats (six for inside the fence and six
for outside) were set before seed germination or budburst. The
distance between quadrats was approximately 4 m. The quadrats
inside and outside the fence were approximately 1 and 5 m
apart from the fence, respectively. The percentage of vegetation
coverage and proportion of each plant taxa were recorded for
the layer of 0-30 cm above the ground level (a.g.l.) and the layer
100-150 cm a.g.L.

Approximately 3 g (fresh weight) of leaf samples of each
taxa were collected on each sampling date from plants outside
of the 12 quadrats and placed in a cooler box with ice packs
until the laboratory analysis. Therefore, the plant taxa used for
the assay did not completely overlap with those found in the
vegetation survey (Supplementary Table S1). The samples were
collected between 13:00 and 15:00 to avoid the effect of diurnal
changes in the NRA.

In vivo NRA Assay

The in vivo NRA assay was performed based on a modified
version of the Jaworski method (Jaworski, 1971). We followed
Koyama et al. (2019) as follows:

Reagents
Incubation buffer: 0.1 mol L™! KNOs, 0.1 mol L—! KH,POy,
and 1.5% 1-propanol; the pH was adjusted to ca. 7.5 using
a NaOH solution.

Diazotizing agent: 0.5 g of sulfanilamide was dissolved in
100 ml of 2.4N HCL

Coupling agent: 0.3 g of N-1-naphthylethylenediamine
dihydrochloride was dissolved in 100 ml of 0.12 N HCI.

NO;-standard solution: 0.6900 g of NaNO; was dissolved in
an appropriate amount of ion-exchanged water and then filled up
to 100 ml. It was diluted with ion-exchanged water to 2, 10, 20,
30, 40, and 50 WM.

In vivo Assay
(i) Approximately 100 mg (fresh weight) of leaf laminae were
cut into small fragments (approximately 2.5 mm x 2.5 mm
segments of leaves) and transferred to test tubes.

(ii) The incubation buffer (5 ml) was added to the leaves, and
the tube contents were vacuum-infiltrated. The samples
were incubated for 1 h in darkness and then placed in hot
water (>80°C) to terminate enzyme activity.

Absorbance (545 nm) was measured following
diazotization and coupling as the end-point. The
confounding effects of plant pigments were corrected
by subtracting the absorbance of the controls, to which
N-naphthyl ethylene diamine dihydrochloride was not
added (Gebauer et al., 1998).

The six levels of the NO,-standard solution were subjected
to step (iii) to obtain a calibration curve.

(iii)

(iv)

NRA per Mass and per Leaf Area

A fraction of each leaf sample was oven-dried at 70°C for 1
week and then weighed. The concentration of NO; -N in the
incubation buffer was calculated from the curve. The NRA per
mass was obtained for each sample.

Using three fresh leaves for each taxon, which were not used
for the NRA assay, the leaf area was determined using the free
software Image]J ver. 1.50i (Schneider et al., 2012) after digitizing
each leaf. The leaves were oven-dried at 70°C for 1 week and
then weighed. The leaf mass per area was calculated for each leaf.
Finally, the NRA per area was also determined for each taxon.

Analyses

Phylogenetic Tree

The pairwise phylogenetic distance among plant taxa used in this
study was calculated from trees stored by Zanne et al. (2014).
Plant taxa that were not included in the database were replaced
with other taxa in the same genus. Sasa was used as a substitute
for Sasamorpha borealis because no taxa belonging to the genus
Sasamorpha were registered.

Plant Community

Seasonal changes in the vegetation index metrics were compared
between the inside and outside of the fence. The vegetation
coverage was compared between the lower (0-30 cm a.g.l.) and
higher (100-150 cm a.g.l.) layers of the understory separately.
Species richness (R: the number of taxa) and the Shannon
index (H') (Shannon, 1948) were calculated by combining
the two layers. The Shannon index was calculated using the
following equation:

R
- > pilnpi,

i=1

H =

where p; is the sum of the proportion of vegetation coverage of
the ith taxon in the lower and higher layers (200% at maximum).
On the other hand, the species richness was not the sum of the
number of species found in each of the two layers, but the total
number of species in the two layers. Namely, one species was
counted as a single species even if the species was found in both
layers. The Bray-Curtis dissimilarity index was also calculated to
compare the similarity of the community assemblage between the
outside and inside of the fence and among months.

The effects of the factors FENCE (inside/outside) and
MONTH (April to October) on the plant community were tested
using a permutational analysis of variance (PERMANOVA)
following a test of homogeneity of dispersions by a permutational
multivariate analysis of dispersion (PERMDISP). To visualize the
effects of FENCE and MONTH in relation to each taxon, plant
taxa were ordinated using non-metric multidimensional scaling
(NMDS) with a Bray-Curtis dissimilarity index as the distance
between the assemblages. The sum of the vegetation coverage of
the two layers was used for these analyses.

Three phylogenetic diversity metrics, namely phylogenetic
diversity (PD), mean pairwise distance (MPD), and mean nearest
taxon distance (MNTD), were estimated. The PD evaluates the
total length of phylogenetic trees, MPD evaluates the average
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of the evolutionary distance between all pairs of species in the
assemblage, and MNTD evaluates the average of the evolutionary
distance between each species and its nearest relative (Barber
et al., 2017). To remove the effect of species richness (the
number of taxa in each assemblage) and evaluate the phylogenetic
evenness or clustering of the species in the assemblages (Kellar
et al., 2015), the standardized effect sizes (SES) of the three
metrics were also estimated. The SES metrics were calculated by
comparing the observed value and a randomly generated dataset
(Kellar et al., 2015). There were 1,000 randomizations in each
standardized effect size analysis.

A generalized linear mixed model (GLMM) was employed
to test the effect of the factor FENCE on these metrics with
the factor MONTH as a random effect. A gamma distribution
was used as an error structure with a log link function except
for species richness, where a Poisson distribution was used as
an error structure with a log link function. A linear mixed
model (LMM) was used for the SES values. Regarding vegetation
coverage, a beta regression with a log link function was employed
after transforming the percentage of coverage (0-100) to the
proportion (0-1) by dividing by 100. In the beta regression,
both the factors FENCE and MONTH were used as explanatory
variables due to a limitation of the library.

NRA at an Individual Plant Level

To test the difference in the NRA between woody and
herbaceous plants, a GLMM was employed, with the factor
WH (woody/herbaceous) set as a fixed effect, and MONTH and
SPECIES as random effects. Next, to test differences in the NRA
between plant taxa that were found only inside the fence (I) and
those outside (O), the fixed effect of the previous model was
replaced with I/O.

To test the effects of season on the NRA, a GLMM with
the same error structure was employed, with MONTH as
a fixed effect and SPECIES as a random effect. A post-hoc
Tukey HSD multiple comparison was employed for pairwise
comparisons among months. The coeflicients of each month
and each plant taxon were used to estimate a community-
level NRA in section “NRA at a Community Assemblage Level”
(Supplementary Table S2).

To test for phylogenetic signals in the NRA, a K statistic
(Blomberg et al., 2003) and p-value based on randomization were
calculated to investigate the relationship between the NRA and
phylogeny for each plant taxon. The K statistic was calculated
from the phylogeny of taxa and NRA of each taxon, which
is the variance of phylogenetically independent contrasts (PIC)
(Felsenstein, 1985) divided by its expectation under a Brownian
motion model. The coefficients of taxa as a random effect in
the GLMM that were conducted to test the effects of MONTH
on the NRA in the previous paragraph were used as the NRA
values. A K < 1 indicates that closely related taxa have NRA levels
that are less similar than expected under a Brownian motion
model of evolution, while K > 1 indicates that closely related
taxa have NRA levels that are more similar than expected. We
then tested the p-value by comparing the variance of the PIC
computed from the NRA coefficients on the topology of the
phylogenetic tree to those computed by randomly assigning the

NRA coeflicients to the tips in the phylogenetic tree 999 times. If
the variances in the PIC for the observed data were lower than
those from the permutations, then significant conservatism was
indicated (Blomberg et al., 2003). In order to help intuitively
interpret the meaning of K, we examined a traitgram (Ackerly,
2009), in which the isolates were arranged along the NRA-
coefficient axis and connected by the underlying phylogeny, thus
reconstructing the evolution under a Brownian motion model.
Traitgrams with more branches crossing indicate lower similarity
between phylogenetic relatedness and traits.

NRA at a Community Assemblage Level

The index of net NRA (NetNRA) activity of each quadrat on each
sampling date was calculated by summing the product of the
NRA per leaf area (NRAA) and the coverage (COV) of each plant
taxa on each sampling date as follows:

R
NetNRA = > NRAA; x COV;,

i=1

where i is the ith plant taxon. However, we could not sample all
taxa found in the quadrats because plant samples used for the
NRA assays were taken from outside of the quadrats. Regarding
taxa for which the NRAA value was not obtained by the in vivo
assay, the value was estimated using coefficients of each month
and each plant taxon obtained by the GLMM with MONTH
as a fixed effect and SPECIES as a random effect in section
“Plant Community” (Supplementary Table S2). Monthly NRAA
estimates without a species effect were used for species for which
the NRA was not analyzed at all.

Software and Library

All analyses were performed using the free software R (ver. 3.6.3)
(R Development Core Team, 2019). A package “glmmADMB
(Skaug et al, 2018)” was used for the GLMM, a package
“betareg” was used for a beta regression (Cribari-Neto and
Zeileis, 2010), a package “vegan (Oksanen et al., 2019)” was
used for metrics of community diversity and dissimilarity, and
packages “brranching (Chamberlain, 2020),” “ape (Paradis and
Schliep, 2019),” and “picante (Kembel et al., 2010)” were used for
phylogenetic analyses.

RESULTS

Fifty-four species were founds in this study (Supplementary
Table S1). Among these, 48 species were recorded during the
vegetation surveys and 51 were used for the in vivo NRA assay.
All biennials and perennials were deciduous plants so that there
were no evergreen plants in the site. The phylogenetic tree used
in this study is shown in Supplementary Figure S2.

Seasonal Changes in Plant Community

Assemblage Inside and Outside Fence

The mean coverage of each plant species inside and outside of
the fence at 0-30 and 100-150 cm a.g.l. from May to October are
shown in Supplementary Table S3. The number of taxa found
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FIGURE 1 | Seasonal changes in vegetation inside (yellow) and outside (red) of the exclosure fence at the Zelkova serrata plantation in the University of Tokyo
Chichibu Forest. (A) Percentage of vegetation coverage at 0-30 cm above ground level. (B) Percentage of vegetation coverage at 100-150 cm above ground level.
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inside and outside the fence were 38 and 31, respectively. Among
these, 18 taxa appeared in both locations.

The vegetation coverage at 0-30 cm a.gl. peaked in May and
September inside and outside the fence, respectively (Figure 1A),
whereas that at 100-150 cm a.g.l. peaked in August (Figure 1B).
The vegetation coverage at 100-150 cm a.gl. was almost 0%
outside the fence and was without a clear peak. Species richness
(the number of taxa) increased with season until August inside
the fence and until September outside (Figure 1C). On the
other hand, the Shannon index increased until May inside the
fence and until Jun outside the fence, and did not change
thereafter (Figure 1D). All four indicators were significantly
greater inside the fence than outside, with significant differences
(beta regression for vegetation coverage, GLMM for the number
of species and Shannon index: p < 0.05). The seasonal peaks of
all the metrics appeared earlier inside the fence than outside of it.

The pairwise Bray-Curtis dissimilarity indices indicated
that dissimilarity was high between the inside and outside
of the fence for the same month (Table 1). The pairwise

dissimilarity among the months was lower inside the fence
than outside. Dissimilarities between May and the other months
were high both inside and outside of the fence. The plant
community assemblage was significantly influenced by both
FENCE (p < 0.001) and MONTH (p < 0.05) (PERMANOVA),
although the dispersion of the assemblage did not differ among
the groups by FENCE or MONTH (PERMDISP: p > 0.05). The
NMDS results supported the Bray-Curtis dissimilarity indices
(Figure 2). Namely, the 95% SE of the centroid did not overlap
between the outside and inside of the fence. The 95% SE of
the centroid among months other than May greatly overlapped
each other, whereas overlaps between May and the other
months were small.

Figure 3 shows seasonal changes in the three phylogenetic
diversity metrics. Similar to the number of taxa shown in
Figure 1C, the values of PD increased with the seasonal
progression until August inside the fence and until September
outside (Figure 3A), whereas those of MNTD changed in an
opposite manner (Figure 3E). The change in MPD differed
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TABLE 1 | Pairwise values of Bray-Curtis dissimilarity indices.

Inside Outside
MAY JUN JUL AUG SEP OCT MAY JUN JUL AUG SEP
Inside JUN 0.325
JuL 0.411 0.217
AUG 0.453 0.229 0.153
SEP 0.479 0.274 0177 0.156
OCT 0.552 0.360 0.330 0.320 0.218
Qutside MAY 0.980
JUN 0.903 0.816
JuL 0.879 0.832 0.305
AUG 0.763 0.919 0.464 0.482
SEP 0.770 0.927 0.518 0.523 0.174
OCT 0.862 0.807 0.384 0.284 0.515 0.546

The values between months were shown for each of inside and outside of the fence. The values between these of the same month were shown for the pairs between the

inside and outside.

S19+

S49
$38++
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FIGURE 2 | Coordination of the plant community according to coverage by
each plant taxon, which were observed monthly outside and inside the fence
from May to October. Non-metric multidimensional scaling (NMDS) was used
with a Bray-Curtis dissimilarity index as the distance between the
assemblages. Ellipses for the 95% confidence interval of the centroid were
shown for inside and outside of the fence and for each month from May to
October. See Supplementary Table S1 for taxa ID.

between the inside and outside of the fence, which showed
a similar and an opposite trend to that of species richness,
respectively (Figure 3C). Comparing the inside and outside of
the fence, the PD values were greater inside, whereas those of
MPD and MNTD were greater outside. The difference in each
of the three metrics between the outside and inside of the fence
was significant (GLM, p < 0.001). Regarding the SES values of
the three metrics, the seasonal trends were less clear and the
values were consistently smaller inside than outside of the fence
(Figures 3B,D,F), indicating stronger phylogenetic clustering
inside the fence, which was significantly different compared with
outside the fence (LM, p < 0.001).

Nitrate Reductase Activity at the Species

Level
The NRA per mass of leaves are shown in
Supplementary Table S4.

The NRA tended to be higher early and late in the season but
low in the middle (Figure 4). The NRA was significantly higher
in April and May than in the other months and significantly
lower in June and July than in the other months. However, at
the species level, regardless of the timing (month) of the first
appearance of each species, the values tended to decrease from
the first sampling to the next sampling. The NRA at the first
appearance was higher than both the second appearance (n = 41
taxa) and the next month (n = 39 taxa), and both differences were
significant (GLMM, p < 0.001).

No significant differences in the NRA were found between
woody and herbaceous plants (GLMM, p > 0.05), nor between
taxa found only inside or outside the fence (GLMM, p > 0.05).

Figure 5 shows a traitgram of the NRA. The phylogenetic
signal was smaller than the Brownian motion expectation because
Blomberg’s K was smaller than 1 (K = 0.47). The results of PIC
also indicated no significant correlation between the NRA and
plant phylogeny (p > 0.05).

NRA at the Community Assemblage

Level

The community-level NRA peaked in May and September inside
the fence (Figure 6). Only one peak was found outside the fence,
such that the difference between the outside and the inside was
greatest in May. The value inside the fence was 5.41 times higher
than that outside, which was a significant difference (GLMM,
p < 0.001).

DISCUSSION

There have been many reports on the influence of deer
overpopulation on vegetation in Japan (e.g., Takatsuki, 2009). In
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FIGURE 3 | Metrics of phylogenetic diversity of the understory vegetation inside (yellow) and outside (red) of an exclosure fence at a Zelkova serrata plantation in the
University of Tokyo Chichibu Forest. (A) Phylogenetic diversity (PD). (B) Standardized effect sizes of phylogenetic diversity (SES.PD). (C) Mean pairwise distance
(MPD). (D) Standardized effect sizes of mean pairwise distance (SES.MPD). (E) Mean nearest taxon distance (MNTD). (F) Standardized effect sizes of mean nearest
taxon distance (SES.MNTD).

this study, the degradation of plant communities observed as taxa from outside the fence. It is difficult for plants palatable
reductions in plant coverage, species richness, and the Shannon to deer to grow outside the fence. Some taxa that were found
index outside of the fence were likely caused by deer grazing. only outside of the fence were probably not good at competition.
Selective grazing by deer was the likely cause of the decrease in  Under strong disturbance (i.e., grazing pressure), inter-specific
the understory vegetation biomass and disappearance of some competition was probably weak and allowed the existence of
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these species. We expected that deer grazing would cause
phylogenetic clustering in the understory community assemblage
if plant traits related to palatability to deer were phylogenetically
conservative. Interestingly, contrary to our expectation, the
community assemblages outside the fence were less clustered
(higher evenness) than inside (Figure 3). These results suggest
stronger phylogenetic conservativeness in plant traits related to
interspecific competition than those related to palatability to deer.

The NRA tended to be high in spring and fall (Figure 4).
A possible cause of the high NRA in spring was the high nitrogen
requirement for the foliar nitrogen used for chlorophyll. This
hypothesis is supported by the results that showed the NRA
decreased from the first measurement to the next, irrespective of
the timing (month) of the first appearance of the taxon, although
the timing of the first appearance depended on the plant taxa. On
the other hand, the high NRA in the fall was probably due to the
high nitrogen demand for fruiting.

No significant phylogenetic signal was found in the NRA in
this study (Figure 5, Blombergs K statistic and PIC). It has
been reported that plant taxa belonging to the family Ericaceae
generally show low NRA (Routley, 1972; Al Gharbi and Hipkin,
1984; Smirnoff et al., 1984). On the other hand, great differences
in the NRA were reported among two genera (Salix and Populus)
in the family Salicaceae (Al Gharbi and Hipkin, 1984) and among
congenic species, such as within the genera Acer (Koyama et al.,
2019) and Piper (Fredeen et al., 1991). These facts are consistent
with the results of our study.

It is generally believed that the NRA was greater in herbaceous
plants than in woody plants (e.g., Smirnoff et al., 1984). In
fact, herbaceous plants occupied the top eight of the highest
NRA taxa in this study. However, no significant difference
was found between herbaceous and woody plants. Of the 28
taxa with positive coefficient values of NRA (Supplementary
Table S2), 14 taxa were woody plants. Koyama et al. (2019)
reported that Pterostyrax hispida (S47) had an NRA as high
as herbaceous plants. In this study, six woody plants showed
higher NRAs than P. hispida. Another possible cause of the
lack of difference between woody and herbaceous plants in
our study was that we assayed shrub plants and saplings
of canopy/subcanopy plants because we were studying the
understory vegetation. The NRA of Zelkova serrata leaves
differed greatly between young seedlings and canopy trees in
May but were similar in June (Supplementary Table S4). It
is likely that the NRA of canopy plants depends on plant
age and/or size.

Al Gharbiand Hipkin (1984) reported that woody plants living
in ruderal sites, such as Sambucus nigra (a species that is congenic
with S02 in this study), Acer pseudoplatanus (a congenic species
with S45), and Populus alba showed high NRAs that were similar
to herbaceous plants. These high NRAs and fast growth rates
were related to their high ability to invade after disturbance.
In this study, the NRA was higher in plants that were only
found outside the fence compared with those only found inside,
although the difference was not significant. This seems reasonable
because plants found only outside the fence were relatively early
successional species under strong disturbance. The reduction of
community-level NRA (Figure 6) was no more than that of the

vegetation coverage (Figure 1), which was also influenced by the
species-level NRA.

Gomyo et al. (2011) reported that the NOJ increase in stream
water started around 2000. The increase in nitrogen deposition
due to the opening of the new highway in 1998 was the most
likely cause of nitrogen input in the area. However, unprocessed
atmospheric nitrate stream flux represented a small percentage
(<3%) of the atmospherically delivered wet nitrate flux to
the studied region (Barnes et al., 2008). Most of the nitrogen
deposition was accumulated in forest ecosystems; therefore, the
nitrate output needs to be discussed. In contrast, damage to
vegetation by deer became apparent in areas during similar
times (Kamata et al., 2020). In another area in Japan, the nitrate
concentration in stream water decreased when the catchment
was fenced to exclude deer (Fukushima et al., 2013). Our study
demonstrated that the degradation of the understory vegetation
was a likely cause of the increase in nitrate output in forest soil
and stream water in the UTCF (Gomyo et al., 2011). Our findings
will help to understand nitrogen saturation in forest ecosystems
with deer overpopulation.
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